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General Intréduction

This is the first annual technical report for research carried
out under NASA Contract MNASW-3477 by J. S. Lewis Associates, Inc.,
a not—for—-profit corporation chartered in the Commonwealth of
Massachusetts. The Corparation was founded for the purpose of
carrving oul basic research under caontiract to governmental and
industrial clients, and is structured to carry out theoretical and
computer modeling research using minicomputer technology rather
than large mainframe computers. The Corporation will make every

effort to keep overhead expenses as low as possible, and will

encourage recent PhDs with excellent qualifications who are unable

to find tenure-track university positions in the present depressed"

academic jeb market to seek research support under its aegis.

Our work during the first year of this contract has concerned:

three research areas aof fundamental interest to the NASA planetary
exploration proqram.- These areas are the chemistry and physics
of formation of the satellite system of Jupiter, the comparative

study of the conditions of origin of VYenus and Earth, and the

cendensation behavior of presolar solids in physically realistic

astrophysicel sattings. Our progress in these areas is described
‘in sectioqs I. I énd I1I of the present report, respectively.
The accomplishmengs of the fir5£ yvear have closely approximatea
our oriqinal inté6£.a5 expressed in last vear®s proposalﬁ however;
the means by which these ends were achieved have changed. It was

our ariginal proposal to rent a minicompute- at the ocutset of this

wort:, choosing the most capable one for the available funds.

However, at the time of the outset of this work it became known
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that a new IBM system (the Personal Computer) would be on the
market in a few months. Accordingly. we chose to begin this
project by renting a terminal and buying time on a large computer;'
During the year the IEM computer came out, and we are now running
on it in PBasic, pending the availability and assessment of a
FORTRAN éompiler, We are delighted with the speed and  capacity of

this computer, and have nearly finished the task' of * program

conversion.

Our cost experience during the first vear reflects the nature
of a newly begun program: secretarial expenditures have run low
and late in the yvear because the burden of report preparatipd.
could only be.'Sééun once sufficient research had been done t;
vrite up. Since we have to date only submitted cne report for
publication, our .publication expenses have:so far been virtually;'
nil. The budgeted travel money could not be used due to the"
untimely illneas’ef the P. I. Nene of these circumstances.should
apply during the coming yeaf, and the budget has been planned

éccordinqu.
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SECTION I

CHEMICAL AND PHYSICAL MODELS OF THE
JOVIAN SUBNEBULA

John S. Lewis
J. S. Lewis Associates, Inc.



Abstract

A semiempirical physical mod::l of the Jovian subnebula has been
developed by analogy with the primitive solar nebula itself. This
model employs simple power—-law scaling of the dependence of
temperature, pressure, censity and surface density with
jovicentric distance. The chemical aspects of this model afé'“
dJeveloped accofding to the principles developed in the study of
the thermochemis£ry and gas kinetic behavior of the solar nebula;
but with important modifications to take inte account the higher
pressures and densities in the jovian subnebula. These
differences in ,physica1 conditions are reflected both in :fﬁg'
higher condensation temperatures of puré substances, and in the
degree to which gas phase and heterogeneously catalysed gas
reactiohs'app?oaéh' equilibrium. In the jovian Vsubnebula, unliEé
the soclar nebula; the reduction of the high-temperature gases Cd
and N2 by reacéion with molecular hydrogen can readily procede
_toward equilibrium, thus making both NH3 and CH4 relatively more
impertant components in the jovian system. The bulk compositions
and densities DF-the inner satellites of Jupiter are calculatea
from this physico-chemical model and compared to observations.
The recent petrological model of Io which attributes ‘its active
sutl fur magmatism and sul fur dioxide venting to an initial state of
rather high cleéree of oxidation 1is found to be reasonabl.y
‘concordant with this model. It is proposed that Europa differs
from Io chiefly:in that it has suffered a less severe thermal.
history._ The qéhéral featur=s of this model are applic§ble WLtH

minor modification to the systems of Saturn and Uranus.



Introduction

Advancing theoretical understanding of the early history of the
Jovian system and in ocur observational data base for Jupiter and
its satellites permits an attempt to use the geochemical modeling
fechniques which have been developed to treat the solar nebula in
this narrower context. Perhaps the greatest shortcaming of any
model for the early solar system is that it almost alwayﬁ‘
contains ;ertain.éd hoc postulates or adjustable parameters which,
however plausible and successful, may be utterly lacking in
generality. Because of the nature of the observational evidence,
we may not reéaffy turn to another solar system to test QQE“
theory. Thus we are left quite uncertain whether we have a
general scientif};}theo*y, or a mere engineering model of our cwqu‘
system which reflects many features we observe, but may lack
essential physicai insights into éhe “Fundamental processes ét”

work.

The existence of regular satellite systems about Jupiter,Saturn ..
and Uranus provides us with three new opportunities to expose our

theories to tes:.

Ve shall tfei-e cexplore a very particular and simple analogy
between the formation of the planets out of a primitive solar
nebula and the formation of Jupiter*s satellites out of a

primitive jovian-ﬁubnebula. While this mddel is in . brinciple'ff

applicable tao the systems of Saturn and Uranus as well, cur . ..
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greatly superior knowledge about the jovian system compels us to

test the model first in that context.

Following Cameron (1978) and others, we shall assume solar
elemental abundances for the jovian subnebula. By analogy to the
mass distribution in the solar nebula, computed by distributing

the mass of each planet over a torus centered about the orbit of

that planet, and replenishing missing volatiles up to solar’

relative abundances (Weidenschilling, 1977)., we find a surface

density,08”, which is propartional to the heliocentric distance,

r, raised to thg -1.4 power. From the general depender.ce of_

planetary density and bulk composition on heliocentric distance,

we find that the temperature in the solar ..w:bula varied as r to

the ;1.1 powér (Lewis, 1974). These aééumptions éombine to

require that the-ﬁmidplane nebular pressure, Pc, drops off as fhe
-3.4 power af the heliocentric distance, while the midplane gas

density,fﬂq drops as the -2.5 power of r.

The dénsities-of the Galilean satellites drop off monotonically

with distance from Jupiter, in a fashion reminiscent of the

behavior of the densities of the planets as a function of their

distance from the: SuUn. The masses and densities of the Galilean .

satellites are givaen in Table 1. Hy comparison with the

theoretically computed bulk density of the condensed portion aof a

colar—-composition. svstem (Lewis, 1972, 1974), it 1s plainly--
evident that water i1ce must be a major component af both Ganymede'

and Callisto, but not Io and Eurcpa. ﬁccordinql&, we shall piaéé'
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Table 1

Radii,Masses and Densities of the Galilean Satellites

-
Satellite Radius (km) Mass (10L4gm) Density (g/cms)
Io 1820 89.1 3.53
Eut-opa 1552 48f 7 S3.03
Ganymede . 2635 149,0 1.93

Calligto 2420 106.5 1.83
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the condensation threshhold of ice hal fway between the orbits of
Euéopa and Ganymede. Now, using the nebuliar dependence of
surface density and temperature on distance found above, and
rgquiring that the surface density must be sufficiently high to
provide the abserved mass of the most massive Galilean satellite,
Ganymede, we may then calculate the expected compositions, maséesl'

and densities of the other Galilean satellites and Amalthea (JS).

We assume for the sake of simblicity that condensed matter is
accreted into that satellite whose orbit is closest <o the point
of origin of tﬁg.solids: this assumption shculd be very good for
the purpose of estimating the total accreted mass, but less
azdequate for describing the compositional diversity of ea;h.
satellite (and .'ﬁence its exact bulk density' éna vﬁiatiie

content).

Our procedure shail be to calculate first the temperature,
pressure, and density profiles in the subnebula, and then to
superimpose on this structure the condensation points of thé.
rock—-farming and tce-forming species in the nebula. UWe then
calculate the bulk composition cf each satellite, i1ts mass, and
its density. We  then shall compare these satellite models to-
observational evidence. F’i'nally, we shall critiq:e the mcydel'
both in light of the available evidence and the theoretical

naivete nf its assumptions.
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FPhysical and Cnemical Structure of the Subnebula
Our results for the temperature profile in the jovian subnebula
are given in Fig. 1. The temperatures at the present orbits of

the inner jovian satellites are found to be about 1100k for

" Amalthea (at a pressure of about 80 bars), 450K for Io (4hb), 275K

for Europa (0.8b), 170K for Ganymede (0.16b), and 140K for
Callisto (.OSD); The ice condensétion point along this adiabat
lies at 223K, ammonium hydrosul fide cendenses at 170K, and ammonia.
monohydrate at 150K, The temper-ature given for Callisto is of
course uncertain to some deg-ee due to the uncertainty in
datermining exactly where the adiabatic thermal structure of thén
inner part of the subnebula gives way to the radiatively
controlled and nearly isothermal ocuter portion of the subnebula.
Thus " it is far from certain tnat ammonié.monoﬁydraté 'would‘iﬁ

fact condense.and-be accreted into Callistao.

While these results were being prepared for publicétion, a
preprint on the same subject (Lunine and Stevensen, 1981) was sent
out. Although the physical model of *hse nebula emploved by Lunine
and Stevenson was constructed to quite different criteria than the
present model, the results are strikingly similar. In general,
the temperature = and pressure gradients in the present . madel are
slightly eteepef. " while the “emperatures and pressures  of

farmation af each satellite are siightly low=r.

Since Lunine and ‘Stevenson have concentrated on the composition

relationships botwesen Ganymede and Callisto, and since our
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Caption te Fig. 1

Temperatures and Condensation Fronts in the Javian Subnebula

The vertical solid iina marks the present radius of Jupiték;
and the vertical dashed lines msrk the orbital semimajor axes of
the five innermost large satellites, JS (Amalthea), J1 (lo), J2
(Europé), J3 (Ganyaede), and J4 (Callistao). The candensation
poiﬁts for refractory oxides, liguid metallic Fe-ii, enstagité,'
albite, troilipé, the endpoint for oxidation of Fe, and the wr:{
cendensation points of water ice, ammonium nydrosul fide, and the
solid monchydrate of ammonia are indicated by the horizontal
dashed lines. Condensation behiavior is predicated uvpon the-

.

assumption of adiabtatic structure and sno'ar elemental abundances.
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results € i these bodies, calculated for a nebular mass ébéut
half that used by them and for a sliqghtly lower temperature, are
striking, . similar, we shall concentrate on the predictions of

this model for Amalthea, Io and Eufbpa.

Dur calculated condensation point for Ama;thea lies well below
the condensation curves of metal, magnesium 5ilicaféé, and a;kéii”
aluminosilicates, but well above the formation temperature.'gf
troilite, FeS;; A very highly reduced assembl age would”-Be
expected, in which kamacite and taenite would be ahundant, but the
FeQ content of the principal silicate (enstatite) would be
negligible. ‘The relationships between the formation conditiohé{of
the inner sa£éllites and the condénsation curves of the
rock—farming elements can be seen in Fig. 2. Note that the
composition of émalthea'is predicted to be closély similar to that
of Vaenus, evenﬁthough the pressure at the point of formation éf

Amalthea is approximately 105 times higher.

The composition of Io is expected to be closely similar to thét
of Mars, although with a higher initial water content due to tﬁe
formation of the material of Io within the stability field of
serpentine., Whether serpentine can be formed in the solar nebul a
by reactions ‘between water vapor and terramagnesian minsrals is
certainly  debatable: it is more plausible to attribute tﬁe
meteoritic occurrences of  this mineral to secondary alteration
reaétioné whx;h.took place on the metearite parent body. The

water vapor partial pressure in  the jovian subnebula at the point



‘Caption to Fig. 2

Pressure-Temperature Structur= of the Jovian and Solar Nebulae
The condensation curves aof a number of species are given far
a range of temperatures and pressures which spans those of
inter=st in both the solar nebula {solid curve) and the jovian
subnebula (dashed curve). The symbols on the solar nepula curve
denotelthe conditions aﬁ the orbits of Mercury, Venus, Earth,
Mars, aﬁd Jupiter at the time of maximum temperﬁgures in the
nebula. The syhﬁdls on the jovign subnebula adiabat denote
similarly the condensation conditions at the orbits of Amal thea,
Io, Europa, Ganymede, and Callisto. The jovian nebula is likely
to be opticallyxtﬁin (and hence nearly isothermal) outside the
orbit of Ganymede, as indicated by the horizontal dashed line.
Condensation aof ammonia hydrate in the jovian sy;tem is regarded; -

as marginal at best, and may well not be possible.
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of serpentine fprmation is fully 3%103 times asg large as that in
the nebula at the corresponding point in the condensation
sequence. In addition, serpentinization in the subnebula becomes
thermcdynamically possible at about 600K, compared to 360K in the
solar nebula. It is therefaore entirel* Plausible that serpentine
may farm readily by gas-solid regctiqns in the subnebula, but that
the kinetics of its | formation in the sol ar nebula é?e
prohibitively .8low. The model stronglyb suggests that @etélfﬁc
iron will he 'fare or absent in Io, and hence that thé oxyqgen
fugacity will be buffered at far higher values than the Fe-Fed

buffer.

A recent petrological model of Io (Lewis, 1981) discusses the
conditions necessary for sulfur magma generation and sulfur
'dioxidé—arivéﬁ ;olcénism. In that discussion it is shown that the
liquid sul fur magma and its driving gas must be de}ived from:a
Source material devoid of - metallic iron and rich in oxidized
iron. It is further maintained that sul fur magmatism could not
‘rise on Io unti} after loss of any primordial endowment of water
aid carbon dioxide. This massive loss of volatileg isg
energetically Plausible for Io because of its strong tidal
heating, but is extremely difficult for a cold, massive blanet
like Mars. It ié for thisg reason that Mars and Io, even if they

had identical initial Compositions, would have followed divergent

'evolutionary paths,

The composition calculated for Europa liesg slightly above the
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water ice condensation curve, a3 required by our original
constraints on the model. Thermal evolution of Eurupa as a closed
syst=am wou1d cause decomposition of the phyllosilicate component,
resulting in release of large quantities of water to the surface.

This is a plausible source of the surface ice layer on Europa.

Critique of the Model

The first and most general test to which we may subject these
results is to detéfmine whether the absolute and relative massesi
of the Galilean satellites are acceptably in accord with
chservation. We can readily check the relative masses by
augmenting the mass of each satellite up to full solar comp951tion:
by replenzshxng the missing volatiles in solar proportions. The
material of each sateliite is then spread over an annulus centered
about that satellite’s orbit and extending halfway to the orbit d#:
each of its two neiqhborinq satellites. The surface density of
this material proJected upan the symmetry plane of the nebula can
then be plotted and compared to the solar nebula model. Figure 3
presents the data on this mass distribution calculated as shown in.
Table 3. The slopes of several different power 1aw relationshiﬁs.'
between the surface density and distance are shown for comparison.
It can be seen that the actual - mass distribution 1in the javian
system, when the actual densities and approximate compositions of
the satellites afe ‘properly taken into account, fits a surface.
density which varies as the -2.3 power of jovicentric distance,.
not the -1.6 power as derived from analoqgy with the solqr system{

Note that Lunine and Stevenson calculate a theoretical slupe.'

T AR N i e e 1 AT e 4 ot ia o



—— s ai s e . - o b, e
L e % b e e v —— A . P A W ¥ s e J ) L Ry

18

Caption to Fig. 3
Radial Distribution of Mass in Jupiter’s System

The nebular density in the protojovian subnebﬁla, calcul ated
in the manner described in the text, is‘compared with four
different functional relationships between the surface density
and jovicentric distance. The mass distribution inferrgd in this
manner is siqnificantlyvsteeper than that which was calculated
theoretically by Lunine and Stevenson, or that found empirically

for the solar nebula (see Table 4).
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Table 3

Minimum Mass of the Jovian MNebulaxk

Satellite Mass Factor M(solar) r(annulus) Alannulus) Surface

Density
Amalthea <1 ~240 <240 1.81 27 - <1,000, 000
Io | 89.1 210 18700 4,22 &7 2,790,000
Europa 48.7...200 9740 6.71 143 480,000
Ganymede _ 149.0 80 11900 10.71 440 270,000-
Callisto 106.5 80 8520 18.83 1285 66,000
J6,7,10 each <1 80 <209 116, 70000 <30
24' 10 20 2
¥ Masses in éo glzradii in 10 cm, area in 10 cm sy surface

density in 10 g.cm .
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of about -1.5 from their model of the dynamics of the nebula. We

may attribute the discrepancy either ignorance of the fluid mass

distribution in the jovian nebula or, more plausibly, to the very

severe modification of the original distribution of solids by the

effects of frictional drag between amall particles and the very

dense gas. A naive assesament of the effects of drag Qould surely

attribute the most severe drag effects to condensates in the

densest (innermost) portions of the nebula, and hence it would be.
reasonable to expect that friction would broaden and flatten the

initial distribution of solids. This is the opposite to the

effect actually_bpserved. An alternative possibility is that the .
rate of accretion is so phenomenally high in the inner portion of

the subnebula that bodies rapidly accrete to sizes large enough to

be znsen51t1ve to drag effects. '

In order to make clear the basis faor fhese comparisons between
the solar nebula and the jovian subnebul a, it is neceésary to
include a specific and explicit model for the distribution of'
matter in the soiar'nebula. Such a model, based on recent ideas
regarding the compositions of the jovian planets, is given in
Table 4. " The mass factors needed to convert an observed solid
body of approxidétely known composition into its solar—compositibnj'

counterpart are shown in Table 5.
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Table 4

Minimum Mass of the Solar Nebulax

Planet Mass Factor M(solar) r(annulus) A(annulus) Surface
Density
Mercury 3.3 448 . 1480 0.33-0.83 1.82 813.
Venus 48.7 238 11590 0.83~1.29 3.06 3788.
Earth 59.8 ° 223 13325 1;29—1.89 6;66 2220. :.
Mars 6.4 216 1382 1.89-3.20 20.95 - 1- T
(ast.) (<0.1) - 200 (<20) 3.2-6.0 80.9 {6.3.
Jupiter 14040, S 70200 4.0-11.0 267. 262.
Saturn S69S. 12 48380 11.0-21.5 1072, 64.
Uranus 970;, :_ 44 38230 21.5-36.8 2802. | 15.75
Meptune 1032. S0 S1600 36.8-52.0 4240. s

Pluto 0.01 80 <1 S2-70 &6300.

. 26 13 26 »
X Masses in 10 g, radii in 10 cm, area in 10 em., surface
- .
density in g.cm .
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Table S

.Mass Factors for Condensates in a Solar-Composition System

Category No. of Moles Mass Mass Fraction x(i) Factor(=1/x)
(S5i=1) of Solar Mix
Dry rock 196.0 0.0047248 212,
‘Fel 0.600 43.2 0.0010414
FeS 0. 300 35.2 0.0008485
MgO 1.060 42.4 0.0010221
§i02 1,000 60,0 0.00144644
Cao 0.072 4.2 0.0001012
Al 203 0.042 4.3 0.0001037
N1 0.048 2.6 0.0000627
Na20 ‘0.030 1.9 0.0000458
All others - 2.2 0.0000530
Ices 577.0 0.013909 72.
H20 17.80 320.4 0.007724
NH3 3.74 63.6 0.001333
CH4 11.80 188.6 0.004546
Ar 0.12 4.4 ¢.000106
Gases 40710. 0.981345 1.019
H2 15500.0 31800. 0.74646580
He 2210.0 . 8840. 0.213099
‘Ne - 3.4 - 70. 0.001487

Total S 41483. - 1.000000 1.000
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It is not presently possible to subject the compositional
Predictions of this model ta very demanding tests, due to the fact
that our present knowledge of the compositions of the Galilean
satellites is limited to bulk densities and some (literally)

superficial spectroscopic data. Several of the few available

= compositional constraints have already been mentioned in the
i
% previous pages, and no conflict between these limited data and the

predictions of the present model is evident.

Directions for Futgre Research

The behavior of the snlids present in the dense jovian

subnebula is of great interest. I have indicated above the

i existence of evidence for important radial transport of solids in

ey

the subnebula, - prééumably as a result of frictional dissipation

caused by the velocity difference between solids and the embedding

gas. This inward evolution of the solids, combined with the very

T et e

T W

o

o

short synodic periods of bodies in nearby arbits and the very high-

oo

1y
2 TR,

densities of dust.,and gas in the inner reqians of the subnebula,

Pag.

suggest strongly that a detailed study of the dynamics of orbital

3

| Sinduand
St

evolution and accretiun of solids in this system would be of qreat.
value, Interestihgly, recent advances in the treatment of thé
macLian and accret;oﬁ of solids in the solar nebula both in the
United States and Japan have provided a bas1s for sueh model ing.
Further, the interéstinq questiaon of the vapor and condensed phaég:.”

transport mechanisams in the solar nebula has become the subject of

a joint effort by'Myself and K. G. Prinn (funded through grants to
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M.I.T.), and will surely be n+ great importancz 1n the jovian
subnebula. In this study, the outward eddy‘cransport of vapcfgl
acrass condensation fronts, partly Fbtalancea by the inward
evolution of solid bodies due to viscous drag, leads to complex
and markedlv nonuniform distributicas of condensables in thé1"'
system. Application of this approach tc the Jjovian subngbuia;

once'the principié has been warked out far the solar nebula, woui&n.

not be difficult.
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SECTION I1I

VENUS: HALIDE CLOUD CONDENSATION
AND VOLATILE ELEMENT INVENTORIES

. John S. Lewis
'J. S. Lewis Associates, Inc.
and
Bruce Fegley, dJr.
Harvard Ccllege Observator
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Abstract

Several recently suggested Venus cloud condensates, including Al Cly as well as halides,
oxides and sulfides of arsenic and antimony, are assessed for their ihermodynamic and
geochemical plausibility. Aluminum chloride can confidently be ruled out, and condensation of
arsenlc sulfides on the surface will cause arsenic compounds to be too rare to produce the
observed clouds. Antimony may conceivably be sufficiently volatile, but the expected molecular
form is gaseous ShS, not the chloride. Arsenic and antiriony compounds in the atmosphere will
be regulated at very low levels by sulfide precipitation, irrespective of the plénetary inventory
of As and Sb. Thus the arguments for a volatile-deficient origin for Venus baséd on the

depletion of water and mercury (relative to Earth) cannot be tested by a search for atmospheric .
arsenic or antimony.
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S'oviet spacecraft Have analysed cloud particles in the main Venus cloud layer by means of x-
ray fluorescence (XRF) Spectroscopy (1). These analyses claim detection of Cl as a cloud
constituent, with S not detected. Theseﬂsiﬁ results are in conflict with the weight of
evidence from Earth-based studies (2) and from other spacecraft experiments (3), which
strongly suggest that the dominant cloud constituent on Venus is H2504 droplets. Satisfactory
photochemical models for the production of an H2504 aeroso! ¢rom geochemically plausible
primary gases, including COS, HyS and SO, are available (4). Unfortunately, direct evidence
regarding the abundances of these species in the lower troposphere is lacking:  copious
production of COS, etc. by reactions between sulfuric acid and the inlet system of the mass .
spectrometer on the Pioneer Venus large probe leads to masking of the atmospheric sulfur gaseﬁ,
and abundances up to 100 ppm are possible for COS and H,S (5). A ’ '

The source of a chlorine-bearing aerosol is less obvious. We have previously pointed out the °

high volatility of halides and sulfides of mercury, arsenic and antimony (6), and have shown that
the terrestrial crustal abundance of even the rarest of these elements, Hg, would suffice to
produce substantial masses of halide cloud condensates on Venus: mercury is so volatile at the
surface temperature'_o_f .Vgnus that it would reside almost completely i the atmosphere.

More recently, in thé context of a model for the formation of the planets in the presence of
a steep gradient outward from the proto-Sun, we have favored compositional models in which
the wvolatile elements are severely depleted in the accreting Venus relative to Earth (7). The
failure of the 1978 APioneér Venus mission to detect even a tra.cé of Hg in the lower atmosphere
(5) strongly implies that ‘Venus is deficient in Hg relative to Earth. The severe depletion of the
most abundant terrestrial volatile, HjO, on Venus is well known, and is variously attributed to
either a lack of water in pre-planetary solids at the orbit of Venus (7,8) or to massive loss of

oceans worth of Hy after differentiation and outgassing of the planet (9). Such a late loss

mechanism could not, of course, deplete mercury while leaving vast amounts of the lighter and

more volatile species Ny and COi. Thus the observed severe depletion of Hg on Venus is more
convincing evidence for a volatile-poor high-temperature origin of Venus than is the depletion
of water. Other moderately volatile elements, such as arsenic, antimony, bismuth and
germanium are also potential indicators of the overall volatile content of Venus. In addition,
such species, if present in the hot lower atmosphere would condense at intermediate altitudes to
form solid halides, sulfides; and oxide cloud particles.

In the past year, Krésnopolsky and Parshev (10) have suggested AlCle as the major cloud

. layer constituent, and Barsukov et al (11) have suggested arsenic and antimony halides and

oxides. Mole fractions of 0.1 to 1 ppm of condensible gases are required to provide the
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obséi'ved cloud denSity (12).  Are these species plausible cloud constituents? Can useful limits
on the abundances of the volatile elements As and Sb be derived from atmospheric
measurements?

It is a simple matter to estimate the volatility of aluminum compounds at the mean surface
corditions of Venus. Consider co-existing anorthite (CaAlySig0g), quartz (5i0;7) and calcite
(CaC03) at 750 K and 95 bars in contact with thé atmosphere:

CaAIZSiZOS + COz(g) + 6HCl(g) = CaCO3 + 25302 + 3H20(g). + 2/\[(;'3 (1) ‘

The equilibrium constant for this reaction at this temperature is 10-26.1, Assuming the
spectroscopic HCl abundance in the clouds, about 1 ppm (13), and the most typical water vapor’
abundance figures for the lower atmosphere, about 100 ppm (14), an AICl3 partial pressure of
107210 b 5 calculated.  With an extreme effort to bias the equilibrium In favor of AlCly
production (raising HC! to 10 ppm and lowering H,0 to 10 ppm), we can force the AlCl3 pressure
only as high as 10°165 b, This is still 10 orders of magnitude too small to provide detectable‘
amounts of condensate.. Note that the presence of granitic rocks on Venus, with anorthite énd'
quartz as common primary minerals, is expected both from consideration of the atmospheric

composition (15) ~nd from surface passive gamma-ray spectroscopy (16). The surface of Venus ‘

lies, as accurately as .can be determined, precisely on the calcite-quartz-wollastonite (CaSiO_p,') .
buffer: -

CaCO; + Si0, = CaSiO3 + CO,(g) | @)

and calcite is therefore also a plausible surface mineral. Since weathering reactions at higher
altitudes on Venus will preferentially tend to mobilize a fine Ca-rich dust, which can be
transported readily by winds to the hot lowlands, this buffer may in fact not be difficult to
establish on Venus (17).

Thermodynamic treatment of arsenic and antimony volatilization can be carried out without
a precise a priori knowledge of the minerals formed by these elements on the surface (18,19).
We shall calculate the partial pressures of a number of As and Sb gases at the surface as a
function of the activities of As and Sb: an activity of one means the pure element is present on .
the surface; and activity of 10" means that the pressure of the monatomic vapor of that
element is 104 times its abundance at saturation. We can then assess the stability of possible
surface minerals containing these elements. Fig. 1 presents the results for arsenic (20). For As

activities greater than.about 1072 the dominant gas is Asy with As4Og second. Based on the - -
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Captions of Figures.

Fig. 1. Partial pressures of arsenic gases as a function of elemental arsenic activity at
the Venus surface. Limitations of the arsenic activity imposed by precipitation of liquids
of AsyS3 (orpiment) and As4S4 (realgar) composition are indicated by the vertical dashed
lines. Heavy dots indicate the upper limits on the Asy, As4Op, and AsS partial pressures.
A condensible species with a partial pressure near 10~4 bars is needed to provide the
observed cloud density. The maximum total mole fraction of arsenic gases is £ 0.1 ppm.

Fig. 2. Partial pressure of antimony gases as a function of elemental antimony activity.
The SbyOg(valentinite) and SbyS3(stibnite) precipitation points are indicated by the
vertical dashed lines. Firm upper limits on the antimony zas pressures are indicated by
the dots. The maximum total mole fraction of antimony gases is about 0.03 pnm, An SbS
gas abundance of 0.3 ppm is needed to make clouds.
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recent thermochemical data of Johnson et al (18), we calculate that liquid As753 will precipitate
If the elemental arsenic activity is greater than 0,13, thus ruling out higher As activities. This
in tum places firm upper limits on the pressures of As-bearing gases as indicated in Fig. 7.

The results of a similar calculation for antimony are given in Fig. 2. Pre 1.i3tion of
Sb4Og(s) occurs for an elemental antimony activity of 0.20. Thus for all possible Sb activities,
SbS is the dominant gas. The best available data on SbyS3(stibnite) from Johnson's work (18)
indicate that SbyS3(s) precipitates at an antimony activity of 10~2+3, Therefore we expect that
stibnite precipitation on the Venus surface will regulate the Sb gas phase abundance.

We conclude that tbe mole fraction of all arsenic gases is below 10'7, probably making these
species too rare to account for the clouds no matter what species condenses. We expect that
the total mole fraction of antimony gases will be lower than for arsenic, but that the most
stable gas is SbS, not a halide. Partial pressures as high as 10™4 bars are conceivable for SbS
and cannot be confidently ruled out.

Observational constraints on the abundance of arsenic in the Venus atmosphere even down to

the level of 0.1 parts per million are therefore not sufficient to test whether arsenic is, like -

water and mercury, depleted in Venus relative to Earth: the stability of arsenic sulfides is great
enough to preclude a larger abundance of gaseous arsenic compounds irrespective of the crustal

abundance of As. The same may be true of antimony, since the mineral SbyS3 seems to have

Iow‘ enough volatility to hide Sb in the lithosphere. We have also briefly considered bismuth, and-

find that Bi,S3 is so stable that the most abundant Bi bearing gas, BiS, should have a mole
fraction below 10-12, ..

In any event, we call into serious question the geochemical plausibility of 2l the species so
far suggested as sources of chlorine-bearing clouds. We suggest that either the chlorine
compound is a species which has not been considered, or the XRF data used to deduce the

presence of chlorine may be in error (21).
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ISOLATED GRAIN CONDENSATION BEHAVIOK:
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Abstract

A set of. efficient programs for calculation of condensation
behaviaor in a system with either solar or carbon-rich elemental
camposition has been developed to treat the course of condensation
at very low pressures. Condensation processes of astrophysical
interest, such as those occurring in the atmospheres of C© stars
and in nova and supernova envelcpes, can be treated by these
programs. These‘programs have been applied to the problem of
condensation at very low preséures, where intergrain .ollisions
are rare and nucleation sites for silicates are found only on the

surfaces of previously condensed grains. This "isolated grain"

Case gives results which d verge in interesting ways from both the:,

equilibrium condensation anao the nonhomogeneous accretion models.

Extension of the progr..ms to a set of 20 elements is under way,
and a full set of publishable results far the éo:dehsatidn'proceaéA

in the abave cases of astrophysical importance will socon be

available. This préject is also producing calculation procedures
which make it possible to =zarry out complex thermocnemical
equilibrium calculations using a small computer.

The minerals produced in the stellar and nova-related processes

under study, including carriers of important volatile elements

w

meteorite parent badies and planets, and may still be discernible

in the enstatite chondrites.

uch as  carbon and nitrogen, are candidates for accretion into
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Introduction
Considerable work has been done during the past year on the

condensation behavior of a solar—-composition gas in cool stellar

environments and in carban-rich astrophysical environments such as -

C rnova shells. These environments are the original sites of
condensation af the solids in interstellar clouds and preplanetary
nebulae, and hence are the u;timate sources of the solids present-
in the solar.nebula. The first phase of this project concentratéd‘.
on developing FORTRAN programs to treat the gas and condensétiqﬁ'_‘
chemistry of solgr material, with the novel constraint that
reactions between +two or more dissimilar grains and the cooling
gas were omitted. This corresponds to the physical condition:
that grains forméd'in astrophysical settings generally do so a£
extremely low pressures, usually less than 0.01 dynes per square
centimgter. Thu; ngclegtion sites are at a premium, grains aléost-‘
never collide, and condensation takes_Aplace at unusually ;ow
temperatures. Thefe‘ore fresh condensates terd to .coat old
grains, and diffusion is very slow. Disequilibrium beatween the
solids in the grain interiors and the gas is enhanced by the high
diffusion barrier, but 5150 by the short dynamic eMpansion and
cooling times inherent in nava and supernova ejecta and in carbon
star ‘"smoke". Some of the early condensates, esp2cially in
systemr with an éxcess of carbon over oxygen, are excellent
candidatas  as cérriers of volatile elements, especially carbon
and nitrogen.

The puzzling departures from equilibriam seen in certain

classes of meteorités, especially the carbonaceous chondrites and
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the enstatite éhoﬁdrites, point strongly to non-nebular processes.
In the cxse of the carbonaceous chondrites, secondary alteration
procegses in a parent body have become widely accepted. Secondary
alteration processes have also been proposed to explain the
strange coexistence of very highly reduced high-temperature

silicaces with abundant volatiles and low~temperature sulfides in

the enstatite chondrites, but this scenario has not been generally

accepted. Both classes, in fact, contain carben and other highly
reduced phases which suggest origins in astrophysical settings
different from the classical simple-minded picture of a solar

composition nebula. As mentioned in Section I, we have already

begun to look atfgas and dust transport processes in a dynamical -

model of the seolar nebula to see whether such transport may
contribute to the stability of the odd phases in chondrites. The

' preésent project deals ‘with the possibility that these odd grains

may have been inhefited from a presolar interstellar cloud without

extensive chemical alteration.

FProgram Development and Computétion Strategy

During the initial phase of this project, calculations were
carried out from a terminal leased by the company, using the
Multics system at the MIT computer center. An arrangement was
made by which c. p. u. time would not be charged on this project.
That arrangemert was withdrawn by MIT last summer, so  that

after—-hours work was necessary to realize reasonable rates. With

the availability af. the new IRM Fersonal Computer, it - became

possible to remove all camputation from large, expensive systems
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and thereby do away with connect-time and cpu-time charges. This
was so attractive a possibility that we immediately translated
some of the fundamental computation routines into FRasic for use on
the IBM. This conversion was carried out very efficiently, and we
are now running in Basic. A FORTRAN campiler has been announced
for the IEM, but is not vet commercially available.

The present strategy employs gas equilibration routines which
can be stepped in both temperature and pressure, and which
calculate the condensation threshholds of a number of solid
phases. The pragram is run interactively, sa that the appearance
of a new condensate can be screened for its stability wunder the
rules of the procedure (isolated-grain behavior), and accordingly:
accepted or rejeétéd.

The computer programs used in this project differ substantially

from the - free—energy-minimization routines “which have become

widely used. ' They have the advantage that they are readily

adaptable to use on'small comﬁuters without using excessive core,
and that under almost ary circumstances they compile and execute
in & fraction of the time. The procedure is an iterative
improvement .f elemental activities (initially estimated by a kind
of programme chemical intuition) in which the magnitude of the
corrections io the_ aétivities i35 determined by the comparison of -
the total computed abundances of the compounds af each element to
the initially specffied elemental abundance of that element. A
pressure-temperature point can be solved in a system of 16
elements within ong2  to tw, minutes by the IBM Personal{Computer,

and this performaﬁté,can be realizced with programs which have not
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been purged of several obviously inefficient (but reliable )

procedures. The Basic program is now being expanded tao 20

elements, which is the size of the largest FDRTRQN program of this .

general type so far developed (the program TOP20, developed by S.

S. Barshay while he was a student aof mine at'MIT, which could only:

be run on CDC&&0O or larger computers!). The problem of expunent‘<

overflow and under?low, & perennial issue with IEBM computers, can

be completely and efficiently bypassed by a new scaling procedure

which we have deverped this vyear.

We have already reported briefly on some of the features of the

isolated~grain condensation process in our renewal proposal, and

we include here é-summary of the more interesting features of this

process which set it apart from the more familiar equilibrium
condensation process.
Results to Date

The general features of the isolated—-grain condensation pracess
which we have documented to date include important differences in
the behavior of iron and the alkali metals. The nature of the
condensation sequen;e can best be appreciated by comparing the
results to the more conventional equilibrium condensation and
nonﬁmmmqeneous accretion schemes.

The first condensétes in all three sghemes are refractory oxide
minerals rich in éluminum, calcium, and titanium and poar  in
silicon. These include corundum, spinel, perovskite, anorthite
and melilite Golid:solution. The next condensate in all three

schemes 15 metallic iron-nickel alloy. The third condensate is
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magnesium silicate. At nigh total pressures, forsterite is the
first ~ magnesium silicate to appear, followed by alteration to
enstatite by feaction with silicon-bearing vapors at slightly
lower temperatures. At pressures of 0.1 dyne per - square cm, the
condensation temperature of iron has dropped below that of
enstatite, so that enstatite slightly precedes metal as a
condensate. The equilibrium condensation model predicts that ail
of the silicon will'be used up 1in forming silicates. with none
left over . to form' quartz. However, both the nonhomogeneous
accretion model and the isclated—grain model effectively paint
lawer temperaturg condensates on high temperature condensates.
Thus the formek.:ﬁrocess rapidly accretes forsterite, then
enstatite, then quartz onto growing planetesimals, while the
latter similarly .zones individual grains. The alka}i,feldspars.
require intimate contact between éas, gnorthite, and a silica-rich
phase such as quarﬁz. Thigs is prevented in the nonhomog=sneous
accretion scenario by early accretion and buriai-of anorthite, and
in the isoclated-grain model by the coating of anorthite grains
(the main source of aluminum) by impervious layers of magnesium"
silicates and silica.

Note that, up to this point, the likely mineral products of the
nonhomogeneous accretion and isolated grain models are essentially
identical. The difference lies in the way that these mineral
components would be distributed in a pl;netesimal: the
nonhomogeneously accreted body will of course be strongly layered,
with a core rich';n refractories and metai, and a silica—rich

surface. A body accreted from the products of isolated«qfain
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condensation would be chemically homogenecus on a distance scale
of millimeters. An  important point is that the equilibrium
condensation products are quite distinct from those in either of
these two schemes, and more clasely resemble ordinary chondrites,
in that they contain two féldspars, no free silica, and have
significant traces of FeO in the olivine and pyroxene.

At this point.the nonhomogeneous accretion and isolated grain
condensation sequences diverge very significantly. Metallic iron
is of course buried and chemically isolated from the gas in the
former model, but present as metallic grains in the latter. Thus,
at the appearance temperature of troilite (680K, it is possible:_
for the isolated-grain process to make Fe5 unless silicates have
nucleated on the metal grains. In view of the presence of
silicate graiﬁs'af "all temperatures at which  metal is éohdensed;.
it is plausible that nucleation of lower-temperature silicateé
will strongly Favo? these silicates, and thus not coat metal
grains.

Fhosphorous, like sulfur, should react in the isolated grain
case with metal grains, but, due to the limited ability of these
arains to absorb phosphorous and retain it at lower temperatures,
phophates  should be ultimate products in all thi-ee schemes IF’
calcium were chemically available to form phosphates.

The issue 0F~thé behavier of phosphorous, along with the
complex sequence cof possible phases involving the alkali sulfides

and halides, is still under study.
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The following Program listing is illustrative of the present

level of development aof the Basic translations and adaptations of

our original FORTRAN pPrograms, which were suitable only for use on .’

very large computers.

READ BH, BHE, BO, BC, -EN, BSU, BNE, BAR
READ EBSI, FFE, BMG, BAL, ECA
FOR NT = 1 TO 10

READ T, KH, KH20, KCO, KCH4, KCO2
READ T, KOH, KO, KC, KH2S, KHS, KN
READ T, KCN, KHCN, KNH3, KS02, KS
READ T, KSIO, KSI, KSIH4, KFE, KMG
READ T, KCA, KAL, KALO

READ T, KSIO2, KMGSIO3, KMGO, KMG2S104
READ T, KFES, KFESIO3, KFE25104, KFEO
READ T, KAL203, KCAO, KSPINEL, KAN.?2S
FOR NF = 1 TO 10 S

F = 10! (NP-10")

ABH = FxEBEH

ABHE = FxXBHE

ABO = FX%BO .
ABC = FxEC - . R

ABN = F«BN

ABSU = FXESU

ABME = FxXxBNE

ABSI = FxBSI

ABFE = FXEFE

AEMG = FXBEMGC

ABAL = FxBAL

ABCA = FxBCA

ABAR = FXBAR

REM INITIAL GUESS OF ELEMENTAL ACTIVITIES

RH = —(KH/4)+50R (KH"2+8%ABH)
RN = —(KN/4)+SOR (EN"~2+8¥ABN) .
RO = (2XAE0) / (3¥EH20XRH2)
FH2 = RH"2
GR = ABC/ ¢ (KCDXRO) + (KCH4 ¥FH22) )
RS = AHSU/ ((ESOZ¥YRO™2) + (KH2SHFH2) )
ASI = ABSI/ (KSIOYRD) - :
AMG = ABRMGXEMG
AAL = ARAL/KAL
ACA = ARCA/IECA

INDEX = 0

FOR ITER = 1 70O 159

INDEX = IMDEX+1

FH = EHYRH

FH2 = RH"2

FHE =

ARHE

e -



211 PCHA = XCH4XGRAPH2"2

212 ,PCO2 = KCO2XGR¥RO"2

213 PC = KCXGR 45

220 FPOH = KOHXRHXRO
| 221 FH20 = KH20XPH2XRO

222 PO = KOXRO '

223 PO2 = RO~2

230 PCN = KCNXGRXRN .

231 .PHCN = KHCNXGRXRHXRN ‘
232 PNH3 = KNH3IXRNXFH2XRH ORIGINAL PATTE (5
233 PN2 = RN"2 OF POOR QUALLY
234 PN = KNXRN : '
240 PH2S8 = KH2SXRSKPH2

241 PSO2 = KSO2XRSKPO2

242 PHS = KHSXRHXRS

243 PS = KSXRS

244 PS2 = RS™2

250 PSIO = KSIOXASIXRO

251 PSI = KSIXASI

252 PSIH4 = KSIHAXASIKPH2"2

258 AFE = ABFE/KFE

259 IF AFE>1! THEN 260 ELSE 264

260 PFE = KFE

261 PMETFE = ABFE - PFE .

262 AFE = 1! T

263 GOTO 270

264 PFE = ABFE

265 PMETFE = O!

270 FMG = ABMG

280 PCA = ACAXKCA

281 PAL = AALXKAL _

282 PALO = KALOXAALXRO ~

=00 REM CALCULATE ACTIVITIES OF SOLIDS

301 ASIOZ? = KSIO2¥ASIXPO2

302 AMGSIOS = KMGSIO3XAMGXASIXFO2%RO

303 AMGO = KMGOXAMGXROD .

304 AMBGZSI04 = KMG2SIDAKAMG 2X%ASIXPO2"2

305 AFESIN: = KFESIOZXAFEXASIXFO24R0O

306 AFE2SINS = KFE2SIOAXAFE“2¥ASIXF02°2

307 AFES = AFEXKFES¥RS
303 AFEOQ = KFEOXAFEY¥RO
I20 ACAD = KCAOXACAXRO

321 AAL203 = KALZ03¥AAL2XPO2XR0

322 ROOTAN = KAM. 2S5¥PG2XSOR (AALXASTASAR (ACA) )
323 AAN = ROOTAN™4 : '

324 ASPIMEL = KSPINEL¥AMG*AAL"-2¥P0O2"2

40C REM CALCULATE ELEMENTAL SUMS

401 SH = PH+2XPHZ2+2XPH20+4 %*PCHA+3XPMNHI+FPOH+PHS+PHCN+2%FPH2S5
402 SC = PCO+FCO2+PCH4+FPC+PHCN+FPCN

403 SO = FHZ20+2%FO2+2¥PCOZ2+FCO+POH+2%XPS02+PSI0+PU+PALO

404 SN = FN+2XFN2+FNHI+FCN+FHCN

405 S5 = FS+PHS+PSO2+FPH2S+2XFS2

410 SSI = PSIO+PSI+PSIHA

411 HMG = FMG )

412 SFE = FFE + FMETFE

3413 SAL = PAL+PALO

414 SCA = FPCA

319 F = FHZ4FH+FPH20+PCO+FCO2+PCHA +ENZ4+PNHI+POH+F S10+PFE+FMG+PHIS+FHE +FO+FNE+FHS+
FAL+FCA+PALO+FAR _
420 EH = AES (SH-AEH) /ARH

|

421 E0 = ARS{(S0-AEQ) /AEO
422 EC = ARS(SC-REC) /ABC
423 EN = ARS(SN-ABEN) /ABN
A™A IR - AGE CREATQY SO



431
432
433
434
440
HEN
001
449
450
451
452
453
454
4595
454
457
457
460
4461
462
463
464
4465
466
496
S00
S01
502
S0S
S07
sS08
509
510
o1l

EFE

= ABS (SFE-ABFE) /ABFE
EMG = ABS(SMG-ABMG) /AEMG
EAL = ABS(SAL-ABAL) /ABAL 46
ECA = ABS(SCA-AECA) /ABCA

IF EH<.001 THEN IF EDO<.001 THEN IF EC<.001 THEN IF EN<.001 THEN IF ES<.001 T
IF ESI<.001 THEN IF EFE<.001 THEN IF EMG<.001 THEN IF EAL<.0O01 THEN IF ECA<.
THEN GOTO S01 ELSE GOTO 449

REM COMPARE ELEMENTAL SUMS TO ABUNDANCES

IF INDEX = 1 THEN 451 ELSE 455

AFE = AFEX(ABFE/SFE)

RH = RHXxSER (ABH/SH)

AAL = AALX (ABAL/SAL) ORIGINAL FicE 1g
GOTO S00 OF POCR QUALITY
IF INDEX = 2 THEN 456 ELSE 440

RN = RNXSQR (ABN/SN)

RO = ROX% (ABD/SO)

GOTO 500

IF INDEX = 3 THEN 441 ELSE 465
AMG = AMGX (ABMG/SMG)

GR = GRX (ABC/SC)

ACA = ACAX (ABCA/SCA)

G0TO S00 '

RS = KS%(ABSU/SS)

ASI = ASIX(AB51/SSI)

INDEX = 0!

NEXT ITER

REM OUTPUT RESULTS OF ITERATION

BEEP

PRINT "TEMPERATURE = "“:;T, "PRESSURE = ";P, ITER;"ITERATIONS"
PRINT * PRESSURES OF GASES IN BARS"

PRINT "H ="3PH:" H2. ="3PHZ:" HE =";PHE;" NE =";PNE:" AR ="3;PAR

PRINT "0 ="3P03;" 02 ="3;P023" OH =";POH:" H20 ="3;PH20
PRINT "M ="3FN;" M2 ="3;PNZ;" NH3 =";PNH3;" CN ="3;PCN
PRINT “C =";PC;" CO =";PCO;" CO2 =";PC0O2;" CH4 ="3;PCH4;"HCN =";PHCN:" 502 ="

sPS02;: " ALO =":PALO

S12
S13
Si4
=3 %)
o117

PRINT "8 ="3;PG:" 82 =";PG82:" HS ="3;PHS:" H25 =Y;PH2S

PRINT "FE ="3;PFE:;" MG ="3;PMG:;" CA =";PCAs;" AL ="3;PAL

PRINT "SI0 =":;PSI0:;" SI =";PSI;" SIH4 ="3;PSIH4

FRINT * ' ACTIVITIES OF CONDEMSATES"

FRINT "@Z ="3:ASI02:" MGO =";AMGO;" EN =";AMGSIO3;" FO =";AMGZSI04:;" ° FE ="

sAFE: " CAD =":;ACAO:" COR ="3;AALZ203

18

FRINT "FEQ =":;AFEQ;" FS =";AFESINS;" -FA =":1AFE25104;" FES ="iAFES;"SP ="3;AGP

INEL:" AN =":AAN

520
521
522
523
S24
525
545
536
570
&HOO

=
1y

PRINT INFUT ABUNDANCES OF ELEMENTS"

FRIMT "H ="3;AEH:" O ="3;AE0:" C =";AEC:;" N ="3ABEN:;" S =":AHESU .
PRINT "FE ="3;AEFE:" SI ="AESI;" MG ="3;ABMG:" AL =":ABAL:" CA ="iAECA
FRINT CALCULATED ARUNDANCES OF ELEMENTS"

PRINT "H ="3SH:" 0 =":S0:" C ="3;5C;" M =";5N:" S =":55;"CA =':SCA
FRINT "FE ="3;SFE;" SI ="3;SSI;" MG ="3;SMG3" AL ="3SAL

INFUT GOON _

IF GOOM = 1 THEN 590 ELSE &S0

MEXT NP .

MEXT NT

END

LR
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Directions for Future Work

Our efforts during the first' vyear of this contract have been
concentrated on writing and translating the computer programs ta'
carry out the task, and only recently have we reached the point
where publishable scientific calculations may Se carried ouﬁ. It
is our expectation that the crucial scientific questions involvid@"'
the details of the isolated~grain condensation process and fhé
comparison of tﬁié process with previously explored scenarios‘céﬁ?
all be addressed directly within a month or two.

We therefore plan to examine the condensation processes for
minerals in bothnsolar—composition and carboﬁ—rich systems at‘vgry;
low pressures,.iﬁiaccordance with our original proposal. It will
thwn be a simple matter to compare these results to the observed
mineralogy of -ﬁeteorites to see whether such materials have-
persisted to tﬁe present. We are .especially interested in’
identifying minefél carriers for the volatile elemehts, especiall?
sulfur, carbon, nitrogen énd the halogens because of their
bossible importance in  contributing afmophile elements to the
accreting terrestrial planets, including the possibility that some
of the carriers of rare ¢gases in meteorites may have originally

condensed in astrophysical, rather than solar nebular, settings.
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