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The results of the most extensive set to date of thermodynamic calculations on the equilibrium
chemistry of several hundred compounds of the elements Na, K, F, Cl, Br, and P in a solar
composition system are reported. The calculations are carried out over a wide range of
temperatures and pressures and along an adiabat in the primitive solar nebula. Two extreme models
of accretion are investigated. In one extreme complete chemical equilibrium between condensates
and gases is maintained because the time scale for accretion is long compared to the time scale for
cooling or dissipation of the nebula. Condensates formed in this homogeneous accretion model
include several phases such as whitlockite, alkali feldspars, and apatite minerals which are found in
chondrites. In the other extreme complete isolation of newly formed condensates from prior
condensates and gases occurs due to a time scale for accretion that is short relative to the time
required for nebular cooling or dissipation. The condensates produced in this heterogeneous
accretion model include alkali sulfides, ammonium halides, and ammonium phosphates. None of
these phases are found in chondrites. Available observations of the Na, K, F, Cl, Br, and P
elemental abundances in the terrestrial planets are found to be compatible with the predictions of

the homogeneous accretion model.

INTRODUCTION

One of the most intriguing and perplexing
problems in planetary science is the method
of retention of volatile elements by the
terrestrial planets. The retention of vola-
tiles bears upon the origin of the atmo-
spheres of the terrestrial planets, the origin
of the Earth’s oceans, and the volatile
content of the mantles of the terrestrial
planets, a factor which influences local
melting and volcanism.

Previous work on the thermodynamics of
volatile element retention by the terrestrial
planets includes that of Lewis (1972) who
briefly addressed water retention and that
of Lewis et al. (1979) who calculated car-
bon inventories for the terrestrial planets.
In the present study we present the results
of an extensive set of equilibrium calcula-
tions for the elements Na, K, F, Cl, Br, and
P over a wide range of temperatures and
pressures.

The objectives of this paper are three-

fold. First, we want to describe the equilib-
rium chemistry of the elements Na, K, F,
Cl, Br, and P in a solar composition system
over a wide range of temperatures and
pressures. The results of the calculations
are presented in some detail because the
equilibrium chemistry of the elements stud-
ied has been either totally neglected or only
cursorily examined by previous workers.
No results are presented for Li, Rb, Cs, and
I because there are insufficient thermody-
namic data for many potentially important
gases and condensates of these elements.
Some limited information on the equilib-
rium chemistry of lithium in a solar compo-
sition system may however be found in Wai
and Wasson (1977).

Second, we want to use the results of the
equilibrium calculations to discuss volatile
element retention by the terrestrial planets.
To this end we compare the results of two
extreme models of accretion—the strict ho-
mogeneous and strict heterogeneous accre-
tion models—with observational data on
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abundances of the elements studied. Our
discussion of the two endmember accretion
models is based on the concept of a turbu-
lent, chemically homogeneous solar neb-
ula. However, recent work by Cameron
(1978) suggests that the nebula may have
broken up into a collection of giant gaseous
protoplanets, especially at great distances
from the Sun. Although the chemical con-
sequences of terrestrial planet formation
inside giant gaseous protoplanets may be
very different from the consequences of
either endmember accretion model we are
considering, the complex evolutionary his-
tories proposed for the giant gaseous proto-
planets make the chemical consequences of
protoplanet formation highly model depen-
dent, and thus difficult to quantify. We will
therefore restrict our discussion to a com-
parison of the two extreme accretion
models for terrestrial planet formation in
the solar nebula.

Third, we want to provide a firm basis for
further discussion of the chemistry of the
volatile elements studied. The present
results can be used to discuss chondrite
mineralogy (Fegley, 1979), and can be inte-
grated into a more quantitative condensa-
tion-accretion model in preparation
(Barshay and Lewis, 1979).

METHOD OF CALCULATION

An adiabatic  temperature-pressure
profile for the primitive solar nebula was
constructed stepwise using the relationship

(P/Po) = (T/Ty) VR, (1

where P is the total pressure, T the temper-
ature, C, the bulk heat capacity at tempera-
ture 7, and R the ideal gas constant. The
starting point for the adiabat (P,, T,) was
chosen as 1074 bar, 600°K, consistent with
available compositional data on planets and
satellites and Cameron’s nebular models
(Lewis, 1974, and references therein).

The heat capacity data for hydrogen and
helium at various temperatures were ob-
tained from the Handbook of Chemistry
and Physics (1961), and a solar abundance
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ratio (Cameron, 1973) of H, to He (0.122 He
+ 0.878 H,) was assumed. The heat capaci-
ties of the other gases, which account for
less than 1 mole%, were ignored.

The calculated nebular adiabat is shown
in Fig. 1. The horizontal scales in Figs. 3
and 4 display numerically the relationships
between temperature and pressure and
temperature and heliocentric distance along
the adiabat. The distance scale was calcu-
lated using the relationship

(T/Top) = (R/Ry)™, )

where T is the temperature and R is the
heliocentric distance in astronomical units
(AU). The starting point for the distance
scale (T,, Ry) was chosen as 600°K, 1 AU.
Both the chosen functional relationship be-
tween temperature and distance in the neb-
ula, and the (T,, R,) point are consistent
with the arguments of Lewis (1974).

The assumed solar elemental abundances
used in the calculations, which are listed in
Table I, were taken from Cameron (1973).
The equilibrium stability fields and abun-
dances of some silicate minerals and iron
metal along the nebular adiabat were taken

TABLE I

ABUNDANCES OF THE ELEMENTS”

Element Normalized abundance
(Si = 109
H 31.8 x 10?
He 2.21 x 10°
(0] 21.5 x 108
C 11.8 x 108
N 3.74 x 108
Mg 1.06 x 108
Si 1.00 x 106
Fe 0.83 x 10¢
S 0.50 x 108
Al 85 x 103
Ca 72 x 10®
Na 60 x 10°
P 9600
Cl 5700
K 4200
F 2450
Br 13.5

“ From Cameron (1973).
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from Barshay and Lewis (1979), with some
recalculations to adjust for changes in the
thermodynamic data for iron oxides, iron-
bearing silicates, and alkali aluminosili-
cates. Thermodynamic data were taken
from the JANAF Tables and subsequent
supplements (Stull and Prophet, 1971;
Chase et al. 1974, 1975, 1978), the Geologi-
cal Survey thermodynamic tables (Robie et
al. 1978; Robie and Waldbaum, 1968), the
National Bureau of Standards compilations
(Parker et al., 1971; Wagman et al., 1968,
1969, 1976), and a variety of other sources
(Duff, 1972a,b; Gottschal, 1958; Jacques,
1963; Komarek, 1963; Letoffe et al., 1974,
1976; Mills, 1974; Oetting and McDonald,
1963; Orville, 1972; Richardson and Jeffes,
1949; Saxena, 1973; Seck, 1971; Weibke
and Schrag, 1941; Wellman, 1969). In sev-
eral cases the tabulated equilibrium con-
stants were incorrect and had to be recalcu-
lated. For example, the tabulated log K,
data for many phosphorus compounds in
Robie and Waldbaum (1968) and Robie et
al. (1978) are in error because the AH$,q4
values are based upon a white phosphorus
reference state while the log K, values are
calculated using thermodynamic functions
for red phosphorus. When the log K, values
are recalculated using a consistent red
phosphorus reference state the differences
in log K are found to be on the order of 3 to
4 (differences in K;of a factor of 103 to 10%).

It was also necessary in several cases to
calculate from the literature data the equi-
librium constant for formation of an ele-
ment or compound from the constituent
elements in their designated reference
states. If at all possible this calculation was
done by a third-law method and double
checked using data from a separate source.
In some cases a second-law method, which
is less accurate, was used. Details of the
second-and third-law treatment of equilib-
rium data are available in the JANAF tables
or any standard thermodynamic text.

A special discussion of the thermody-
namic data used to calculate log K, values
for chlorapatite and bromapatite is also
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necessary. Both AHj,s (Gottschal, 1958)
and AG? 95 (Duff, 1972b) values for chlor-
apatite are available. However, the combi-
nation of the data yields a Sj¢ value for
chlorapatite which is too low relative to the
S39s values for fluor- and hydroxyapatite.
Since the AHj .45 values measured by Gotts-
chal (1958) for fluorapatite and hydroxyapa-
tite agree within 1% with other experimen-
tal and tabulated values (Jacques, 1963;
Parker et al., 1971), we have combined his
AH? g value for chlorapatite with an esti-
mated S34 value to calculate log K, values
by the second-law method. Only a AGY?,
value (Duff, 1972a) for bromapatite is avail-
able and it was again necessary to estimate
a 833 value in order to calculate log K,
values. In both cases the entropy estimates
were made by three separate methods
which yielded results that agree within 1%.
The subsequent uncertainty in the log K,
values is probably less than that due to the
experimental error in the AH} 595 and AG? ,94
determinations. Discussion of entropy esti-
mation methods can be found in Stull and
Prophet (1967) and Kubaschewski et al.
(1967).

The basic computational method used
has been described in detail by Barshay and
Lewis (1978) and Grossman (1972), and will
only be briefly summarized here. The ther-
modynamic calculations along the nebular
adiabat involve the simultaneous determi-
nation of the equilibrium abundances of all
compounds (gases and condensed phases)
included in the data set. Pure condensed
phases, e.g., Fe,P, are stable when their
thermodynamic activities equal 1 and are
unstable at activities less than 1. Con-
densed phases which form solid solutions
such as the alkali feldspars are stable at
activities less than 1.

More than 200 gases and condensates
were included in the calculations for this
paper. Gases were included in Figs. 2-5 if
their equilibrium mole fraction along the
nebular adiabat was greater than 107! at
any temperature within the range covered
by the figure. The abundances and stability
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fields of condensates stable at equilibrium
are also indicated in the figures. Conden-
sates which were found to be either unsta-
ble or unimportant within the temperature
range of a figure and gases which did not
satisfy the above stated criterion are listed
in the Appendix.

THE HOMOGENEOUS ACCRETION MODEL

The homogeneous accretion model as-
sumes intimate contact between the con-
densed and gaseous phases, thereby allow-
ing complete chemical equilibrium between
all gases and condensates. The chemical
composition of the system is a thermody-
namic state function and is path indepen-
dent. Assuming that chemical equilibrium
is attained and that the system has solar
composition, the results presented in Figs.
1-5 and Table II therefore apply to conden-
sation from a hot totally vaporized mixture,
volatilization of a homogeneous cold gas
and dust mixture, or any intermediate case.

Figure 1 shows the condensation and
formation curves for condensates of the
elements Na, K, F, Cl, Br, and P, the
condensation and reaction curves from
Barshay and Lewis (1976) for some com-
pounds of the major elements, the adiabatic
pressure—temperature profile for the primi-
tive solar nebula, and a qualitative repre-

TABLE II

HOMOGENEOUS ACCRETION MODEL: CHEMICAL
REACTIONS ALONG THE NEBULAR ADIABAT

T(CK) Reaction
1520 Condensation of Fe-Ni alloy
1455 Condensation of MgSiO, (enstatite)
1225 Condensation of Fe,P (schreibersite)
950-1050 50% Condensation of (Na,K)AlSi,Oy
in plagioclase feldspar
895 Formation of Na,(AlISiO,),Cl (sodalite)
766 Formation of Ca;(PO,),;F (fluorapatite)
714 Formation of Cay(PO,), (whitlockite)
687 Fe—Ni alloy + H,S (g) = (Fe,Ni)S
480 Calcium silicates + H,0(g) = tremolite
~460 Whitlockite reacts to form Ca,(PO,),OH
~350 Formation of Ca;(PO,);Br (bromapatite)
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sentation of the formation zones for the
terrestrial planets.

Several important points are demon-
strated by Fig. 1. First, the sequence of
reactions and the composition of con-
densed phases present at equilibrium are
generally pressure independent. Second,
the volatile contents (Na, K, F, Cl, Br, and
P) of the terrestrial planets and asteroids
are in principle predictable by use of this
simplified chemical equilibrium model.
Third, the correspondence between the
phases present at equilibrium and the ob-
served mineralogy of ordinary chondrites
reinforces the plausibility of a close ap-
proach to chemical equilibrium in the primi-
tive solar nebula.

Table II and Figs. 2—-5 provide informa-
tion on the equilibrium chemistry of Na, K,
F, Cl, Br, and P along the nebular adiabat.
The results of the calculations are dis-
cussed element by element in order of
decreasing abundance. Compounds which
do not appear in the figures due to ex-
tremely low abundances or activities less
than 1 are listed in the Appendix.

Sodium

Figure 2 illustrates the equilibrium abun-
dances and stability fields of sodium-bear-
ing compounds along the nebular adiabat.
The abundances at equilibrium of both gas-
eous and condensed sodium-bearing com-
pounds are shown in the figure. Half of all
sodium is condensed in plagioclase feldspar
(NaAlSi;O4-CaAl,Si,Oy) by 948°K, and
condensation is quantitative at about
858°K. Thermodynamic data for analbite
(Robie et al., 1978) and activity coefficient
data for plagioclase feldspar (Orville, 1972;
Saxena, 1973) were used in the calcula-
tions. The 50% condensation curve for
NaAlSizOyq in plagioclase feldspar is shown
in Fig. 1. Sodium silicate (Na,SiO,) dis-
solved in enstatite (MgSiO,) as an ideal
solution never exceeds 1% of total sodium.
The albite abundance is reduced by the
formation of sodalite (Na,Al,Si;0,,Cl) at
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FiG. 1. Stability limits of condensates at chemical equilibrium in the primitive solar nebula from 0 to
2100°K and 1077 to 10 bars total pressure. The CaTiO; condensation curve, which represents the
condensation limits of several refractory oxides, the Fe condensation curve, the MgSiO; condensation
curve, and the tremolite [Ca,Mg;[Si;0,,](OH),] condensation curve are from Barshay and Lewis
(1976). An adiabatic pressure—temperature profile in the solar nebula and qualitative formation zones

for the terrestrial planets are also shown.

about 895°K and later by nepheline forma-
tion at about 775°K. The albite, sodalite,
and nepheline stability fields all extend be-
low 500°K. The high temperature limits of
the sodium silicate and albite stability fields
correspond to the appearances of enstatite
and anorthite (CaAl,Si,Og), respectively.
The low temperature limit to the Na,SiO,
stability field coincides with the disappear-
ance of enstatite at about 511°K. Our albite
condensation results are in good agreement
with earlier estimates by Grossman (1972).

Phosphorus

The abundances and stability fields of
phosphorus-bearing compounds under

equilibrium conditions along the nebular
adiabat are shown in Fig. 3. The first phos-
phorus-bearing condensate is schreibersite
(Fe;P) which appears at about 1225°K.
Phosphorus is 50% condensed at about
1169°K and is completely condensed by
1053°K.  Fluorapatite [Ca;(PO,);F] is
formed from Fe,P at 766°K and the re-
maining schreibersite reacts to form
whitlockite [Cay(PO,),] at 714°K. The
whitlockite and fluorapatite stability fields
extend below 500°K. Hydroxyapatite for-
mation as a pure phase and as an ideal solid
solution in fluorapatite has also been con-
sidered. In the former case hydroxyapatite
formation depletes the remaining whitlock-
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F1G. 2. Equilibrium abundances and stability fields of sodium-bearing gases and condensates along
the nebular adiabat. The temperature scale is linear in 1/T. The mole fraction X; of a species / is defined
as its partial pressure p; divided by the total pressure P. The heavy lines indicate the stability fields of
the four condensates whose abundances are also shown graphically. The abbreviations (c) and (ss)
following the condensate formulas indicate a pure crystalline solid and a solid solution, respectively.
The fraction of total sodium in each compound is also shown.

ite at about 460°K, while in the latter case
all whitlockite is converted to hydroxyapa-
tite at about 507°K.

Figure 1 illustrates the schreibersite,
fluorapatite, whitlockite, and hydroxyapa-
tite condensation curves from 10-7 to 10
bars pressure. The whitlockite condensa-
tion curve is pressure independent in the
regions of P-T space where CO and CH,
are the dominant carbon-bearing gases, and
has an inflection at the CO/CH, watershed
where the abundances of these two gases
are equal. The hydroxyapatite condensa-
tion curve in Fig. 1 is for condensation of
pure hydroxyapatite.

Several other authors (Grossman and
Olsen, 1974; Wai and Wasson, 1977; Sears;
1978) have calculated schreibersite conden-
sation temperatures, and we can compare
our results with theirs. The Fe,P condensa-
tion temperatures from Fig. 1 are 100-300°

lower than the literature values, and the
largest discrepancies are with the values of
Sears (1978). For example, at 10~® bar
pressure the Fe;P condensation tempera-
tures calculated by Sears (1978), Grossman
and Olsen (1974), and Wai and Wasson
(1977) are 1479, 1416, and 1416°K, respec-
tively, while the value from the present
work is 1210°K.

Although Grossman and Olsen (1974),
Wai and Wasson (1977), and Sears (1978)
cite different sources for their Fe,P thermo-
dynamic data, all the sources cited ulti-
mately derived the same (estimated) data
from an evaluation by Richardson and
Jeffes (1949) of the Fe;P enthalpy determi-
nations of Weibke and Schrag (1941). How-
ever, the data used by Richardson and
Jeffes to calculate AG} values for Fe,P are
out of date and disagree with currently
recommended values. For example, for the
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FiG. 3. Abundances and stability fields of phosphorus-bearing compounds along the nebular adiabat
under equilibrium conditions. The scale across the top shows the radial distance in astronomical units
(AU) from the center of the primitive solar nebula. The heavy lines indicate the stability fields of the
four condensates whose abundances are also shown graphically. Phosphorus is 50% condensed at
about 1169°K and is completely condensed by about 1053°K. The high temperature limit of the
phosphorus—iron solution corresponds to the iron condensation point.

change in state
Pi(g) = 2Px(g),

Richardson and Jeffes use the enthalpy
value of +32,076 cal mole™' while the
JANAF value is 54,590 cal mole™!. The
CODATA enthalpy value for this change in
state is + 54,756 cal mole™!, in good agree-
ment with the JANAF value (CODATA
Task Group, 1977).

We have therefore reevaluated the Fe,P
enthalpy data by the same method used by
Richardson and Jeffes (1949) but using re-
vised values for the auxiliary thermody-
namic data required. Our recalculation of
Fe,P log K, values insures consistency
since the same auxiliary data are used to
calculate log K, values for all phosphorus
compounds in the data set. We also note
that an independent estimate of the thermo-
dynamic properties of Fe;P by Spencer and

298.15°K.

Kubaschewski (1978) yields log K, values in
excellent agreement with the values we
have calculated.

In addition, Sears (1978) reports that
P,(g) is the dominant phosphorus gas in the
temperature range where Fe;P condensa-
tion is occurring and that the alloying effect
of Ni,;P raises the Fe,;P condensation tem-
perature significantly. We are unable to
verify either assertion and find instead that
the P.(g) abundance never exceeds 5% of
the total phosphorus abundance over the
range 300-2000°K and 1077-10 bars and
that consideration of (Fe,Ni);P solid solu-
tion only increases the phosphide conden-
sation temperature by ~2°K. This AT is
comparable to the 3-5°K increase in the Fe
condensation temperature due to Ni solid
solution (Grossman, 1972; Wai and Was-
son, 1977).

We also note that we are able to repro-
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duce the phosphide condensation tempera-
tures of the previous investigators by using
the appropriate log K, values and phos-
phorus fugacities. For example, we can
duplicate the results of Grossman and
Olsen (1974) and Wai and Wasson (1977) by
using Richardson and Jeffes’ log K, data for
Fe,;P and our calculated phosphorus fugaci-
ties. We can also reproduce the results of
Sears (1978) by assuming P,(g) to be the
dominant phosphorus gas and using Ri-
chardson and Jeffes’ log K, values without
considering Ni,P solid solution.

Although we have assumed an ideal solu-
tion of phosphorus in iron in the results in
Fig. 2, we have also considered the effect of
nonideality in the P-Fe alloy upon the Fe,P
condensation temperature. Assuming that
all phosphorus is originally dissolved in the
iron metal, and taking an activity coefficient
of 107> for the P-Fe alloy, then Fe,P con-
densation along the nebular adiabat is low-
ered by only 70°. We therefore feel justified
in ignoring the effects of nonideality in the
P-Fe alloy which are probably less than the
effects of uncertainty in the Fe,P thermody-
namic data.

Finally, the present whitlockite conden-
sation temperatures have been compared
with some literature values (Wai and Was-
son, 1977; Sears, 1978). Wai and Wasson
(1977) state that whitlockite is a stable
phase below 900°K at 10~ atm and Sears
(1978) reports a whitlockite condensation
temperature of 770°K. The present value is
714°K. The minor discrepancies appear to
be due to differences in the thermodynamic
data. Wai and Wasson (1977) and Sears
(1978) used the whitlockite thermodynamic
data from Robie and Waldbaum (1968)
which are incorrect due to inconsistent
phosphorus reference states used in com-
piling the tables. Data for several phos-
phorus-bearing compounds in the recent
compilation of Robie et al. (1978) are also
incorrect for the same reason. Where nec-
essary we have recalculated by log K,
values for phosphorus-bearing compounds
which are included in our calculations.

Halogens

The equilibrium behavior of chlorine-,
fluorine-, and bromine-bearing compounds
along the nebular adiabat is shown in Fig. 4
and the stability fields for the pure phases
sodalite, fluorapatite, and bromapatite are
illustrated in Fig. 1. Sodalite (Na,Al,Si,-
0,,Cl) condensation starts at about 895°K
and fluorapatite [Ca,(PO,);F] condensation
begins at 766°K. Chlorine is 50% con-
densed at 873°K and completely condensed
at 823°K. Fluorine condensation is com-
plete by 741°K. No bromine-bearing con-
densate is stable above 500°K.
Bromapatite [Ca;(PO,),Br] condensation as
a pure phase occurs around 350°K, and
condensation as an ideal solid solution in
fluorapatite is complete at about 434°K.
However, the bromapatite condensation
calculations are based on low-quality ther-
modynamic data and may involve a consid-
erable uncertainty. Thermodynamic data
are lacking for the fluorine and bromine
analogs of sodalite and it is conceivable that
these phases could condense at higher tem-
peratures than fluorapatite and broma-
patite. The thermodynamic activity of
chlorapatite [Ca;(PO,),Cl] does not exceed
107% over the temperature range considered
and chlorapatite solid solution in fluora-
patite is of negligible importance for chlo-
rine retention. For example, at 700°K ideal
solid solution of chlorapatite in fluorapatite
accounts for only 107°% of all chlorine.

Potassium

Figure 5 illustrates the chemical equilib-
rium behavior of potassium-bearing com-
pounds along the nebular adiabat. The
results in Fig. 5 model high sanidine
(KAISi;O0g) condensation as an ideal solu-
tion in feldspar. Potassium is 50% con-
densed at about 1020°K and completely
condensed at 952°K. Condensation of high
sanidine as a pure phase starts at 943°K and
is essentially complete within 100°. Data
from Seck (1971) and Saxena (1973) show
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FiG. 4. Abundances and stability fields of chlorine-, fluorine-, and bromine-bearing compounds
along the nebular adiabat under equilibrium conditions. The scale across the top shows the
approximate total pressure in millibars along the adiabat. The heavy lines indicate the stability fields of
the condensates. Chlorine is 50% condensed at about 873°K and is completely condensed at 823°K.
Fluorine is completely condensed at about 741°K. Bromine condensation as Cay(PO,),Br does not

begin until approximately 350°K.

that KAISi;Og in NaAlSi;O4-KAlSi;Og—
CaAl,Si,Og exhibits positive deviations
from ideality (activity coefficients greater
than 1). Thus, our calculations modeling
high sanidine condensation as an ideal sol-
ute and as a pure phase bracket the actual
KAISi;O;5 condensation temperature.

Figure 1 shows the KAISi;O4 50% con-
densation curve over a wide pressure
range. This curve was calculated assuming
a high sanidine ideal solution in anorthite
(CaAl,Si,Og). Actually, at all pressures
shown the KAISi;Ogy 50% condensation
curve is 20-40°K higher than the NaAlSi;Og
50% condensation curve. The two curves
are drawn as one merely to simplify the
graphical representation.

Finally, potassium may behave similarly
to sodium and partition into nepheline and
sodalite phases at lower temperatures. Ac-
curate chemical equilibrium calculations

cannot be made because thermodynamic
data for the potassium analog of sodalite
are unavailable and activity data for the
relevant solid solutions are either unavail-
able or highly uncertain. However, assum-
ing ideal solution in nepheline and neglect-
ing potassium in sodalite phases,
approximately 40% of the potassium will be
in kaliophillite (KAISiO,) at 700°K. Also,
pure KAISiO, becomes stable at 509°K.

THE HETEROGENEOUS ACCRETION MODEL

The pure heterogeneous accretion
model, which is the extreme opposite of the
pure homogeneous accretion model, as-
sumes the rapid accretion of small particles
into larger bodies, thus preventing the ma-
terial within these bodies from reacting
further with the gas phase. We have mod-
eled the consequences of this process by
assuming complete isolation of newly
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FiG. 5. The chemical equilibrium behavior of potassium-bearing compounds along the nebular
adiabat. The heavy lines indicate the stability fields of the condensates. Results are shown for high
sanidine ideal solution in feldspar. Potassium is 50% condensed at about 1020°K and is completely
condensed by 952°K. Pure KAISi;O, condensation starts at 943°K and is essentially complete within

100°.

formed condensates from all gases and all
previous condensates. Thus, as soon as an
element condenses it is removed from fur-
ther reactions. This chemical disequilib-
rium model is essentially a generalized and
quantifiable, albeit extreme, version of the
heterogeneous accretion model for the
Earth proposed by Turekian and Clark
(1969).

We have calculated how the elements
Na, K, F, Cl, Br, and P would condense in
the heterogeneous accretion model and
present the results in Table III. The calcula-
tions apply to a solar composition gas
cooled along the nebular adiabat of Fig. 1
and include newly recalculated condensa-
tion temperatures for some compounds
considered in Barshay and Lewis (1976).
The results in Table III plus the results in
Barshay and Lewis (1976) describe the ma-
jor features of the heterogeneous accretion
model reaction sequence over the tempera-

ture range 2000-5°K. Finally, it is impor-
tant to note that the reaction sequence in
the heterogeneous accretion model is not
path independent, and that the same results
will not be obtained upon the volatilization
of a homogeneous cold gas and dust mix-
ture.

TABLE III

HETEROGENEOUS ACCRETION MODEL: CHEMICAL
REACTIONS ALONG THE NEBULAR ADIABAT

T(°K) Reaction

1520 Condensation of Fe-Ni alloy

1455 Condensation of MgSiO; (enstatite)
751 2Na(g) + H,S(g) = H,(g) + Na,S(s)
747 Na(g) + HF(g) = {Hy(g) + NaF(s)
695 2K(g) + H,S(g) = Hy(g) + K,S(s)
261 NH;(g) + HBr(g) = NH,Br(s)
259 NH,(g) + HCl(g) = NH,CI(s)
244 iP,Og(g) + NHy(g) + $H,0(g) =

NH,H,PO,(s) + Ha(g)

134 NH,(g) + H,S(g) = NH,;HS(s)
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COMPARISON OF THE HOMOGENEOUS AND
HETEROGENEOUS ACCRETION MODELS

The predictions of the homogeneous and
heterogeneous accretion models about vol-
atile element chemistry along an adiabat in
the primitive solar nebula are summarized
in Tables II and III. The two extreme
models are seen to make very different
predictions about the chemistry of the vola-
tile elements Na, K, F, Cl, Br, P, and S in
the primitive solar nebula. Some features of
the heterogeneous accretion model reaction
sequence such as the chalcophile behavior
of the alkali metals, the failure of S and P to
behave as siderophiles, and the failure of P,
F, Cl, and Br to behave as lithophiles are
especially noteworthy. How do these pre-
dictions compare to the limited data on
abundances of these volatiles in the terres-
trial planets and to the observed mineralogy
of the ordinary chondrites?

First, although no observational data
about volatile element abundances in the
planet Mercury are available, a qualitative
comparison of the planet’s formation zone
and the condensation curves displayed in
Fig. 1 suggests that Mercury should be
depleted in all the volatile elements consid-
ered in this paper. However, the (Fe,Ni);P
condensation results of Sears (1978) imply
that Mercury will retain phosphorus with
approximately the solar P/Fe ratio. Sec-
ond, the measured potassium abundances
in very small samples of the surface of
Venus (Vinogradov et al., 1973; Surkov et
al., 1976) and the observations of HCI and
HF in the upper troposphere (Connes et al.,
1967) are consistent with the formation of
Venus within the stability fields of feldspar,
sodalite, and fluorapatite. However, the
observations of Cl and K are inconsistent
with the predictions of the heterogeneous
accretion model that Cl retention at 259°K
and K retention at 695°K do not take place
in the formation zone at Venus. We also
note that chemical equilibrium calculations
by Lewis et al. (1979) on the stability of
various carbon-bearing species yield abun-
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dances of carbon compounds similar to the
observed inventories on Venus and Earth.
Furthermore Barshay and Lewis (1979) find
that a 10*-fold depletion of H,O on Venus is
entirely compatible with a 10-fold depletion
of FeS and a 10- to 100-fold depletion of
FeO relative to the Earth. Thus, the need
for covering Venus with a veneer of volatile
rich carbonaceous material and then re-
moving all the excess water appears far
from obvious.

Third, the (incomplete) data on abun-
dances of Na, K, F, Cl, Br, P, and S in the
Earth can be compared with the qualitative
predictions of the homogeneous and heter-
ogeneous accretion models. The homoge-
neous accretion model predicts that the
bulk composition of the Earth is similar to
that of the H-group ordinary chondrites,
but is not identical to nor derived from the
H-chondrites or any other meteorite class
(Lewis, 1972). For the volatile elements
considered in this study (and sulfur) the
homogeneous accretion model predicts
(terrestrial/chondritic) abundance ratios
=1.0 for Na, K, F, Cl, P, and S and a ratio
<1.0 for Br. Using the three composition
models for the Earth presented by Smith
(1977) and H-chondrite and Cl-chondrite
analytical data from Mason (1979), we cal-
culated abundance ratios for the volatile
elements under consideration and present
the results in Table IV. The abundance
ratio presented is the quantity [(E/10°
Si)Earth/(E/10°  Si)chondrite], = where
(E/10% Si) is shorthand for the elemental
abundance relative to 10® Si atoms. How
accurate are these ratios and what do their
values tell us?

First, it is necessary to realize that many
assumptions about the radial distribution of
elements within the Earth and about the
composition of the core are necessary in
the construction of any compositional
models for the Earth. Smith (1977) has
given a detailed discussion of the assump-
tions made in the construction of his
models and we will not attempt to repeat all
of them or to evaluate their validity. We
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TABLE IV

TERRESTRIAL/CHONDRITIC ELEMENTAL
ABUNDANCE RATIOS?

Atomic Element Abundance ratio
number
(Earth/Cl (Earth/H
chondrite) chondrite)
9 F 2.1 6.5
11 Na* 3.6 x 1072 5.3 x 102
15 P 0.56-0.76 0.68-0.91
16 S* 0.54 2.7
17 Cl* 2.1 x 1072 0.32
19 K* 0.19 0.20
35 Br* 1.7 x 1072-2.1 x 1072 0.45-0.57

® An asterisk indicates that the element is assumed by Smith
(1977) to occur only in the upper 10% of the Earth’s mantle. If
the elements are assumed to occur throughout the entire
mantle the (Cl, H) abundance ratios are Na(0.23, 0.33), S(0.55,
2.7), Cl0.16, 2.4), K(1.1, 1.1), and Br(0.12, 3.3). Data
Sources. Earth, Smith (1977); chondrites, Mason (1979).

can, however, illustrate the effect of two
sets of assumptions on the abundance ra-
tios calculated above. Thus, if it is assumed
that Na, K, Cl, Br, and S occur throughout
the entire mantle instead of only in the
upper 10%, the terrestrial/H-chondrite
abundance ratios become Na(0.3), K(1.1),
CI(2.4), Br(3.3), and S(2.7). Similarly, if
iron meteorites are not used to model the
composition of the core and the crustal and
mantle composition alone is used for the
composition of the Earth, the P and S
terrestrial/H chondrite ratios become
P(0.2) and S(0.005).

Second, it is also important to consider
the quality of the analytical data for terres-
trial samples and meteorites. Smith (1977)
discusses the quality of the analytical data
for terrestrial samples and we will briefly
discuss the quality of the chondrite analyti-
cal data. The analytical data for Na, K, P,
and S in Cl and H chondrites which are
presented in Mason (1979) show maximum
variations less than a factor of 2 and are
reasonably consistent. However, the F, Cl,
and Br analytical results for chondrites
show considerably greater variations.
Dreibus et al. (1979) compare their halogen
analytical results with previous results for
carbonaceous, ordinary (L group), and en-
statite chondrites. The observed variations
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for halogen analyses in different meteorites
range from 1.1 (Ivuna C1) to 14.5 (Mocs
L6), 1.0 (Bruderheim L6) to 3.7 (Orgueil
Cl), and 1.2 (Bruderheim L6) to 9 (Mocs L6)
for F, Cl, and Br, respectively. Allen and
Clark (1977) and Mason (1979) also present
comparisons of multiple fluorine analyses
by different investigators on a single mete-
orite. Results tabulated by Mason (1979) for
fluorine analyses of the Orgueil Cl- and
Allegan HS5-chondrites display maximum
variations of 5.5 and 5.3 times, respec-
tively, and the data presented in Allen and
Clark (1977) for the average fluorine con-
tent of H-chondrites show a factor of 4
maximum variation. More comprehensive
comparisons of halogen analytical data for
the chondrites and other types of meteor-
ites can be found in the papers by Dreibus
et al. (1979), Mason (1979), and the articles
by Reed in Mason (1971). However, the
examples given above are sufficient to illus-
trate the wide variations between results
and the questionable accuracy of many of
the data.

Now that we have a rough idea of the
accuracy of the abundance ratios presented
in Table IV we can discuss their implica-
tions. As we stated earlier, the homoge-
neous accretion model predicts terres-
trial/chondritic abundance ratios =1.0 for
Na, K, F, Cl, P, and S and a ratio <1.0 for
Br. The agreement between calculated
abundances and predicted inventories is
fairly good, especially considering the as-
sumptions made in constructing the terres-
trial composition models and the poor qual-
ity of the halogen analytical data in
meteorites.

For example, the apparent Na, K, and Cl
depletions largely disappear if these ele-
ments are assumed to occur throughout the
entire mantle and not merely the upper
10%. The K abundance in the Earth is,
however, highly controversial and Lewis
(1971) has proposed that potassium may be
enriched in the Earth’s core. The halogen
abundance ratios indicate an apparent en-
richment of fluorine and apparently equal
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abundances of bromine and chlorine. How-
ever, the fluorine terrestrial/chondritic
abundance ratios depend strongly on which
fluorine chondritic abundances are used.
For example, the fluorine analytical results
of Allen and Clark (1977), Dreibus et al.
(1979), and Goldberg er al. (1974), which
agree reasonably well with one another, all
show fluorine chondritic abundances ap-
proximately two to three times lower than
previously thought. The fluorine
terrestrial /Cl-chondrite abundance ratios
calculated using the fluorine terrestrial
abundance from Smith (1977) and fluroine
Cl-chondrite abundance data from either
Smith (1977) or Dreibus et al. (1979) are
0.49 and 2.7, respectively. A high
terrestrial /chondritic fluorine abundance
ratio may indicate that fluorine condenses
in sodalite at higher temperatures than it
condenses in fluorapatite. The approxi-
mately equal Cl and Br abundance ratios
may also indicate that bromine condenses
as Br-bearing sodalite at higher tempera-
tures than it condenses as bromapatite.
However, as we have already stated, the
bromapatite condensation results may in-
volve a considerable uncertainty and no
thermodynamic data are available for the
fluorine- and bromine-bearing analogs of
sodalite.

In contrast to the homogeneous accretion
model, the strict heterogeneous accretion
model predicts that the Earth will be devoid
of any chlorine, bromine, phosphorus, and
sulfur. These elements could have been
added to the Earth as part of a hypothe-
sized veneer of low-temperature volatile-
rich material, which presumably would also
account for the terrestrial inventories of
other volatiles such as carbon, hydrogen,
nitrogen, oxygen, and the rare gases kryp-
ton and xenon. However, as Lewis et al.
(1979) point out, a comparison of the terres-
trial and chondritic C, H, N, and O isotopic
compositions fails to identify a particular
source for the volatile elements on Earth in
terms of carriers with the properties of
known meteorite classes.
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Fourth, sulfur, and chlorine have been
detected in Martian fines by the Viking X-
ray fluorescence experiments (Clark et al.,
1976). In the absence of any volatile ele-
ment inventories for Mars we merely note
that the presence of S and Cl is expected in
the homogeneous accretion model but not
in the heterogeneous accretion model. Re-
tention of sulfur in the strict heterogeneous
accretion model can occur only at tempera-
tures so low that H,O is fully condensed, a
condition clearly at odds with our observa-
tional data on all the terrestrial planets.

Last, we can briefly compare the miner-
alogy of the ordinary chondrites, which
make up ~90% of all known chondrites,
with the predicted condensates in the two
models. Feldspar and whitlockite are ubig-
uitous in ordinary chondrites (Van Schmus
and Ribbe, 1968; Fuchs, 1969a). Apatite
minerals found in ordinary chondrites in-
clude chlorapatite, fluorapatite, and hy-
droxyapatite (Van Schmus and Ribbe,
1969; Fuchs, 1969a; Curtis and Schmitt,
1979). Also, large Br and F concentrations
are observed in the apatite minerals of
some chondrites (Mason and Graham,
1970). Schreibersite (Fuchs, 1969a) and
nepheline (Fuchs, 1969b) are also found in
chondrites. It is noteworthy that feldspar,
whitlockite, fluorapatite, hydroxyapatite,
bromapatite, nepheline, and schreibersite
are all condensates in the homogeneous
accretion model but are all absent in the
heterogeneous accretion model. Further-
more, the condensates containing Na, K,
F, Cl, Br, and P predicted by the heteroge-
neous accretion model are not observed in
any chondrites.

A simple chemical equilibrium—homoge-
neous accretion model for retention of the
alkalis, halogens, and phosphorus is thus
seen to be compatible with the available
observations. While some variant of the
heterogeneous accretion model, such as the
late accretion of a layer of low-temperature
volatile rich material, cannot be definitely
ruled out on the basis of present observa-
tions, the need to invoke the heterogeneous
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accretion model to explain these observa-
tions is far from obvious. Certainly a num-
ber of complex auxiliary hypotheses would
be required in order to bring the model into
agreement with observation or indeed even
to render it susceptible to quantification.

CONCLUSIONS

Chemical equilibrium calculations for the
elements Na, K, F, Cl, Br, and P in a solar
composition system are reported for two
extreme models of accretion. Condensates
of these elements formed in the homoge-
neous accretion (chemical equilibrium)
model include several phases such as
whitlockite, alkali feldspars, and apatite
minerals which are found in chondrites.
Typical condensates formed in the hetero-
geneous accretion (chemical disequilib-
rium) model are alkali sulfides, ammonium
halides, and ammonium phosphates. Avail-
able observations of the Na, K, F, Cl, Br,
and P elemental abundances in the terres-
trial planets and the mineralogy of the ordi-
nary chondrites are compatible with the
predictions of the homogeneous accretion
model. These observations in concert with
other observable properties such as plane-
tary bulk densities, which are also explain-
able by the chemical equilibrium model,
suggest that chemical equilibrium was
closely approached in the inner parts of the
solar nebula.

APPENDIX: ADDITIONAL COMPOUNDS
WHICH WERE STUDIED

This Appendix lists compounds which
were investigated but not included in the
figures. Unstable condensates (pure solids
and liquids with less than unit activity and
solid solutions that are of negligible impor-
tance in an elemental mass balance sum)
and minor gases (mole fractions always less
than 107'%) are listed. The different phases
are indicated by (c) for crystalline pure
solid, (1) for liquids, (ss) for solid solution,
and (g) for gases. The lack of one of the
above labels indicates a gas. Compounds
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are listed under the least-abundant constit-
uent element.
Na

(NaOH),, (NaCN),, NaH(c), NaOH(c,
1)’ Na2o(c’ 1)9 NaZS(C’ l)’ NaZSi205(C’ l)’

NaCN(c, 1), Na,COs(c, 1), NaO,(c),
Na,O,(c), Na,SO4c, 1), NaNOic, D,
NaAlOy(c).

P

P,, P,O,((c, ), P,S;(c, 1, g), Mgs(PO,):(c),
P(white, ¢), P(red, c).

Cl

NaCl(c, 1), NazAlClg(c), NaAICl(c),
POCl;, PCl;, PSCl;,, PCl, Cl,,
Ca;(PO,);Cl(c, ss), CCl, CNCl, FeCly(c, 1),
MgCly(c, 1), NH,CI(c).

K

K., (KOH),, (KCN),, KH(c), KCl(c, 1),
KOH(c, 1), K,O(c), K,S(c, 1), K3AICIg(c),
KAlO,(c), KAICly(c), KClO4(c), KCN(c, 1),
K,COs(c, 1), KOy(c), K;04(c), KySOy(c, 1),
KAI(SO,).(c), KNOy(c, 1).

F

F,, NaAIlF,, (NaF),, NaF(, 1),
NazAlF4(c, 1), Na,SiF4(c), PFS, PF,, POF,,
PF;, PSF;, PF;, (KF),, KF(c, I), K;AlF(c),
KMg;AlSiz040Fy(c), MgFs(c, 1, g), CaF,(c,
1, g), FeF,(c, 1, ss), NH,F(c).

Br

Br,(1, g), (NaBr),, (KBr),, NaBr(c, 1),
KBr(c, 1), NH,Br(c), FeBrs(c, 1, g),
CaBrZ(C’ lv g)ﬂ MgBrZ(Cv 17 g)
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