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We have constructed an asteroid model with the intent of track-
ing the radial and temporal dependence of temperature and com-
position throughout a 100-km-diameter CM-type parent body, with
emphasis on constraining the temperature and duration of a liquid
water phase. We produce a nonuniform distribution where liquid
water persists longest and is hottest in the deepest zones and the re-
golith never sees conditions appropriate to aqueous alteration. \We
apply the model predictions of the liquid water characteristics to
the evolution of amino acids. In some regions of the parent body;,
very little change occurs in the amino acids, but for the majority
of the asteroid, complete racemization or even destruction occurs.
We attempt to match our thermal model results with CM meteorite
observations, but thus far, our model does not produce scenarios
that are fully consistent with these observations. © 2000 Academic Press

Key Words: asteroids; meteorites; thermal histories; prebiotic chem-
istry; prebiotic environments.

INTRODUCTION

Carbonaceous chondrites, especially CM meteorites,

known to contain extraterrestrial organic material in an aqu
ously altered matrix (Croniret al. 1988). Included in mete-
oritic organic material are over 80 different amino acids, whic
are protein building blocks. The majority of amino acids used .
by Earth organisms are left-handedgnantiomers) rather than
right-handed g§-enantiomers). Recently, Cronin and Pizzarello
(1997) showed that some meteoritic amino acids may have
excess of -enantiomers (7—9%). Organic material delivered
Earth through meteorite bombardment may have contribute

life’s preference for left-handed amino acids.

enantiomeric excess throughout their lifetime. These types

calculations depend strongly on the characteristics of the aqt
ous phase on the asteroid parent body, particularly its durati
and temperature. Previous thermal modeling of carbonacec
chondrite parent bodies (DuFresne and Anders 1962, Grim
and McSween 1989) has characterized the conditions that p
duce a liquid water phase on a parent asteroid, but has been |
useful at being able to describe this phase in detail.

This work focuses on specifying the temperature and duratic
of the liquid water phase on asteroid parent bodies. The C
meteorite characteristics have been chosen in order to use t
work to model organic evolution and survival in a parent bod
such as that which produced Murchison.

CM METEORITE CHARACTERISTICS

CM chondrites are carbon-rich, aqueously altered, stony m
teorites. CM meteorites are interesting because up to 30%
their carbon content exists as complex organic material (Rub
6}%98). A number of other carbonaceous meteorites have a

roved to contain organic material of extraterrestrial origin, bt
the Murchison-type CM meteorites contain the most (Croni
et al.1988). The conditions on the CM parent body can be cor
rained both by the presence of organic material and by tl
unigue CM mineralogy.
The CM meteorites are extensively altered, but some st
tain minichondrules and some relic olivine and pyroxen

tE)rystals (McSween 1979). The primary minerals are serpentin

up minerals, comprising 55-85% of the meteorite by volum

0?gcottet al.1988). Other important minerals are the layered hy

Cohen and Chyba (1999) explored the conditions underWhiglzloxysulfide tochilinite, magnetite and pyrrhotite, carbonate:

some easily racemized meteoritic amino acids could retain

al d soluble Mg salts (Zolensky and McSween 1988). This sui
of minerals is indicative of aqueous alteration, at least son

1 Now at the Department of Physics and Astronomy, University of Leed§f Which occurred on the asteroid parent body as opposed

Leeds LS2 9JT, UK.

in the solar nebula itself (Bunch and Chang 1978, 1980). Tt
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conditions of aqueous alteration have been constrained bwral the asteroid surface would be in solar equilibrium with al
number of different methods, including mineral stability relaevolving main-sequence Sun (Endal and Sofia 1981), but o
tionships (Zolensky 1984) and isotope equilibration argumerdalculations do not go that far in time.

(Roweet al.1994, Clayton and Mayeda 1984, Lerner 1995). Itis Heat is contributed by accretion and decay of both shor
generally thought that the aqueous alteration occurred over shaontl long-lived radionuclides, dominated #Al. We vary the
(10°-10* years) time scales at cool (273-300 K) temperaturene between nebular collapse and the accretion of the astero
Previous modeling (DuFresne and Anders 1962, Grimm amdich dictates the amount of live radionuclides. Because of tt
McSween 1989, Zolenskst al. 1989) has produced scenariosapid decay of these nuclides, the aqueous phase must be
that are consistent with these estimates. early on the parent body, and last a relatively short time. Sol:
inductive heating has been proposed as an alternative heat sot
in asteroids (Sonnett al. 1970, Herbert 1989). However, due
to the largely unconstrained nature of the early solar magnet

The FORTRAN code written for this purpose solves the ondeld and CM meteorite electrical conductivity values, we do no
Rnsider inductive heating in our model at this time.

dimensional radially symmetric heat conduction equation for & . : .
Thermal properties of the materials are composition- an

asteroid 100 km in diameter. N ture-d dent wh iate. We includ
The model asteroid has seven componen€ e, HO lig- emperature-dependent where appropriate. We inciuce pro
sions for convection, hydraulic fracturing, and vapor diffusion

uid, void space filled with KO vapor, Mg—olivine (forsterite), iteration found i b hondrites i
Mg—pyroxene (enstatite), hydrated rock (antigorite serpentingi]e aqueous afteration found In carbonaceous chondrites IS rt
resented by the formation of antigorite (Mg—serpentine) via th

and nonreactive rock (representing th¢0% of CM meteorites i
that is not serpentinized). We realize that this is an extrerhgdction

simplification of the mineralogy and that neglected phases such . : : .

as carbonates, sulfides, iron metal, and iron oxides could have 925104 (forsterite}+ MgSiOs (enstatite) 2 H,0
important effects on the nature of the fluid—rock interactions. 2 Mg3Si,Os(OH),4 (antigorite)
However, the lack of data on the kinetics of basic serpentiniza-

tion (discussed below) makes further refinement of the chemi bceeding only in the presence of liquid®lwith a pressure-
reactions impossible. We do include salts to the extent that the temperature-dependent rate of reaction determined for

freezing point of liquid water in the model is set to saturategm”ar reaction by Wegner and Ernst (1983).
MgSQO, solution properties.

The starting proportions of each component are varied to force
the final composition to match CM meteorite observations. All MODELING RESULTS
components are assumed to have particle sizes on the order
of tens of micrometers, the particle size of the lunar regolith Table | is a summary of the parameter space we explore
(Heikenet al. 1991), and are uniformly distributed throughoutLO runs. For all runs, we use an initial volumetric compositior
each zone and throughout the entire asteroid. The state@f Hof 22% forsterite, 17% enstatite, 16% void, and the tabulate
as itis accreted is determined by the initial material temperatyrercentage of ice. The remaining volume is nonreactive roc
Ti (see Eg. (A3)). Thus far, we have considered only scenaribbis choice of mineralogy forces the final assemblage (if fully
where ice accretes. hydrated) to become 60% serpentine, have a small amount

We assume that the time scale for accretion is rapid, but sotdivine and pyroxene left over, and have a bulk porosity of 20%
nebular models (Cassen 1994, Wood and Morfill 1988) indicatée bulk porosity then matches measured bulk porosities
that the nebula was too turbulent for substantial accretion urilurchison (Britt and Consolmagno 1997, Corrigetral. 1997)
about 16 years after the molecular cloud collapse formed @and the~5% porosity created from the serpentinization alsc
disk around the Sun. We are using the collapse time here to alsatches well with measured CM matrix porosities (Corrigat
indicate the formation of radionuclides; therefore, an “accreti@t al. 1997).
time” of 1 Ma indicates that radioactive material is allowed to Run 1 uses our “canonical” parameters: accretion 3 Ma afte
decay from its starting abundance (as detailed in the Appendigbula collapse, formation 3 AU from the Sun, permeability o
for 1 Ma before being incorporated into the asteroid. 10~12m?, and an initial ice fraction of 30% by volume. Figure 1

Our model incorporates the solar nebular temperature vashows that, for Run 1, the peak temperature at the center of t
ability predicted by Cassen (1994) to calculate the temperatasteroid is 380 K, and the temperature structure of the asterc
of material being accreted and the surface equilibrium tempefiaMa after it accretes (4 Ma after nucleosynthesis) is shown i
ture of the body throughout the lifetime of the nebula. We reco§ig. 2. Throughout the asteroid, liquid water can persist for ove
nize that this is not the only solar nebula model in existence, l@° years (Fig. 3). Figure 4 shows the temperature and duratic
itis the only one with a quantitative temperature—time—distanoéliquid water near the center of the asteroid. In Run 1, liquic
relationship. We discuss the effects of higher-temperature nelmter exists for about 2.3 million years, peaking at 375 K. Th
ula models below. After 10years, the nebula would dissipateremaining runs are compared to this canonical run.

THE MODEL
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Ice fraction. Theinitialamountofice (ifitisnotthelimiting  Formation distance. The formation distance determines the
reagent) has the simplest effect on the temperature and durasarface temperature of the asteroid, which in turn determinest
of the liquid phase. The higher ice fraction (Run 3) results indepth of the outer layer that never sees liquid water. Howeve
slightly lower maximum central temperature (360 K) (Fig. 1)ince the surface temperature is never less than 50 K, and
The surplus of water does not have enough time to diffuse awams eventually reach this surface temperature, it has a negligil
from the center and freezes in the central zones after existigffect. Volume fractions of the components in Run 1 after 10 M
for 3.5 Ma (Fig. 4). The lower ice fraction (Run 2) means thare showninFig. 5. Inthe canonical run, the outer 14 km remait
water is nearly the limiting reagent, so most of it reacts witite; in Run 6 (3.5 AU), this region is 15.5 km deep. This icy rinc
the mineral fraction and the small remainder diffuses out in apersists in all runs and never sees conditions that allow meltir
other 5x 10° years (Fig. 4), with a higher maximum temperaturef water and subsequent aqueous alteration. The closest to
(390 K) (Fig. 1). Because diffusion moves water away from theurface that reactions occur is 6 km in Run 8 (neglecting Runs
reacting regia , a smaller initial volume of water means a poand 9, whose internal temperatures exceeded 500 K where ¢
tentially shorter duration of liquid water in any particular zonenodel is invalid). For a given formation time, a lower ice fractior
For example, in Run 3, the water freezes before all of it has hadll push this boundary closer to the surface.

a chance to diffuse, and so ice will remain in the central regions.One way to have melting occur in this region is by impact

- ) o generated heat that would melt some ice and lead to local, ne
Permeability. Water vapor carries heat from the interior ok rface alteration. Over time, it is possible that the top laye

the asteroid by diffusing through the rock. A low permeabilitkqyq pe altered in this fashion. Impacts might also strip awz
of 10-** m?, which is appropriate for a fully lithified rock suchine jcy rind and leave interior, altered material exposed. Anoth
as sandstone (Turcotte and Schubert 1982), prevents heat {Qgsortant effect of impacts is that they create a low-porosity, dr
by vapor transport. In this case (Run 4), liquid water has a pe@grmally insulating layer over the asteroid. This insulating laye
temperature of 390 K and persists fed.2 Ma before diffusing  zjows heat from decay of long-lived radionuclides to accumt
outward (Fig. 4). A high permeability of 16" m?, which is |ate and may lead to a second, much later, episode of aquex

appropriate for sandy soils like the lunar regolith (Heile¢l.  5jteration. The explicit inclusion of impacts in our model is @
1991), allows the center to cool though vapor transport. In Rungpject of future work.

the peak temperature is lower, abou03%, and water diffuses o ]
out of the central region after 1.5 Ma (Fig. 4). Clearly, a higher Other parameters. Within our parameter space, convection

permeability is conducive to heat loss within the asteroid. T fracturing never occur. This is because these processes
peak temperatures might be brought down298 K by em- pend on large thermal gradients, which are only rarely prese

ploying a higher effective bulk asteroid permeability, mimickind? ©ur model. _ _ _
a “rubble pile” model. The choice of alteration reaction determines the amount

heat released during alteration, and this is found to have a lar

Formation time. For the canonical set of parameters, butffect on the duration of liquid water. The choice of reactior
with an accretion time greater than 3.5 Ma, short-lived radionalso has volumetric consequences: the reaction forstefte
clides do not generate enough heat to melt any water at all amater< antigorite+ brucite has a mineral volume change of
where in the asteroid. An ice fraction of 20%would push thi45 cn®, while the reaction forsterite clinoenstatiter 2 wa-
cutoff closer to~3.75 Ma, but ice fractions smaller than 20%er < antigorite has only a 33 chmineral expansion (Robie
will not provide enough water to produce the observed serpel895). The total volume change, however, is abel0% for
tine contents. Therefore, given our initial heat inputs, final CMoth reactions, meaning that the volume initially occupied b
parent body accretion occurred no later thaé Ma after nu- water will not quite be filled by the reaction products. If water is
cleosynthesis. This result is consistent with estimates from igbe limiting reagent in the equation, then void space is creat:
topic considerations (Swindle 1993) and other chondrite modélg these reactions. Examination of altered matrix for expansic
(McSween and Bennett 1995, Wilsehal. 1999). The later time textures might help constrain the mode of alteration.
corresponds to &Al /?’Al ratio of no less than~3 x 1076 in Our model is relatively insensitive to the rate of reaction an
the accreted material, which is consistent with measuremetiie uniformity of material. While including a finite rate of reac-
in chondrules (Russedt al. 1996). The earliest accretion timetion does allow us to better characterize the liquid water phas
is more loosely bracketed. Accretion at 2 Ma (Runs 7, 8, aride actual rate is so rapid that even varying it by orders of ma
9) results in the highest central temperatures (Fig. 1), but omlitude (such as might be expected due to pH changes (Sverc
Run 8, with an initial ice fraction of 40%, avoids temperatures990)) would produce a small change at the time scales of inte
high enough for serpentine dehydration530 K) (O’Hanley est. Similarly, if the starting material were not of small grain siz
1996). Runs 7 and 9 get to temperatures over 500 K, but thisisnot uniformly mixed, the effect would be to slow the reactior
only in the central regions. Even in these models, there are midte, but this would likely have a negligible effect on the charac
dle regions of the asteroid where temperature gradients alltavistics of the liquid water phase. Additionally, because the re
water to exist at lower temperatures (Fig. 3). We discuss thesgtion time is extremely short compared to any other time sca
regions in more detail in our Discussion section. (e.g., for diffusion of water), and due to the thermal runawa
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TABLE I DISCUSSION
Summary of Parameters Varied in Model Runs

Temperature. The maximum temperature atany pointinside
Accretiontime  Heliocentric Volume  the parent body is most sensitive to the time of formation. Fc
(Maafter nebula  distance fraction of 5 yiven time of formation, the initial ice fraction dominates the

Run no. collapse) A9 Permeabllity  lce acchtEdmaximum temperature (Fig. 1). This is for three reasons: (a) tl
1 3 3 Medium 30 volume fraction of rock (and thus the power input from radionu
2 3 3 Medium 20 clides) increases as the ice fraction decreases; (b) the latent f
3 3 3 Medium 40 of fusion of ice serves to take up some of the heat produce
ga g g h?g‘;] 28 by the rock; and (c) water has a higher heat capacity than ro
&b 3 35 Medium 30 and effectively buffers the temperature rise of zones where it
7 2 3 Medium 30 present.
g° 2 3 Medium 40 The hydration reaction releases more heat per mole of wal
o 2 3.5 Medium 30 used than is required to melt a mole of ice (heat of reaetion
10 35 3 Medium 30

34 kJ per mole of water consumed; latent heat of fusion c
water= 6 kJ/mol). This results in a “thermal runaway” that goes

@ Terminated at-6 Ma (due to computational limits) after most of the wate

has frozen out or reacted. on_to heat the parent bod_y tq a temp_erature above the melti
b Terminated at less than 10 Ma but after water at all radii has frozen outpeint of water, once any liquid water is produced at all. Thus
reacted. any run where reactions have taken place will produce an inte
¢ Terminated at-3.5 Ma when central temperature exceeded 600 K. nal temperature well over the melting point of water (Fig. 2)

All of our runs have central peak temperatures abe4€0 K,
effect (see below), almost every zone of the model shows eitlecept Run 3 which has not yet reacted after 1 Ma and Run
full reaction to 60% serpentine (plus some residual olivine amn¢hich never melts any water. The peak temperatures might r
pyroxene, as dictated by the starting assemblage) or no reactizein closer to the water melting point if the initial ice fraction is
at all. Few zones show intermediate amounts of serpentine. more than 40% by volume, a high bulk permeability carries mor

The model results are sensitive to the solar nebula model usieelat away via diffusion, and/or a later formation time lowers th
For instance, we ran a model starting at 240 K (a factor ofi@itial heat input.
higher than the Cassen (1991) model predicts) but evolved théThere are locations in the asteroid containing liquid water th:
nebula temperature according to Eq. (A2). In this case, essesver gets hotter than the temperature range predicted by C
tially the entire asteroid becomes hydrated but the majority nfeteorite observations (273—298 K). These occur as relative
the asteroid subsequently experiences a temperature rise weil bands far from the center. The location of this CM-matchin
above the serpentine dehydration point. Clearly, the large raragme is dependent mainly on the central temperature; a higt
of nebula temperatures that are predicted by models (Wood antérnal temperature pushes water out farther and more rapid
Morfill 1988) could be used to produce many different thefFhe width of the zone is partially controlled by permeability,
mal model scenarios. A warmer nebula temperature strongiere a higher permeability produces a wider band. Additior
affects the peak temperature of the asteroid but can still ally, the bands become narrower the closer to the surface th
low the formation of narrow bands within the asteroid whiclppear. The widest band in any of our models is produced |
experience conditions consistent with CM observations. Ho®un 3, which had 40% ice. This run produced a band 1 km wic
ever, almost any reasonable choice of nebula temperature, wéotated 28 km from the center of the asteroid. Run 7 producec
or cool, will allow these bands to form, as discussed belowand only 4 km from the surface, but it was a mere 0.2 km wid

FIG.1. Temperature (K) versus time after nebula collapse (Ma) at the center of the model asteroid for the 10 runs. Run 8 was terminated after all wat
reacted or froze out. Run 5, due to its large Darcy velocity, was the most computationally intensive calculation and was thus terminated orioa tifdiguicht
water had been fairly well constrained (see Fig. 3). The legend is common to Figs. 1-4.

FIG. 2. Temperature profile throughout the model asteroid 1 Ma after accretion. The accretion time is different for each model run. The importanc
surface temperature, which is based on the nebula model, is clearly shown. Note that Run 3 has not yet reacted while Run 10 never will; thus, boghaprofi
less than 273 K.

FIG. 3. Duration of the liquid water phase (years) versus radius (km) throughout the model asteroid. Except for narrow rinds near the surface, liqui
either never exists or exists for about 1 Ma. The exception is Run 2 which, due to its low initial ice fraction, consumes most of its ice, reacheeattabhel
temperature (see Fig. 1), and thus pushes the remainder of its liquid water to larger radii.

FIG. 4. Duration and temperature of liquid water in the center of the model asteroid. In general, a higher central temperature results in a shorter du
the liquid water phase unless the initial ice fraction is large (e.g., Run 8) or the permeability is low (e.g. Run 4).

FIG. 5. Final volume fractions of ice, void space, hydrous minerals, and anhydrous minerals versus radius (km) throughout the model asteroid for R
hydrous minerals are formed withinl4 km of the surface. Any residual water ice resides in the up{3€rkm of the asteroid.
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Thus, asmallerinitial ice fraction, a closer accretion distance, anThere are two main ways that amino acids could make the
earlier accretion time, or a warmer solar nebula all act to creatay into meteorite parent bodies. The first is incorporation int
these bands closer to the surface. the solar nebula of organic molecules observed in the interstell

Duration. Liquid water can exist in the inner asteroid fornedium (Pendietoetal.1994). Bonner (1991) reviews the idea

millions of years (Fig. 3). Since the central region melts first arfjat that amino acids produced in the interstellar medium cou

has the highest peak temperature, the duration of liquid waf§nonracemia/L # 1) due to physical processes such as parit

in the center represents the upper limit of duration for each rfiolation, -particle bombardment, and exposure to circularly

The longest that the liquid phase persists is in Run 4, whdrglarized light. The_second is through synthesis in liquid wate
a low permeability prevents water from diffusing out for mor@n the parent body itself (Peltzeral. 1984, Schulte and Shock

than 4 Ma. On the other hand, water can be consumed nearly-998: Schulte 1998). This process requires HCN, which has
soon as it is produced, as in Run 2 (Fig. 4), resulting in sh |ited lifetime in liquid water at 273 K of-10* years (Peltzer

(10* years) durations that roughly agree with the CM meteorifh &l 1984). Thus, the amino acids would have been forme
observations. However, these short durations invariably resulf#fhin ~10" years within the parent body, which is rapid com-
a high peak temperature due to the lack of liquid water to furthBred to our model time scales. However, amechanism for chir
take up heat. enhancement during abiotic synthe5|s is unknown.

The aqueous phase can persist long after alteration of the WO Processes canwork on amino acids after they are form
original minerals to serpentine is complete. Oxygen isotope é¥-Incorporated into the meteorite parent body: racemization ar
change is orders of magnitude faster during the hydration re2&rmal decomposition. Racemization is a natural, exponent
tion than when the altered minerals are in contact with watBfocess by which amino acids change handedness, drtm
(Cole and Ohmoto 1986). Since the alteration front is produc@gd Vice versa, until agiven mixture approachegiaratio of 1.
as the water melts, and the alteration reaction is extremely rapi!S Process is most effective in solution and proceeds faster
the water actually doing the alteration is quite cool. Thus, tfigher temperatures. Thermal decomposition occurs at tempt
oxygen isotopes of the altered minerals might initially refle@ures high enough to destabilize the molecule entirely. Usir
cool temperatures and short times. However, any remaining W€ racemization parameters and model of Cohen and Chy
ter would subsequently experience elevated temperatures 9) and the thermal de_comp(_)smon p_arameters_of R_odar
persist for millions of years, which might produce effects, sudt992) we evolved the amino acids alanine, aspartic acid, a

as glass dissolution, which are not observed in CM meteoritdS0/eucine through the temperature-time histories generated
the thermal model. We began withogL ratio of 0.9, which is

APPLICATION TO AMINO ACID RACEMIZATION roughly the excess that Cronin and Pizzarello (1997) report |
racemization-resistant amino acids. Racemization rates in sol
Amino acids are just one of many organic substances foutidn were used when liquid water was present and dry rates we
in CM meteorites (Cronin and Chang 1993). Amino acids insed when either only ice was present or no water at all existe
meteorites are particularly interesting, because they are biologCool (273-298 K) water exists only for a short time {20
ically important molecules and because the majority of life oh0* years) anywhere within the asteroid. The aqueous pha
Earth uses exclusively left-handed (laevorotatory, Joamino begins cool, but the water is quickly heated by the exotherm
acids to carry out life functions rather than their chemicallydration reaction. This hot water can persist for a few mil
equivalent but mirror-image right-handed (dextrorotatonp)or lion years and commonly reaches temperatures up to 400 K d
counterparts. An intriguing idea is that an enhancgnl ratio to overpressure. At cool temperatures, significant racemizatic
in the prebiotic Earth might have pushed the first biota to prefasually takes a longer time than that predicted by the model r
left-handed molecules. This enhancement could occur eitherduijts, but in some cases, partial racemization occurs for sor
some process on Earth or by delivery of chirally enhanced eamino acids in the suite and not for others. If all the amino acid
traterrestrial organic material, possibly by way of meteorites bad the same original/L ratio, then finding differerb/L ratios
comets (e.g., Chyba and Sagan 1992). among this suite could help constrain the thermal history unde
The evolution of amino acids from the time they formed to thgone by these amino acids. On the other hand, the entire su
time we find them in meteorites, then, is important to our undesf amino acids is completely racemized within a few thousan
standing of what might have been deliverable to the early Earttears when contained within a 350—400 K solution. In regions
If an excess of amino acids was available on meteorite paretite parent body that contained a hot solution, amino acids wou
bodies, the parent body thermal history is important in determiguickly lose any trace of an initial chiral signature. In model
ing whether that excess could be preserved in meteorites. Cokenes that become dry and continue to heat up, thermal destr
and Chyba (1999) investigated the effects on sevgdrogen tion becomes important. For the amino acids considered hel
amino acids of meteorite parent body thermal histories basedtbarmal destruction in the solid state is more than 90% comple
CM meteorite observational constraints. Here we describe thie~473 K (Rodante 1992). In regions where deserpentinizatic
evolution of the same suite of amino acids based on our astero@turs, temperatures well exceed the thermal destruction tel
thermal model results. perature and no amino acids would be expected to be found at
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The bands of the model asteroid which could produce Chhodels seem to be (a) increased bulk permeability, (b) larg
like meteorites are defined as zones which never get hotter tiigaction of ice, and (c) lower heat of reaction. On the other han
298 K but still experience hydration. In these bands, the tempé@reorporating impact-generated heat or a warmer solar nebt
ature could remain low because the water was either completetuld help produce these conditions in the exterior of the pare
consumed by the hydration reaction or was frozen out by thedy without regard to the interior conditions.
cold temperatures near the surface. In both cases, the duratiohhe model constraints on the characteristics of the liquid we
of the cool water phase was extremely short, again, on the ortlar phase are well defined no matter what initial paramete
of 10% years. In these zones, little to no significant racemizati@re chosen. A cool solution exists for a short time3(g€ars),
occurs, implying that the/L ratios observed in CM meteoritesthen is either consumed by reactions, frozen out, or heated
are near or identical to their initial values. Throughout the respidly to high temperatures. In regions where cool water e
of the model asteroid, however, either complete racemizationists for short times, amino acids would be expected to surviy

thermal destruction is predicted to occur. and largely retain their initiab/L ratio. Conversely, the major-
ity of the model asteroid experiences conditions that complete
CONCLUSIONS racemize or even destroy amino acids.
The evolution of amino acids on meteorite parent bodies is APPENDIX

extremely sensitive to the temperature and duration of the liquid

water phase. Therefore. our model attempts to characterize thiglere we present the numerical and mathematical details of the model us
phase in detail for CM-type parent bodies. to calculate the internal evolution of carbonaceous chondrite parent bodies. /

. . . . .. units are Sl (mks) unless otherwise noted.
The conditions for reaching the melting point of water within

our model depend on the accretion time since nucleosynthegis,Heat Flow

since the predominant energy source for this temperature rise ial i onal imolicit finite-cif hod with 500

from radioactive decay (heat of accretion only adds 50 K, and e use a one-dimensional implicit finite-difference method with 500 zone
. . . . equal size to solve the spherically symmetric heat-conduction equation in t

we ignore magnetic induction and impact-generated heat). I%pgsence of internal heating

an asteroid at 3 AU, a formation time afte4 Ma after nu-

cleosynthesis means that so much radionuclide decay has gone dr _1d|, dT N Q (A1)
on already that the asteroid never reaches the melting point of dt — r2dr dr '
water.

In scenarios where water does melt hydration reactions %reT is the temperature, is the radiusk is the thermal diffusivityg; is the
! specific heat, an@ is the power input per unit mass due to radionuclide deca

critical in producmg gthermal runaway. If the total rea_lct|0n heatven by Eq. (A5)). We use an internal boundary condition that sBfsid= 0

fromall reactions going on during the aqueous phase is more th@ihe origin and a surface boundary condition based on Cassen (1994) giver

the heat of fusion of water (6 kJ) per mole of water consumed

in the hydration reaction, then a runaway melting of water will Tr=R)=

ensue. All the reactions we considered produced enough heat for

this runaway scenario to occur. Thus, if reactions do not occihereRis the radius of the asteroiB, is the distance in AU of the asteroid from

Tmax < 273 K, but if they do,Tmax> ~460 K. A set of hydra- the Sun, and is the time in millions of years since the collapse of the nebula
1 ] X .

ti ti thati v slightl th . dbei . qIﬁﬁuation (A2) assumes that the surface of the asteroid is always in equilibriu
lon réacuons that s only slightly exotheérmic cou € Imagingfs, its surroundings. The surface temperature is set by the value of Eq. (A-

if phyllosilicate formation is a two-step process, occurring pagr so K, whichever is larger. For our canonical b4 3, t = 3), this is about

tially in the solar nebula and finishinig situ. However, the water 75 K. However, for the entire asteroid, the initial temperatliygis given by

fugacity in the nebula was probably too low to support aqueous

reactions. Ti=/T(r =R?+ T2, (A3)
The temperature and duration of the liquid water phase is radL— ) ) . )

R . . where the accretion temperatuiige, is derived from converting all of the as-

ally variable, ranging from hot temperatures in the center of the . < initial potential energy to thermal energy and is given by

asteroid, through narrow bands of cool aqueous conditions, to

always-frozen rinds. The mineral assemblage produced, there- Taco— 167%p’R°G (Ad)

fore, is radially variable as well (Fig. 5). It has been suggested 3 Mg

(Zolenskyet al.1989) th,at both C,I' and CM—type ,matenal COLIICl/vhereM is the total mass of the asteroid gmendc, are the density and specific
be formed by progressively altering the same initial assemblag@gat, respectively, averaged over the whole asteroid. For our canonical run w
perhaps by this kind of parent-body history. a 100-km-diameter asteroid, = 90 K. Sincep andc, depend on temperature,
While it is useful to attempt to match thermal model resulgpme iterating is required to get a self-consistent initial temperature. We use v
with CM meteorite observations, thus far our model can produt@® Weighting to calculate the thermal conductivity, and, the density, for a
only narrow (1 km) bands of the asteroid that experience &'o" 20n® While we use mass weighting égr then, is given bykp~fet.
y . . p .~ For a 50-km-radius asteroid accreting material from infinity, the potentia
cool aqueous phase for a short time. Mechanisms for loweriggrgy input is about 28 J, enough to raise the material temperature abou

the temperatures and durations of the aqueous phase in thgse On the other hand, short-lived radionuclides contribute about two orde

860

DII311’ (A2)
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TABLE Al liquid,
Radionuclides Included in the Model (T = Toe)
- [
. Amj = 0P (A6)
Element, Mass fraction, Decay constant Decay energy Power (W/kg) Ht
¢ A (year?), » ) Q : o , :
whereHs is the latent heat of fusion of ice. Similar relations apply for the freezing
26p 506x107  1.02x10°  4.005x 1071 145x107  Ofliquid HoO. e Cladsiue ton 416 hold <o h
40K 7.93x 107 1.82x 10° 1.32x 1013 2.75x 10-11 For H,O vapor, the Clausius—Clapeyron relation is assumed to hold so ths
41, 10 14 11
53Ca 1.37x 10r10 1.49x 10° 4.21x 10 " 1.80x 1cr12 Puao = Poe=(T0/T) (A7)
Mn 6.70x 10~ 5.34x 10P 5.96x 10~ 2.70x 10~ p ’
87, 7 0 14 14
107Rb S.17x 1010 7.04x 18; 2.73x 1&15 4.41x 1615 where, following Grimm and McSween (198%) = 3.58x 102 Pa andTy =
Pd 1.49x 10~ 9.38x 1 3x 10" 8.50x 10~ - . _ olo _ .
129 3.04x 10-12 2 455 107 191x 1014 455« 10-16 6140 K in the presence of ice arfeh=4.70x 10" Pa andTp=4960 K in
1465y, 9 53x 10-11 1.49>< 108 2'23>< 10-13 1'87>< 10-14 the presence of liquid $D. In the presence of mixed phases, a mass-weighte
147gm 3'19X 10-8 1'53X 10t 2 55 10-13 6.78x 10-15  average ofPyap is used. Sinc& <500 K for these models, an ideal equation

of state is assumed. ThuBapVioid =N R T WhereVyyiq is the total void space
volume,n is the number of moles of #D vapor, andRg is the universal gas
constant. ThusMyap, the mass of HO gas present in a given time step and zone,

176y 8.83x 107° 5.48x 1010  1.188x 1071 2.08x 10°1°
187Re 3.45x 1078 6.06x 1010 25x10°16  145%x 107V
2321Th 5.53x 1078 1.50x 100 3.98x 10712 1.21x 10712

235 7.60x10°°  1.02x 1¢° 452x 1072 275x1012
238 2.44% 1078 6.43x 10° 474x 10712  1.45x 10712 0.018PapVvoid
24py 17510710 1.18x10°  4.665x10°1% 541x 10 Mep = — (A8)

247Cm 3.20x 107 2.25x 10’ 5.352x 107*® 5.89x 10
It is further assumed that3® vapor fills the pore spaces of a given zone com-

Total powe7r pletely, immediately reaching equilibrium, with a corresponding change in terr
1.455x 10 perature AT, given by
of magnitude more energy over the first 1 Ma. We use average CM radionu- ATj = M’ (A9)
clide abundances from Mason (1971) for a suite of 16 long- and short-lived Mjcp

radionuclides (Table Al), and the same concentration is used for the olivin . . . .
( ) ; 7 : v(vahereM,- is the total mass in thigh zone andHy is the latent heat of vaporization
pyroxene, and nonreactive rock components. We began witkdf”Al ratio

of 5,06 105, the well-established upper limit 3PAl abundance in CAls, (or sublimation as appropriate). The mass of gas either vaporizing or condensi

and the inferred initial value of CM-type refractory objects (MacPhegtad. AMyapis Simply Myap minusMap from the previous time step. For vaporization,

1995). We obtained the abundance of other nuclides in CM meteorites (MaétoIS assumed that all liquid $0 evaporates before any solig@ sublimes. The

1971) and calculated the mass fractisnat 4.55 Ga using a typical chondritic L{Z:I?)? \flzr'\g‘r’ia‘z";fig:':: gzéhae té;]riT:gEJ(;tdC:rllqcl)Jlldn%rr:g:Ofliitr?op(;i:nti-vzzfitnhii d
Si abundance of 10.3% by weight (Anders and Grevesse 1989). Using deﬁfg 4) P ' poly! 9
constants and energies found in Lide (1994) and in Faure (1986), we calcula ed9 ’

the total power contributio®, from each radionuclide.
The total heat production due to the decay of radionuclides is given by ~ Hv = 37139972 — 78226569T+- 17.613373F — 0.019018061%,  (A10)

Q= mmckz AcQue et (A5)  where, due to limited data in Lide (1994),is capped at 400 K.
£

where A, Q,, andx, are given in Table Al. The presence o$® requires that C. Vapor Diffusion

Q be scaled bynrock, the fraction of the initial total mass that is no3®l. In the absence of gravity, the diffusion 068 vapor through the asteroid is
The power supplied by radionuclides at tim® (defined as 4.55 Ga ago) assumed to obey Darcy’s law (see, e.g., Turcotte and Schubert 1982),

is 1.455x 10~7 W kg~L. This compares t0.8x 10-° W kg~! determined by

Grimm and McSween (1989) to be the minimum amount of power necessary Kyap dPyap

to melt water on a 100-km CM-type body. THAI/27Al ratio to generate this u=-— T (A11)

minimum power was B x 108, a factor of three different from our value. 7

. whereu is the vertical velocity of the gas (evaluated between zoriég), is
B. H,O Phase Transitions the effective permeability of the rock to vapor diffusion scaled from the 20%

Since the lithostatic pressure for a 100-km-diameter asteroid is less t é)rl{osny valueKo, andy is the viscosity of the gas. Thus, the mass of vapor

1 kbar, we assume that the melting point of ice occurdpaf;=27315 K, ransported is

independent of pressure. However, due to the likely presence of salts, we use

Tireeze= 268 K, the BO-MgSQ eutectic point (Kargel 1998). We chose Mg§SO AMyap = 41 zpvapuy (A12)

because it is quite common. The recent discovery of large amounts of NaCl in

some chondrites (Zolenslet al. 1999) may argue for the inclusion of this saltwhere the density of the water vappyap = Myap Vg&j. This results in either up-

as well, but the difference in effect of any salt or salt combination is probablyard or downward motion of water vapor, depending on the sign of the pressu

very small. gradient. The pressure of the water vagkp, now out of thermal equilibrium,
Liquid-water phase transitions are tracked using a modified version of tiserecalculated.

algorithm of Reynoldet al. (1966) which uses a partial melt state. For example, Atlow temperatures, vapor pressure becomes low enough that the path len

if, for a particular time step, Eq. (A1) results in a temperature rise sucftlgat of vapor—vapor collisions becomes longer than that of vapor—rock collisions. Tt

slightly aboveTmel; then, in the presence of iceB, the temperature rise above vapor molecules can then “stick” to the rock surface and create a net flow, calls

Tmelt is suppressed and a fractioam; of the mass in ice kD is converted to  Knudsen flow. This results in an effective increase in the permeability. Followin:
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Grimm and McSween (1989), and assuming a pore size pfib0we calculate assume that the rock is incompressible but compress the liquid and s@id H
the temperature and pressure at which Knudsen flow begins. The temperatuseiéh that they exactly fill the original pore space.

approximately 290 K and the pressure is given by

ReT

Pxnud = 47\/2”\‘ b2d s

(A13)

whereN is Avogadro’s numbet is the radius of the bD molecule, andi is
the pore size. Thus, if <290 K andPyap< Pknud, then

This way of handling of diffusion, venting, and fracturing is not fully self-
consistent in terms of the connectivity of the rock. That is, we assume fu
connectivity of the pore spaces within each zone for vapor equilibrium and tt
movement of liquid HHO, moderate connectivity between zones (determined b
the permeability) for vapor diffusion, and zero connectivity between zones fc
liquid and solid HO.

Kuag — Ko Uveid P (ALd) F. Hydrothermal Convection
vap = s
02 Pap Following Grimm and McSween (1989), and references therein, we assur
. ) . ) that hydrothermal convection occurs if the Rayleigh number, Ra, exceéds 4
whereuvyoiq is the volume fraction of void space. Otherwise, . ;i .
Ra is approximately given by
Vvoid
Kvap = K . Al5
vap 0 0.2 ( )

liq
i 4 igCp ATAr
Ra= Kopﬁq% (—nG,or> a“qu, (A20)

This assumes that4® vapor and liquid are immiscible fluids. Similar to the + void \3 Miq

mass transport, the diffusing vapor carries heat with it, resulting in a changq,\mere77qu is the viscosity of watek is the volume-fraction averaged thermal

temperature of conductivity of the zone, and T is the temperature drop across one zone o
sizeAr, andajig is the temperature-dependent coefficient of thermal expansic

AT = 3 90188 Muapko T (A1) Of water, given by
2 CoM; ’
o =— i d’oﬂ (A21)
whereky is the Boltzmann constant arld; is the total mass in the zone. The pig dT ’

diffusion of water vapor is stopped if the gas is blocked in by a zone with little

pore space (for numerical reasons, the minimum void space fra(}mﬂ]’is set Wherepjq is given by Eq. (A39). Convection results in an effective increase ir
to 10°6), if a given zone wants to diffuse in both directions (in which case it ithe thermal diffusivity, so that for 42 < Ra< 8r?,

only allowed to diffuse upward), or if the pressure gradient is extremely small

13
(1076 Pyap)- K= <z§1_i> K0, (A22a)
D. Venting ,
and for Ra> 87 <,
It is assumed that all of the water vapor in the topmost zone is lost to space
every time step. This venting can be appreciable over 4.55 Ga. However, internal Ra \ 26
gas venting also occurs when, due to evaporation and diffuBjgps> Pith + © K= 15(@) K0, (A22b)

wheret is the tensile strength of the rock (assumed to bé RA) and the

lithostatic pressureRiin, which is approximated b e .
P ein P y wherexg = kcglpfl, the thermal diffusivity in the absence of convection. How-

ever, for the models presented here, we find that convection never occurs.

2 _
Piith = éﬂGppj R (A7)

. . G. Hydration Reactions
When gas venting occurs, enough vapor (such Bat= Piwn + ) is trans-
ported upward one zone. This transport is analogous to instantaneous diffusioriThere are a number of alteration reactions that can be put into the mod
Similarly, if vyoig < v{,‘g{[‘j, all vapor in that zone is transported upward. For somhowever, rate of reaction information exists only for the simple reaction (Wegn:
models, this results in explosive venting for a thickness of a few zones; taed Ernst 1983),

venting never reaches the surface.

2 Mg, SiOy (forsterite)+ 3 Ho,O

E. Fracturing

2 Mg3Si,0s(OH),4 (antigorite)+ Mg(OH); (brucite) (A23)

If diffusion and condensation or the freezing and subsequent expansion of
H20 results in a volume fraction of solid and/or liqui¢®, vnew, greater than  yith 4 total heat of reaction of 367 kJ per mole of serpentine produced. Th
the available pore space fractioere, we might have hydraulic fracturing. This yeaction is clearly not the dominant one for CM meteorites, because bruc
occurs when the hydraulic pressuRyq, exceeds the confinement pressure, qoes not exist in equal amounts to the serpentine-group minerals. Therefore,

chose as the dominant reaction

Phyd > Pith + 7, (A18)

where Mg,SiO;y (forsterite)+ MgSiOsz (enstatite}+ 2 H,O

2 Mg3Si,Os(0OH), (antigorite) (A24)

Pra = B (1), (A19)

pore This reaction releases 69 kJ per mole of serpentine produced (Robie 1995) ¢
and B is the bulk modulus of liquid or solid 0, as appropriate. If fractur- results in a net increase in void space of approximately 3 par mole of
ing occurs, enough mass is transported upward so that Eq. (A18) becomeseamentine produced. The reaction proceeds only in the presence of lighid H
equality. For the models presented here, fracturing never occurs and the onlySince kinetic data do not exist for Eq. (A24), we apply the rate of reaction c
movement of mass between zones is that due to diffusion or venting©f HEQq. (A23) given by Wegner and Ernst (1983). We assume that the rate of react
vapor. However, some models do run out of void space. When this happens,isvinear with pressure and that it follows an Arrhenius form. Thus, fitting the
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Wegner and Ernst (1983) 1-kbar high-temperature data points for a grain size ob Specific heat. The specific heat for all components is temperature de:

37-62um, we get a rate constari{,, in moles of reactions per year, pendent. For forsterite, enstatite, and liquigtHwe fit a third-order polynomial
to data from a variety of sources (Touloukianal. 1970b, Barin and Knacke
Ky = 4383;39*#63, (A25) 1973, Chase 1985, Knackeal. 1991, and Lide 1994) and get
where P = Bt + Pyap in kbars. In addition, we assume that the length scale logc, (forsterite)= —11.32+ 1358 — 4.25¢2 + 0.44x3 (A31)
of the reaction (set by the ratio of volume to surface area for the reacting rock)
is temporally and spatially constant. Finally, we get the number of moles of ~ logcp (enstatite)= —8.62+ 10.39x — 3.00x* + 0.28x> (A32)

serpentine producedymserp, in a given time stepit (in years), of logc, (water) — 8.25— 4.18x + 1.12¢% — 0.076¢, (A33)
AMserp= Mayail(1l — € K,At)’ (A26)
wherex = logT. These expressions, goodt®0%, are valid from approxi-
wheremaya,i refers to the limiting reagent, eithBtjivine OF 2Miguia. Once liquid ~ mately 50 to 500 K. The value for forsterite is used for the nonreactive minera
water becomes available, the limiting reagent s olivine, as we choose a voluma®fvell. For antigorite, we use, fdr> 273 K (Barinet al. 1977),
pyroxene to be present such that both minerals are consumed essentially equally.
I_n r_n_odels where all the liquid is completely consymed, the liquid becomes the ¢, (antigorite)= 1145+ 0.048T — 2.65 x 10772, (A34a)
limiting reagent at the end of the aqueous alteration phase.
Since the reaction is exothermic, the temperature of the zone is increased in

a method analogous to that done when th©hapor condenses. That s, while for T < 273, we use an expression derived from data on talc (Touloukia
et al. 1970b) and match to the above expression to get

_ Hr AMserp

AT = , (A27)

CpM logc, (antigorite)= —0.59 — 1.51x + 2.82x% — 0.66x°, (A34b)

whereH; is the heat of reaction of 69 kJ/mol (Robie 1995). The dehydration

temperature is approximately 530 K (O’Hanley 1996). Since the maximuvhere againx=logT.

temperature obtained in the majority of the models presented here is less thafror solid HO, we use values from Yen (1981):
500 K, and some of our thermodynamic values break down above 500 K, it is

assumed thaF no dghydration reactions occur. Finall_y,_ as mentioned_ above, we cp (ice) = —49.97+ 95T (50 < T < 95K) (A353)

assume, within a given zone, full pore space connectivity so that any ligg@d H

present will react, if possible. = 12689+ 7.5T (95< T < 150K) (A35b)
= 15246+ 7.12T (T > 150K). (A35c)

H. Material Properties

The asteroid is characterized by seven separate components: nonrea€ireH,O vapor, we use a linear fit to data in Lide (1994) and get
rock, forsterite, enstatite, serpentine, liquig®] solid H,O, and the pore space
(filled with H,O vapor). Void space is set to an initial volumetric value-df6% ¢p (vapor)= 1730544 0.45T. (A36)
to try to match the final CM bulk porosity of 20% (Britt and Consolmagno 1997).
The thermal conductivity<, the specific heat, the densityp, and, for O,

5 ) A Ideally, ¢y, notcp, should be used in Eq. (Al). However, we wgebecause it
the viscosityy, need to be characterized.

has been better determined and, where both have been measured, differs fi

a. Thermal conductivity. Except for HO, the thermal conductivity is as- Cv by only 10% at low temperatures (Ghosh and McSween 1998).

sumed to be independent of temperature. Thermal conductivity is domlnatedc_ Density. The densities for forsterite and enstatite are 3210 and 3190 k

by lattice conductivity; radiative conductivity is thought to be important only__5 g . . :

- . . , respectively (Lide 1994). We use a density for serpentine of 2470%g m
above 500 K (Schatz and Simmons 1972). For forsterite and serpentine, we ise od f[r)om theyv(olume ratit))s given in Grimmyand M(?Sween (1989). For th
mineral values of 5.155 and 2.95 WK~ respectively (Touloukiarmt al. :

. . nonreactive minerals, we use a density of 3630 om the carbonaceous
1970a). We also use the forsterite value for enstatite. We use data from Horai . . . Sty kg pir .

. . . . - chondrite value in Horai and Suzuki (1989) extrapolated to zero porosity. Fc
and Susaki (1989) to determine an approximate “zero-porosity” thermal condyc-

#50 vapor, we use the ideal gas law as discussed above:
tivity for carbonaceous chondrites, scale it for porosity by exp9/(1— vyoid)) 2 por, g
and use the resulting value, 2.8 W-tnK~1, for the thermal conductivity for

_ —1p-1
the nonreactive rock. For solidJ@, we use (Yen 1981): Pvap = Piap0.018T "R (A37)
kice = 9.828 exp(-0.0057T). (A28) For HyO liquid, we use (Keyes 1928):
For H,O vapor, we use (Touloukiaet al. 1970a): pig = —221+ 131T — 0.0507T2 +8.49 x 10~ T3
Kvap = —0.0143+ 0.000102. (A29) —548x 1078 T4, (A38)

This expression is clearly invalid for loW so, lacking any other data, we setyypjle for solid H,O we use (Yen 1981)
T to beT; or 150 K, whichever is greater. For liquid2B®, we use matched

expressions based on Touloukietral. (1970a):
pice = —1.32x + 93532 (T < 137K) (A39a)

ki = —0.581+4 6.34 x 10T — 7.93x 10°5T? (T < 410K) (A30) pice = —46.9x + 103271 (T > 137K). (A39b)

- - 3T _ 612
Kig = 0.9721-0.142+4.12x 10T — 501> 107°T%) (T > 410K). If there is any compression due to running out of void space, the density®f H
(A30a) liquid or solid is increased proportionately.
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TABLE All
List of Variables and Constants
As Mass fraction of radionuclidé, m Mass fraction
from Table | m Moles
o Coefficient of thermal expansion of N Avogadro’s numbet 6.02 x 1073 atoms mot?
liquid water (K-1) Po Pressure at infinite temperature (Pa)
B Bulk modulus of HO=2.29x 10° Pa Phyd Hydraulic pressure (Pa)
(liquid) or 10'° Pa (ice) Pxnud Pressure at which Knudsen flow begins
b Radius of an HO molecule=5 x 10711 m Biith Lithostatic pressure (Pa)
C Heat capacity (J kgt K—1) Puap Pressure of water vapor (Pa)
Cp Heat capacity averaged over the entire Q Power from radionuclide decay (W kg)
asteroid (J kg! K1) R Radius of the asteroig 50,000 m
D Distance from sun (AU) Ra Rayleigh number
d Pore size=5x 10> m Re Gas constant 8.314 J mott K1
G Gravitational constant r Radius (m)
=6.67x 1001 N m? kg2 0 Density (kg nT3)
Hs¢ Latent heat of fusion of water o Density, averaged over the asteroid (kg3
=3.3x10°Jkg? T Temperature (K)
Hy Latent heat of vaporization of water (J &b To Empirical e-folding temperature (K)
Mg Viscosity of liquid water (Pa s) Tace Accretion temperature (K)
Tvap Viscosity of water vapor (Pa s) Ti Initial temperature (K)
j Zone index Ttreeze Freezing temperature of J@-MgSQ
Ko Permeability of rock to vapor diffusion eutectic=268.15 K
Ky Rate constant of hydration reaction Tmelt Melting temperature of pure
(mol year™) water=273.15 K
Kvap Permeability of rock to vapor diffusion, t Time (s)
scaled by void space and Knudsen T Tensile strength of rock 10’ Pa
flow (m?) u Darcy velocity of water vapor (mg)
k Thermal conductivity (W m* K—1) Vyoid Volume of void space ()
Ko Boltzmann's constant 1.38 x 1023 J K1 Viig Volume fraction of liquid
K Thermal diffusivity (n? s~1) Vpore Volume fraction of pore space
L Radionuclide index Vvap Volume fraction of water vapor
A Radionuclide decay constant (ye&y Vyvoid Volume fraction of void space
AMyap Change in mass between zones due to

vapor diffusion (kg)

d. Viscosity. The viscosity of liquid HO is required for convection calcu- Barin, ., O. Knacke, and O. Kubaschewski 19Thermochemical Properties
lations while the viscosity of bD vapor is required for diffusion. We take both  of Inorganic Substances, Supplemeitringer-Verlag, Dusseldorf.

expressions from Grimm and McSween (1989): Best, M. G. 1982Igneous and Metamorphic Petrologireeman, New York.
Bonner, W. A. 1991. The origin and amplification of biomolecular chirality.
Mg = 10(F%) 48 (A40) Origins Life Evol. Biospher@1, 59-111.
Britt, D. T, and G. J. Consolmagno 1997. The porosity of meteorites and aste
Tvap = 8.04 x 10°° +4.07x 10°°T. (A41) oids: Results from the Vatican collection of meteoritesc. Lunar Planet.
Sci. 28th 159-160.
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