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rthe major volatile Dbearing and nther characterizations <are .yivocal, An
shases, 1including the vapor hase, -nat 2bvicus alternative approacn to the roso-
snould form in Cl ana C2 type caroponaceous lution =~f the _croolem 15 to ~2xamine

ercidal mareriais,

I9Nsi0y Cnaracter-
suggest trat 2 significant

negar-Eartn IsCernlas arsa
aceaus 25 1,43,

xilcgram o©f (2 cnondrite at rixec oTulk The mest volatile ricn ~atenrites
ccmposition vetween 400 and 8007C ac i zar 3re wnat are SOWMMSNLY WA 3 CL oor (<D
yields apout 135 gm of volatile, wnich is and C2 {3r M) :classes,. iowever, the
mnage primarily of HQO, Hy0, CHg, C33 and jrain size of the wilatils cearinj prases
CO. The r=lative abundances of r~nese ire Zrien too small (163 vz 1,00 %) (3) to
volatile species crange as functions ot permit lCentification undaer S,.tical micro-
temperature, 3nd on a molar asis, 4, 3cope, ang are DHest Ihservan  ader Yigh
tecgmes the most Adominant sgecles acove £2501utloNn  Lransmissidn wlectron lcro-
SSODC. in contrast, T1 c¢haondrites yield scopy HRTEMI. Talensky ana MoSween {5)
about 306 gm <r volatile uncer =he same Save racencly g nary -t wola-

condition, which ccnsist almost completely tile

of 60 wtd H,0 and 40 wrd COjy.

Frreliminary Z3irbonacous <no

tinetic considerations suggest hhat oqul-

librium dehydration of hydrou
cates should be ttalnabple
nours at 600°C. These result
framework for further anal
vslatile and economic resour
~t carbonacecus chonarites.

Introduction

The near-fartn asteroid
tial resources »of volatiles

used as

purposes for planetary mi

emphasized by Lewis and Lewis (l), these

asteroids are at times the n
to Etarth, and many af th
setween Earth and Hoon.

nave also shown that within
thrce-year period,
snd 90,000 launch opportuniti

propellants and life supporting .
As _the two small natural sate
~hich are also likely to ne made of car=-

These

there are roughly 300

r
Searing g!
n

esentan :
nases lentirien in  the
grines,

s phyllesili- The craimary objecrtive I this work is
~ithin a faw T carry «<ut theoretical csiculations t
S “rov1ds the sreaict To abundansaes ana T3MPOS1IELINNS
vses £ tne Sf tne m3jor mineral  nases,  ilong 1nh
ce potentiais the arunalance anag SSmEnsiticna 3f the co-
=x1sting wviapor phase, ztnhar ~uld develop

tn o the ~ulk o Zompositions i 7! oand 02

henarites 3s I[JNCLiansS  «of ressure and

I Lemperature. The rosults PR . Coviae

S are foten- “he Ir3amewors [or <hvjineeris tor
~hich ¢an pe . tne extractian of veolatile from

_astercids as we
ssions.
earest bodies. bonaceous chondr
em can _ pL3ass§
aythsrs

11 as Pnobos ang Deimos,
1

ites of Nars,

~aana

ites (1).

Theoretical Method

any arditrary

es to respec-

tively <xilometer and 100-merer =ized Accoraoing 3 Dunent s rmeoren in
asteroidal bodies as compareg to 39 lumarZ.- Zlassical thermodynamics :4,73, the equi-
launcn windows. These ~ *acts and the Sibrium state of 3 <idsea zystem (i.e.,, 3

cotential wolatile resources make tne sysrtem or tixed CoSMpOS1ItiIIN and A3SS) s
asterotids important candicates tor completely det8rminéd it iny rwo variables
detailed analysSes tor supporting tfuture ~zre fixed reyardless ~t whether these arce

clanetary missions,

Cost~effective or ene
extraction of volatiles from

require knowleage of the nature ana modal & the
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Table 1 Bulk chemical

compositions of Cl and C2

carbonacecus chondrites

Cl c2

S1 10.40 12.96
Ti 0.04 0.06
Al 0.84 1.17
Cr 0.23 0.29
Fe 18.67 21.56
Mn 0.17 0.16
Mg 9.60 11.72
Ca 1.01 1.32
Na 0.55 0.42
K 0.05 0.06
P 0.14 0.13
Ni 1.03 1.25
Co 0.05 0.06
S 5.92 3,38
H 2,08 1.42
C 3.61 2.30
o] .45.61 41.74
Table 2

D-3

methcd used in this study obtains the com-
positions and abundances of the equilib-
rium phase assemblages by minimizing ‘the
Gibbs Free Energy (G} 2f the system at
fixed P-T conditions. The minimization is
constrained tc conserve the various ele-
mental masses of the system through the
method of Lagrangian oTultipliers (7).
3ecause of the extremely small jrain size
of the phyllosilicates observed {n carpbo-
naceous c¢hondarites, one should consider
the effects of surtace free eneryy on the
formation of these rhases. As a first
approximation, we have, hawever, 1ignored
this effect., Theretore, the actual equi-
librium temperatures of volatile bearing
phases could be lower than those predicted
by our calculations.

System, Phases and Data Base

Table 1 shows the bulk compositions
of Cl and C2 carbonaceous chondrites.
These compositions are based on analyses
of a number of fragments 2t Trgueil and

Phases in the system

4g-Fe=-5i-C-H-0-S cansicerea in this work

The sources of thermnochemical
numbers within garentheses.

Jata are shown by ra2
The Heat ot Formation of the 2
members of the hydrous phyllosilicates are derived in thils work,

Anhydrous Silicates and Oxides

Olivine
Orthopyroxene
Periclase
Quartz
Cristobalite
Hematite

vagnetite

Hydrous and Carbcnate

Anthophyllite
Talc
Antigorite
Chrysotile
Brucite

Magnesite

sulfides and Elements

Troilite
Pyrite
Iron
Sulfur

Graphite

'Japor Phase

{Mg,Fe) 510, (8)
(Mg,Fe)SiO3 {8)
(Mg,fFel0 (23)
510, (17)
Si0, (17)
Fe,03 123}
Fe30, (23}
Phases

(Mg,fel5S1g05,10HY 5 (8,27
(Mg, Fe) 35140, (0H) (3
(Mg, fe) g51340g5(0HIg, (8)
(Mg, Fe)351,0g(0H (8)
(Mg,Fe) (OH) 4 (17,21)
(Mg ,Fe)COy (17,25)
teS (17
Fes, (17}

Fe 126}

S (17}

C 117}
C-0-H-35 115,16,17)

Specties: Ha0, COs, CHy, €0, Gy, H35, S~y S0O., IS
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“wurchison meteorites, raspectively, ang
are summarized in Dodd 122). it gan bpe
vasily seen trom tnis tavle that the sub-
system Mg-te-si1-C=l=0=-5 ([(MFCHOS} constl-
tutes almost Y6% by weight of tne bulk
campositions ot €l and T2 chondrites, in
oHrager to somewhat simplify tne computa-
tional problem, we have <contined the G
~iaimization <calculatien 92 this  sub-
system, bhut evidently the phases wiose
compositions  form outside ot this sub-
system cannot D¢ major c<onstituents of
these chonarites.

Table 2 shows the list of phases that
we¢ have consigered 23s possible crystail-
lizing phasas within tne anove subsystem
along with the sources of the thermochem-
ical data. The choice «f these phases
have been guided by the puplished reports
of the mineraloyjy »f carbonaceous chon-
drites whose compositicns lie within the
system MFPFCHOS {e.g., Zolensky and McSween
(5)). The selection »f thermochemical
dJata in the system Mg-~S1~-0-H 15 based on
the critical analysis of Chatterjee (8,11)
tor consistency with both calorimetric and
experimentally determinegd ghase eqguilib-
rium measurenents. These data are similar
td> those of Berman ({31, However, unlike
those in HBerman, the data are also consis-
tent with  high P-T eaxperimental data
involving distribution of Fe and My among
coexisting silicates.

Tha heat capacities (Cp) and entro-
sies (5°) of the phases, if ‘not available
in any of the racent systematizatinns of
self-consistent data set, are estimated by
stoichiometric summation of the properties
of oxides and structurally analogous com-
pounds, as discussed 1n a number of publi-
cations (13,14).

There are no thermcchemical data for
the Fe-end members of the phyllostilicates
listed in Table 2. The enthalpies of
these phases are estimated according to
the known relative properties of Fe- and
Mg-end members of biotite, which is also a

phyllesilicate. The data derived by
Chattarjee (3) and Roble ,and Hemingway
(10} for the Mg- and te” -end members

(phlogopite and annite, respectively)
yield an enthalpy difference of -359.566
KJ per mole of divalent cation at 1 bar,
298 K. Wwe have used these values to esti-
mate the enthalpies of formation from
wlements of Fe-end members of phyllosili-
cates ~at 1 bar, 298 K from the available
data for the Mg-end members. The results
are as follows (KJ/mol of Fe). Fe~talc:
-1606.80; Fe-antigorite: -1127.53 and Fe-
chrysotile: -1094.87. The corresponding
values of the frge energy o¢f formation
from elements {(AG¢) for Fe-~-talc and Fe-
antigorite ac 1 bar, 23§ K are -4477,18
and -4784.0 KJ/mol of Fe respectively.

The validity of the estimated thermo-
cnemical properties of the Fe-end members
of the phyllosilicates may Ye tested as
follows. The Fe-end members of talc and

antigorite are unstable. Insteada, the
stable phases are closely analogous com-
sounas, rnamely, minnesptite, which has a
stoichiometry S F2273134Cg6 (UH) 5¢ as
compareg to that Sf Fea.3513¢UgqtOHI g for
Fe-talc, anag greenalité witn a stoichiom-

etry £ Fey4g313,0g0({0H) g4 <coOmpared to
Feypgsi 33(0HI¢g5 ior Fr-antligorite,
Anovit al. t12) nave rzcently decer-
ninea Ll =-f minnesotite =

from gnase_ egullidbrium ata. Their
results, :Gy {minnesotite) -4577.78 KJ
and ¢ rjreenalite) = -4799.590 KJ,
differ :n the rignt Jirection from the
corresponalng values of Fe-talc and Fe-
antigorite, considering wh relative
stabilities of the pnases.

c
nd jreenalite
a

The stereochemical envirconments of
divalent <cations I1n  biotlte are quite
similar to those 1n talc, both being 2:1
(TOT) layer silicates, and partly similar
to those 1n antigorite, wnich is an 1:1
{TO) layer silicate (28),. Thus, these
chyllosilicates should have similar
differences ©cetween the enthalpies of
formation 2f the Ffe- and Mz-end members.
Further, since on the o2asis of observa-
tional <ata, the predictea compositions of
the mineral zhases in carbeonaceous chon-
srites are expetted to be Mg-rich, the
effects of errors 1n the re-end member
thermochemical greéperties and solid solu-
tinon model will be relatively small. This
can be easlly understood Ly considering
the form of G-X curve of a stable solution
and evaluating the effects of errors in
ibove properties near Mg-terminal segment.

The ;ﬁermodynamic mixing properties
2f the Fe” - and Mg-end memper components
of the annydrous silicates are taken from
the self-consistent summary of Chatterjee
(8), while those of the phyllosilicates
are assumed to be ideal for the lack ot
any data. The latter assumption is likgly
to be agproximately valid at T > 600°C,
since at these conditions biotife solid
selution is found to behave approximately
tdeally (7). At lower temperacure, the
phyllosilicates may <ceviate from ideal
soluticn cehavior, tut pernhaps not too
dissimilarly to significancly attect their
relative stabilities. Magnesite is also
assumed to be an ideal solution of Fe-Mg
components, As emphasized by Ganguly and
Saxena (7), the computed dehydration con-
ditions are not very sensitive to errors
1n  activity-composition relations since
the devolatilization equilibria are char-
acterized oy large enthalpy changes. The
iron oxides and sulfides are considered to
be stoicniometric phases since the solid
solutions of Mg are around a few percent
at the temperatures of interest,

The fidid properties are taken from
Saxena and fei{ (15,16) and Rcbie et al,
{17}. The “"corresponding state method" of
estimating P-V-T relation, as discussed
by these authors, is extended to include
the sulfur species. For mixing data, we
have assumed that H,;S behave as H30, S, as

U

t
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_ Fig. 1 Calculated modal abundances of minerals ger “ilogram of

rock 1n taj) Cl and (b) C2 caroonaceous chondritic bulk compositions
as functions of temperature at 2 Kb, The steps in the calculations
are shown by sympools,

2, and S0; and CCS as CO,, ana used the are reliable at laswer temperatures. In=-

equivalent binary iateracfion Carameters Jeed, w~e find results at lower tempera-

from Saxena and Fei (15}, tures which do not s2em t> tollow the

systematics of the rnesults obtained at

-~ Results higher temperatures. Thus, w~e have calcu-
lated the eguilibrium pnase assemplages at

At 1 Pbar, the free cnergy minimiza- 1 pressure of 2 Kb so rthat the volatile

ti1on calculations do not yield any vola- ocearing phases appear at higher tempera-

rile bearing phase at T > 4007C. At the tures., This procedure at lesast permits

- present state of the thermochemical data, recognition of the majnr volatile bearing
e Go not talieve Lhat cur  Taiculations nases. Some of these pnases may De re-

/(
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olaced by more stable assemblages at lower
vamperature, but should reappear during
heating exgeriment, The results, which
are illustrated in Figure !, show that the
iy rimary volatile bearing phases 1n the Cl
and €2 bulk compositions are talc, anti-
;orite & magnesite. Talc is stable to
around 650°C at 2 Kb, and dehydrates t

srthopyroxene (0OPx) at hiqher temperature
accerding to Tc + Ol = 3 OPx * 1,0, Anti-
jorjte and magnesite crystallize at T <
3507C, but magnesite is absent 1n (2 bulk
composition at T > 400YC. ¥e§ 1s a stable
“nase at all temperatures investigated in
"his work. we, however, Jid aot consider
~he formation ot sulfate cor pyrrhotite.

Magnetite cacomes a stable chase at
T < SOOOC. flemental sulfur founag :n Cl
chondrite is 1nvariably associated with
cyrrhotite (Feyj.yS1 (3}, This suggests

decomposition of troilite (FeS) to pyrrho-
tite and sulfur.

Figure 2 shows the compositions of
the ferrcmagnesian phases as function of
remperature at 2 Kb for the Cl and C2 buik
compositions., Talculations at | bar aiso
vield similar compositions. The observeg
%ompositions of these phases 1in the car-
sonaceous chondrites vary widely in Fe/Mg
ratio. One way to achieve this diverse
te/Mg ratio 1s by aquecus alteration which
seems to be a characteristic of the car-
honaceous chonarites. Fe*® fractionates
very strongly into an aqueous phase rela-
tive to the silicates (18}). Thus, varying
deqrees of equilibration with an aqueous
~hase could lead to a spectrum of Fe/Mg
Sompositions of the ferromagnesian sili-

ig. 2 “alculaced compositicns of
2 carpcnacecus cheondrites as tunctions of temperature at 2 Kb.

101

the silicate ghases in Cl ang

zates. iqueous aiteration may not be the
scle reason, but is likely to be an impor-
~ant contriduting factor in the develop-
ment of variable Fe/Mg ratio of the ferro-
magnesian silicates iIn carbonaceous chon-
irites. -

The abundances of volatile species in
equilibrium with the solids per kilogram
>f tctal mass of C2 chondrites are 1llus-
trated in Figure 3. Figures 3a and 3b
tllustrate the molar ana mass abundances,
respectively, as functions of temperature
at 1 bar. It should be noted that the
rotal masg of the volatiles do not change
above. 400°C, wnich means that under equi-~
librium condition €2 chondritic material
<111 completely devolatize 1f heated above
400¥C. The total yield of the volatile is§
apout 14% of the initial mass of C2 chon-

drites. The change in th% abundance of
various species above 400°C is due to
homogeneous reactiqys within the fluid
phase., Above 550 C, hydrogen has the

highest molar concentration in the vapor
phase. lydrogen is a very good propellant
and reducing agent which may thus be pref-
erentiaily extracted by heagfng the C2
chondritic material to T > 550°C,

In contrast to the C2 chondrites, the
volstiles given off by Cl material above
400°C consist essentially of H,0 and CO,
at 1 bar pressure. Per kilogram of mate-
rial, the total yield of valatile is about
306 grams of which nearly 60 wt¥ is H,0.

The above
consigeraple

results are
uncertalnties

subject to
owing to the
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OF POOR QUALITY

(|

4 1 4qail I 1l




10.0

Total Volatiles

8.0

D-7

o
J 60
™~
0
£ 40
2.0
co2
[
co wcm
0.0|‘(|ﬁ||]‘T|"[[III!I‘]I|'7|ITI|Il||l‘1fl\'-—]
400 500 500 700 800

Temperature (C)

150.0 3

Total Volatiles

100.0

gm/kg

50.0

0-0 T 1 v 1] L L Ty ST T T T r T YT yr 1 v1r v vt LI |
400 S00 700 800
Temperature (C)
Fig. 3 Calculated equilibrium (a) molar and (b) mass abundances of

the volatile species per kilogram of

nature of the thermochemical
properties of the phyllosilicate solid
solutions, and also since we have ignored
the etfects of surface free energy on the
formation of extremely fine grained crys-
tals, Further, carbonaceous chondrites of
any given type do not have homogeneous
compositions, but instead probably repre-
sent agglomeration of materials formea at
Jifferent conditions at different parts of
rhe solar system, However, these calcula-
~i1ons are still wuseful in providing an
.cea of the relative stabillities, as well

ipproximate
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C2 chondritic material.

as upper stabilities of the volatile bear-
ing phases and their average abundance.
It 1is interesting to note that recent
reflectance spectroscopic studies of car-
bonaceous chondrites seem to corroborate
the predictions made above as to the
nature of the most abundant hydrous phases
(Gaffey, pers. comm.).

Kinetics of Devolatilization

The ~quilibrium
sented above provide a

calculations pre-
framework for the
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Dehydration of talc as functions cof time, temper-
extent oOf overstepping above the equilibrium

dehydration boundary at 1 Kb. Volume fraction is that of
talc remaining after reaction. Experimental data peoints,
shown by asterisks, are from Greenwood {19]).

evaluation of the volatile as well as some
mineralogical resource potential of Cl and

20
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18 4

14 4

-
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-
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B+ 9t

208¢ *Alg
4Fo,y Hy0

C2 carbonaceous chondrites. The actual
extraction of vonlatiles as a function of
- temperature and heating rate, however,
depends on the kinetics of the devolatili-
zation process. For kinetic anmalysis, it
is essential to identify the minerals in
which the volatiles are most likely to be
L structurally bound. The above results
suggest that talc, antigorite and magne-
site are likely to be the major vnlatile
bearing phases 1n carbonaceous chondrites,

O%H+20+VIT

L Except for pure Mg-talc, there are no
kinetic data for the other volatile bear-
ing phases, The dehydration kinetics of
talc was determined by Greenwood (19). At
a given temperature, the rate of reaction
r depends on the rate constant, K , and the
extent of departure from the equilibrium
boundary. This is expressed in transition
state theory [20) according to the rela-
tion Rate = K (I-exp(nAG/RT)], where n is
F a constant, commonly assumed to be unity,
and AG is the Gibbs free energy of the
reaction at the P,T condition of interest,

100

rig.
antigorite

minerals

T
200

Equilibrium

in

300 400 500
Temperature (C)

700 800 900 Figure 4, which 1Is constructed from Green-
wood's experimental data, illustrates the
dehydration kinetics of talc as functions
of time, temperature and extent of over-

relations ~of talc, stepping {4T) above the equilibrium dehy-
and brucite along with other dration boundary at ] Kb. It is evident
the system

MgO-Sioj-Hzo. from this figure that essentially complete

feproduced from Evans and Guggenneim {21). jehydration of talc ¢an be achieved within
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6 hours at about 160°C above the equilib-
rium boundary.

The stability fields of the pure Mg-
end members of various phyllosilicates of
interest in this study are summa;izeq for
the condition of Pinpay = Pysg 1n Figure
5, which is vreproguced from Evans anag
Guggenheim (21). according te our re=
sults, talc and other phyllgsilicates com-
pletely dehydrate at > 4007C at 1 bar in
Cl and C2 bulk compositions. This is com-
patible with the phase relations shown in
Figure 5. Thus, =ased on the results
shown in Figure 4, one would anticipate
that essentially complete dehydration of
all phyllesilicates in Cl and C2 chondrit-
ic material is likely tc be achieved 18 a
matter of a few hours at T > 6007C,
Detailed studies of the devolatilization
kinetics of both phyllosilicates and car-
bonates as functions of temperature, fluid
composition, and grain size are currently
under way to evaluate the practical limi-
tations of the extraction of volatiles
from carbonaceous chondritic materials.
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