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Abstract

The chemistry of Be and B in the solar nebula is reinvestigated using thermodynamic equilibrium calculations. The
dominant Be gases are monatomic Be at high temperatures and the hydroxides BeOH and Be(OH), at lower temperatures.
Beryllium condenses as gugiaite (Ca,BeSi,0,) in solid solution with melilite with a 50% condensation temperature of 1490
K. If an ideal solid solution of chrysoberyl (BeAl,O,) into spinel is assumed, most of the Be condenses into spinel, yielding
a 50% condensation temperature of 1501 K. However, the difference in the crystal structures of spinel and chrysoberyl
indicates that their solid solution may be non-ideal. At high temperatures the dominant B gases are BO, HBO, and HBO,,
while NaBO,, KBO,, and LiBO, are dominant at lower temperatures. Boron is less refractory than Be and is calculated to
condense into solid solution with feldspar. The majority of B condenses as danburite (CaB,Si,Og) in solid solution with
anorthite. At lower temperatures, when the feldspar composition is more albitic, the remaining B condenses as reedmergner-
ite (NaBSi,Og). The 50% condensation temperature of B is 964 K. The 50% condensation temperature of B is similar to that
of Na and much higher than that of S. Therefore, normalized B abundances in chondrites are expected to correlate with Na
abundances. Be is predicted to be concentrated in melilite, a conclusion which is consistent with the few measurements of
Be concentrations in calcium aluminum-rich inclusions (CAIs). Boron is predicted to be concentrated in feldspar, but no
analytical data are available to test this prediction.
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1. Introduction

Generally, the elemental abundances in CI chon-
drites match those in the solar photosphere [1]. As a
result, elemental abundances in CI chondrites are
generally taken as equivalent to solar elemental
abundances. However, there are several groups of
elements for which this is not true. One group of
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elements whose meteoritic and solar abundances do
not correlate are the atmophile elements (H, C, N, O
and the noble gases). These elements are depleted in
chondrites due to incomplete condensation in the
solar nebula. A second group of elements for which
the correlation does not hold are light elements (Li,
Be and B), which are more abundant in CI chon-
drites than in the solar photosphere. Lithium, Be, and
B are assumed to have fully condensed into solid
material during the early history of the solar system.
These light element nuclei are unstable at the high
temperatures found in stellar interiors and, instead of
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being created, these elements are destroyed during
ongoing nucleosynthetic processes in the sun [2].
Therefore, the meteoritic abundances of these ele-
ments are thought to represent their initial solar
system abundance.

Since the light elements are not created in stellar
interiors like most other elements, different produc-
tion mechanisms are responsible for their existence.
Hydrogen, He, and some Li nuclei are thought to
have formed during the ‘‘Big Bang’’ [3]. Several
formation mechanisms have been proposed for both
Be and B. Some models propose the formation of Be
and B on the surface of flaring stars [4,5] and during
supernova-driven reactions [6]. Currently, models
proposing that Be and B nuclei result from collisions
between heavier nuclei (C and O) and galactic cos-
mic rays are the most widely accepted [7,8]. Each
model makes specific predictions about the relative
abundance and isotopic composition of Be and B.

In order to test these models, independent mea-
surements of the Be and B abundances and their
isotopic ratios in solar system material must be
made. In principle, the Be and B abundances and
isotopic ratios in the atmosphere of Jupiter could be
used but these data are unknown. Models of Jovian
atmospheric chemistry predict that all B and Be will
condense deep in Jupiter’s atmosphere [9]. In addi-
tion, the preliminary results of the Galileo mass
spectrometer experiment indicate that heavy ele-
ments (except neon and oxygen) are enriched rela-
tive to solar composition in Jupiter’s atmosphere
[10]. Thus, the only place where the nebular abun-
dances of Be and B are recorded is in primitive
chondrites. Unfortunately, the low abundance of Be
and B and the high probability of laboratory contam-
ination make these measurements difficult, requiring
sensitive techniques [11]. Often, only the bulk abun-
dance of Be and B in meteorites is determined. More
precise data about the relative abundance and iso-
topic composition of Be and B could be obtained
from the composition of mineral grains having large
concentrations of these elements. In order to deter-
mine which meteoritic minerals would contain the
largest concentration of these elements we performed
condensation calculations for known Be and B min-
erals. These calculations provide information about
the distribution of Be and B between gaseous and
solid phases in the solar nebula as a function of

temperature. This information is important for under-
standing the overall chemical behavior of the early
solar system.

2. Previous condensation calculations

The most important quantities needed to calculate
the condensation behavior of an element are its total
nebular abundance, the gas pressure of the nebula,
and the thermodynamic properties for all possible
compounds. Variations in any of these quantities can
alter the condensation temperature.

Since Li, Be and B all share a common origin
[3-8], it is useful to determine the cosmochemical
behavior of these three elements together. The con-
densation of Li was investigated by Wai and Wasson
[12]. They determined that the major gaseous form of
Li is Li(g) and that Li condenses as Li,SiO; in solid
solution with enstatite yielding a 50% condensation
temperature of 1225 K at 10™* bar total nebular
pressure.

Previous determinations of condensation tempera-
tures for Be and B are summarized in Table 1. These
values span an unsatisfactorily large range. Previous
estimates of the Be condensation temperature range
from 980 to 1400 K while results for B range from
400 to 1200 K. For comparison, our results are also
shown in Table 1.

The first condensation calculations for Be and B
were made by Cameron et al. [13], who calculated
that B condenses as pure NaBO, at a temperature of
~ 750 K, a pressure of 1073 bar, and a total B
abundance of 140 relative to 10° Si. However, the
condensation of pure NaBO, in the solar nebula is
unlikely because B is a trace element and pure
NaBO, has not been observed in chondrites. In
addition, at 750 K Na is completely condensed as
albite in feldspar [12]. It is more plausible that B
condenses into solid solution with major minerals.

For Be, Cameron et al. [13] used the total Be
abundance of 0.81 reported by Sill and Willis [14] to
calculate that Be completely condenses in solid solu-
tton with spinel at 1400 K. In another study, Spivack
et al. [15] stated that Be would not be as refractory as
Cameron et al. [13] predict. Instead, Spivack et al.
[15] predict a Be condensation temperature in the
range 980-1200 K. However, the details of their
calculations are not published.
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Table 1

Boron and beryllium condensation temperatures

Temperature Method Reference
(K)

Boron condensation temperatures

745-759 (100%) Condensation as pure NaBO,, Pr = 1073 bar [13]

1200 Relative boron abundance in mantle xenoliths [16]
400-900 Correlation between boron and sulfur in chondrites [20]

910 (50%) Bulk B abundance and volatility trends for chondrites [22]

964 (50%) Condensation in feldspar solid solution, Py = 10> bar This work
Beryllium condensation temperatures

1400 (100%) Condensation in spinel solid solution, Py = 107> bar [13]
980-1250 Condensation as BeO [15]

1490 (50%) Condensation in melilite solid solution, P+ = 10™* bar This work
1501 (50%) Condensation in melilite and spinel solid solution, Py = 10~ bar This work

? Percentage refers to amount of element condensed at the stated temperature.

Since the work of Cameron et al. [13], there have
been several other attempts to estimate the condensa-
tion temperature of B. Higgins and Shaw [16] mea-
sured the abundance of B in ultramafic xenoliths
from alkali basalts thought to be representative of the
Earth’s upper mantle. Using CI-normalized B abun-
dances they found that B is as depleted as Mn, Na
and Ga and concluded that B has a condensation
temperature similar to these elements, which they
took as 1200 K at 10™* bar total pressure. However,
the 50% condensation temperatures of Mn, Na, and
Ga are 1190 K, 970 K, and 918 K (at 10™* bar),
respectively [17], giving a 300° uncertainty in the B
condensation temperature. Higgins and Shaw [16]
conjectured that feldspar is the most likely B host
phase at this temperature in the solar nebula.

Chaussidon and Jambon [18] measured the B
content of oceanic basalt glasses as 0.25 + 0.1 ppm,
which they took as representative of the bulk silicate
Earth. They report a B depletion factor relative to CI
abundances of 0.15 and conclude that B is moder-
ately volatile and condenses in low-temperature
phases in the solar nebula. As a result, B should be
concentrated in the matrix portion of chondrites, with
the caveat that some B may be present in high-tem-
perature phases such as Al-rich refractory inclusions.
However, recent measurements show that the bulk B
abundance in CI chondrites is 0.72 + 0.07 ppm [19].
Using this value, the B depletion factor for the bulk
silicate Earth is 0.35 + 0.18.

Curtis and Gladney [20] measured the abundances
of B, S, Si, and Na in 28 chondrites and used this

data to estimate the condensation temperature of B.
Sulfur condenses at the pressure independent temper-
ature of 713 K in the solar nebula [21] while Na is
50% condensed at 986 K (10™* bar). Curtis and
Gladney [20] found a correlation between B and S
but not between Na and B. They suggested that B is
moderately volatile (like S) and should condense
between 400 and 900 K.

Zhai and Shaw [19] present analyses of the B
abundance in CI chondrites. They also found a corre-
lation between B and S abundances but noted that
the normalized abundance of B is usually higher than
that of S. Zhai and Shaw [19] conclude that B has a
higher condensation temperature than S and that the
correlation between these two elements implies that
both B and S abundances in carbonaceous chondrites
result from a mixture of matrix and chondrule com-
ponents. Zhai [22] used these data and the relation-
ship between 50% condensation temperatures and
Cl-chondrite normalized elemental abundances in
CM, CV, and CO chondrites [23] to estimate the
condensation temperature of B from each meteorite
class. The results of the three data sets gave 50%
condensation temperatures for B in the range 880-
930 K with an average value of 910 K.

3. Calculations
We calculated the condensation sequence of Be

and B using an approach similar to that of Cameron
et al. [13]. However, since then thermodynamic data



318 D.S. Lauretta, K. Lodders / Earth and Planetary Science Letters 146 (1997) 315-327

for Be and B gases have been revised and more
thermodynamic data for B and Be gases and miner-
als are available. In addition, there are several recent
studies of Be and B minerals that are relevant for
understanding their condensation in solid solutions.
Below we describe the mineral phases considered in
our calculations, along with the sources of the ther-
modynamic data.

3.1. Mineralogy

As a first approximation, B and Be are expected
to behave cosmochemically like other elements in
their chemical groups of the periodic table. Thus, the
condensation behavior of Be should be similar to
that of Mg or Ca. Since Be is a trace element, it is
unlikely that it will condense as a pure phase. There-
fore, we considered solid solutions between known
Be minerals and Mg- and Ca-bearing minerals con-
densing from a solar composition gas. Beryllium
minerals analogous to akermanite (Ca,MgSi,0,),
spinel (MgAl,Q,), and forsterite (Mg, SiO,) are gu-
giaite (Ca,BeSi,0,), chrysoberyl (BeAl,O,), and
phenakite (Be,SiO,), respectively.

Natural gugiaite was first discovered in skarn
rocks near the village of Gugia, China [24]. Kimata
[25] confirmed the suggestion of Goria [26] that
gugiaite is isostructural with akermanite. The crystal
structure of gugiaite was refined by Kimata and
Ohashi [27]. The various conditions under which
gugiaite has been synthesized are presented in Table

Table 2
Formation conditions of gugiaite and reedmergnerite

2. Recently, Beckett et al. [28] measured the partition
coefficient of Be between melilite and liquid. They
found that Be was incompatible with gehlenitic
melilite but compatible with akermanitic melilite.

Similarly, we compared the condensation behav-
ior of B to that of Al. Phase diagrams indicate that
there are several B compounds that form solid solu-
tions with Al-bearing minerals. These are: B,0,,
B, Al,O,, and B, Al ;055 in solution with corundum
(Al,0,), CaB,0, and CaB,O, with hibonite
(CaAl,,0,4) or calcium dialuminate (CaAl,O,);
danburite (CaB,Si,04) in solution with anorthite
(CaAl,Si,04); and reedmergnerite (NaBSi;Oy) in
solution with albite (NaAlSi,O).

The mineral danburite is found in cavities and
veins in igneous rocks as well as in association with
ore deposits and salt deposits [29]. X-ray analyses of
the crystal structure of danburite show that it is
structurally similar to other feldspars, particularly
anorthite [30].

Natural reedmergnerite has been found in the
Green River Formation, Utah [31] and in a peralka-
line pegmatite in Tajikistan [32]. Appleman and
Clarke [33] reported that natural reedmergnerite is
isostructural with low albite. Kimata [34] noted that
an order—disorder transformation occurs at higher
temperatures. Mason [35] found that the ordering
behavior of reedmergnerite is similar to that of albite
and Fleet [36] reported that the order—disorder trans-
formation occurs in the 773-823 K temperature range
at Py o = 1 kbar. Eugster and Mclver [37] found that

Starting materials Temperature Pressure Reference
X) (kbar)
Gugiaite (Ca,BeSi,0,)
Ca(OH),, BeO, SiO, 833 0.8 [25]
CaSiO;, BeO 1473 8.0 [27]
Reedmergnerite (NaBSi;O4)
Not reported 573-773 2.0 [37]
Homogeneous glass 773,973 2.0,04 [56]
Na,CO;, H;BO;, Si0, 543-623 0.10-0.42 [34]
Na,C0;, B,0,, Si0, 573 0.10 [34]
NaOH (6 N), B,0,, SiO, 573,703 0.10, 039 [34]
NaOH (6 N), H;BO;4, SiO, 573,703 0.10,0.39 [34]
Silica gels 573,673 1 {35]
NaBO,, SiO, 735, 853 1.8,08 {36]
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Table 3
Estimated thermodynamic data
Mineral C, coefficients * Saos AH g8

¢ c, c, Cy cs (Jmol”' K™ (kJ mol™ ")
Gugiaite (Ca, BeSi,0,) 942 16.5 ~341 236 —660  165+25 —3900 + 600
Gugiaite (Ca, BeSi,0,) 167 + 34 —3925 + 800
Reedmergerite (NaBSi;04) 572 —1.69 —1.64 —-7.23 4.44 178 + 27 —3687 + 490

TC=c¢;+ ey X107 2T+ ¢y X 107°T? +¢, X 10°T™ /2 +¢5 X 10°T2 (J mol ™' K™ 1),

® Derived from results of Beckett et al. [28].

an albite—reedmergnerite solid solution exists and
extends to Abg,Rd,,. They also stated that the anhy-
drous melting temperature of reedmergnerite is 1135
K. The conditions under which reedmergnerite has
been synthesized are also given in Table 2.

3.2. Thermodynamic data for Be and B minerals

Thermodynamic data for phenakite (Be,SiO,) and
chrysoberyl (BeAl,O,) are well known [38]. Data
for danburite were compiled from the results of
several different research groups [39-43]. The data
sets agree within stated uncertainties, with the excep-
tion of the value for the standard entropy (Sys) of
danburite. We choose the more recent value from
Mazdab et al. [43]. For all other phases, with the
exception of gugiaite and reedmergnerite, the ther-
modynamic data sources are given in Fegley and
Lodders [9].

The thermodynamic properties of gugiaite and
reedmergnerite are not known. However, by compar-
ing gugiaite and reedmergnerite to their isostructural
Mg- and Al-bearing analogues (akermanite (Ak) and
albite (Ab), respectively) and using standard tech-
niques for estimating thermodynamic data [44] we
estimated the heat capacity as a function of tempera-
ture (C,), the standard entropy (S5,) and the heat of
formation (AH$g). Our estimates are presented in
Table 3. Also shown in Table 3 are values for S5y,
and AH%, of gugiaite derived from the results of
Beckett et al. [28]. They determined an entropy and
enthalpy of reaction for the exchange of Be and Mg
between liquid and melilite. The nominal values for
S%s and AH,.0 of gugiaite, derived from the re-
sults of Beckett et al. [28], agree with our estimated
values, suggesting that our estimates are reasonable.

The heat capacity functions for gugiaite (Gu) and

reedmergnerite (Rd) were estimated from the equa-
tions:

Cp,Gu = Cp,Ak - Cp,MgO + Cp,BeO (1)
and:

1 1
Cp,Rd = Cp.Ab - ECP,A1203 + ECP-Bzol (2)

where C,,; represents the heat capacity of phase 1as
a function of temperature.

The S%s values were estimated by comparing the
standard entropies of minerals in which elements of
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Fig. 1. Graph showing Mg chemistry at 10~ bar total pressure.
The dominant gas is monatomic Mg at all temperatures displayed.
The two main Mg-bearing solids are forsterite (Mg,SiO,) and
enstatite (MgSiO;). Other Mg-bearing phases are akermanite
(Ca,MgSi,0,), spinel (MgAl,0,), and diopside (CaMgSi,0,).
Beryllium analogues of akermanite, spinel, and forsterite exist.
Magnesium is 50% condensed at a temperature of 1420 K.
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Table 4
Condensation temperatures of pure boron and beryllium com-
pounds at 10> bar total pressure ®

Boron compounds Beryllium compounds

Phase T, Phase T,
X) (K)

CaB,Si, 04 1096 Ca,BeSi, 0, 1344
B,Al 304, 1047 Be;B,0q 1256
NaBSi; 0, 1003 BeAl, O, 1250
B, Al1,0, 975 Be, Si0, 1020
CaB,0, 921 BeO 901
LiBO, 738

# Assumes no prior condensation of B or Be-bearing phases.

the same chemical group can substitute, and which
have similar crystal structures. For the group II
elements we looked at the compounds XAl,O,,
X,Si0,, X(OH),, XSO,, and XWO,, where X rep-
resents Be, Mg, Ca, or Sr. The value of S5y, for
Be-bearing minerals is approximately 0.6—0.8 times
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Fig. 2. Graph showing Ca chemistry at 1073 bar total pressure.
The dominant gas is monatomic Ca at all temperatures displayed.
The first Ca-bearing solid condensing is hibonite (CaAl;,0,o)
followed by calcium dialuminate (CaAl,0,) and perovskite
(CaTiO;). Most Ca is distributed among the melilite solid solution
(Ca, Al, Si0,(Ge)-Ca, MgSi, 0,(Ak)). The composition of this
solution is shown as a dashed line on the graph. At the lowest
temperatures shown Ca 1is distributed between anorthite
(CaAl,Si,04) and diopside (CaMgSi,0;). Calcium is 50% con-
densed at a temperature of 1615 K.

that of the corresponding Mg compound. Similarly,
for group III elements (B, Al, Ga and In) we com-
pared the Sy, values for the following compounds:
X,0,, X,8;, CaX,8i,04, NaX0,, CaX,0,, and
CaX,0,, where X represents a group III element.
The value of S}, for B-bearing minerals is 0.8—1.05
times that of the corresponding Al compound. We
used these ranges to determine the mean and 1 sigma
uncertainties for our estimated S3,4 of gugiaite and
reedmergnerite, which are given in Table 3.

The heat of formation was estimated from the free
energy function (@) which was calculated from the
standard entropy and the heat capacity via:

o, = Or M

Mineral T

1 .1 T C
=—[ CcdT+ [ —2dT+S} 3

T '/;98 P '[298 T 2% )
The free energy function is related to the Gibbs free
energy of a mineral phase by the equation:

AG.IQ = (d)Minera] - Z(‘I)E,lernems)T + AH(ZJ% (4)
where Y@ refers to the sum of the free energy
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Fig. 3. Graph showing Al chemistry at 1073 bar total pressure. At
lower temperatures Al is distributed among the three end-member
feldspar system (Orthoclase (Or)-Albite (Ab)-Anorthite (An)).
The composition of this solution is shown as a dashed line on the
graph. B analogues of albite (NaAlSi;Og) and anorthite
(CaAl,Si,0g) exist. Aluminum is 50% condensed at a tempera-
ture of 1735 K.
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functions of the constituent elements in their respec-
tive reference states. The values of @Pp ..., are
from Robie and Hemingway [38]. Values for AG?
were determined from known conditions of forma-
tion. If the AG3 of all other compounds in the
formation reaction are known, then an upper limit on
the AG? (i.e., the least negative AGY value) is set
by assuming that the net Gibbs free energy of the
reaction is zero. This value can be substituted into
Eq. (4) and an upper limit on AH3; obtained.

For both gugiaite and reedmergnerite several dif-
ferent formation conditions are available (see Table
2), from which estimates of AH$y, can be obtained.
Reedmergnerite was synthesized at 543 K but did
not form at 523 K from identical starting materials
[34]. The lowest temperature where reedmergnerite is
stable is greater than 523 K but less than or equal to
543 K. This information constrains the heat of for-
mation of reedmergnerite to within 20 kJ /mol. Simi-
lar information is not available for gugiaite and thus
it is not possible to bracket a value of AHS,, for
gugiaite. A value for AH3, of gugiaite is derived

from each set of known formation conditions. We
chose the minimum value obtained in this manner.

3.3. Condensation calculations

Once all of the thermodynamic data were com-
piled the condensation sequence of each element was
calculated. The gas phase chemistry and major ele-
ment distribution in pure phases was calculated using
the CONDOR code, which uses the simultaneous
constraints of mass balance and thermodynamic
equilibrium to determine elemental distribution
among an extensive library of gaseous and solid
species. We used a total Be abundance of 0.73 [1]
and a B abundance of 16.9 [22] relative to 10° atoms
of Si. The Be and B gases included in our calcula-
tions and the data sources used are given in Fegley
and Lodders [9]. The results for the major element
distribution were then modified to consider the vary-
ing composition of solid solutions.

In order to determine which Be and B phases are
likely to dissolve in major element host phases, the

F T L T T
[P, =10 bars _Be(OH);

10-14

105

T T

Mole Fraction

10-16

T

1017

Be 100
- 10

3 £

] 2

12

T Q

i m

w

E 102 E

1 ‘s

1 c

d ks]

B

©

10° %
' 104

1400 1500 1600 1700 1800 1900 2000

Temperature (K)

Fig. 4. Graph showing the distribution of Be among various gas phases at temperatures above the point where all Be is condensed.
Abundances are shown as mole fractions relative to H, + He and as fraction of total Be. At high temperatures monatomic Be is dominant
while the hydroxides (BeOH and Be(OH),) become dominant at lower temperatures. Other Be gases are less abundant.
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Fig. 5. Graph showing Be chemistry at 10™3 bar total pressure.
Be condenses in solid solution with melilite. Condensation in solid
solution with spinel is also possible but the difference in the
crystalline structures of spinel (MgAl,0,) and chrysoberyl
(BeAl,0,) suggests that the solution will not be ideal. The dotted
curve indicates the condensation of Be in 1nelilite solid solution if
condensation into spinel is ignored. The 50% condensation tem-
perature of Be is 1501 K considering spinel and 1490 K without
it. Uncertainties in the estimated thermodynamic data for Be
melilite yield an uncertainty of +30 K in the Be 50% condensa-
tion temperature. Eventually all Be ends up as phenakite (Be, SiO,)
in forsterite.

condensation temperature of pure Be and B com-
pounds were calculated. The condensation tempera-
ture is the temperature at which the activity of a
solid equals unity. These temperatures were calcu-
lated using a total nebular pressure of 10> bar and
do not consider the previous condensation of any Be-
or B-bearing phase. The pure phase condensation
temperatures are given in Table 4.

The condensation temperature of a solid phase is
increased by considering condensation in solid solu-
tion. Since Be most likely condenses into Mg- or
Ca-bearing phases and B into Al-bearing phases, we
calculated the condensation sequence of Mg, Ca, and
Al (Fig. 1, Fig. 2, and Fig. 3, respectively). Our
results agree well with previous condensation calcu-
lations [45,46]. Comparison of the condensation se-
quences for the major elements and the calculated
condensation temperatures of pure Be and B miner-

als indicates that the most likely solid solutions are
Ca,MgSi,0,-Ca,BeSi,0,, MgAl,0,-BeAl,O,,
and Mg,Si0,-Be,SiO, for Be and Al,O,;-
B,AlO,;;, CaAl,Si,04,-CaB,Si,04, and
NaAlSi;Og—NaBSi, O, for B.

Fig. 4 shows the distribution of Be in the gas
phase as a function of temperature. At higher tem-
peratures Be exists mainly as monatomic Be gas
while at lower temperatures the hydroxides BeOH
and Be(OH), are more abundant. BeH, BeH,, and
BeS account for less than 0.4% of all Be. Fig. 5
shows the condensation of Be into solid phases. Be
condenses into melilite solid solution soon after
melilite appears. If melilite is the only host phase
then the 50% condensation temperature of Be is
1490 K and 100% of the Be is condensed into
melilite at a temperature of 1470 K. These results are
shown as the dashed curve in Fig. 5. The 50%
condensation temperature of Be into melilite has an
uncertainty of +30 K due to uncertainties in the
estimated thermodynamic data. It is also possible
that Be condenses into spinel. At the condensation
temperature of spinel (1501 K) ~ 34% of the Be is
condensed into melilite. The activity of chrysoberyl
(BeAl,0,) at the point of spinel condensation is so
large that, if the solid solution between chrysoberyl
and spinel is ideal, all of the remaining Be condenses
into this solid solution and the 50% condensation
temperature of Be becomes equal to the condensa-
tion temperature of spinel (1501 K). The sequence
for Be condensation into melilite and spinel is shown
by the solid curves in Fig. 5. The spinel—chrysoberyl
solid solution may be non-ideal since spinel and
chrysoberyl are not isostructural. In fact, chrysoberyl
has a crystal structure similar to that of forsterite
[47]. In any case, the 50% condensation temperature

Table 5

50% condensation temperatures of selected elements *

Element Temperature Referrence
)

Be 1490 This work

K 1064 This work

Na 986 This work

B 964 This work

S 674 [21]

“Pr=10"" bar
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of Be is between 1490 and 1501 K at 1073 bar total
pressure. Once forsterite is stable (1443 K) the activ-
ity of phenakite (Be,SiQ,) is very large, suggesting
that, as melilite disappears from the nebula, all Be
will go into forsterite.

Fig. 6 shows the distribution of B in the gas as a
function of temperature. At higher temperatures, B
exists as HBO,(g), HBO(g), and BO(g). The gases
NaBO,, KBO,, and LiBO, become increasingly
abundant at lower temperatures. Fig. 7 shows the
condensation behavior of B. Boron does not con-
dense into solid solution with corundum, hibonite, or
calcium dialuminate because the activities of the
corresponding B compounds are insignificant. In-
stead, B starts to condense as danburite in solid
solution with feldspar as soon as anorthite becomes
stable (1436 K). This yields a B 50% condensation
temperature of 964 K. At lower temperatures, where
the feldspar composition is more albitic, B also
condenses as reedmergnerite into feldspar. At the
temperature where reedmergnerite condensation be-
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Fig. 7. Graph showing B chemistry at 1073 bar total pressure.
Boron condenses in solid solution with feldspar, predominantly as
danburite (CaB,Si,0;). The 50% condensation temperature of B
is 964 K and 100% of B is condensed at 900 K.
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comes significant (~ 920 K) more than 96% of B
has already condensed as danburite. All of the B is
condensed into solid solution with feldspar, either as
danburite or reedmergnerite at a temperature of 900
K. The 50% condensation temperatures of both B
and Be at a total nebular pressure of 107° bar are
given in Table 1 and are compared to the 50%
condensation temperatures of other elements in Table
5. According to our calculations, the 50% condensa-
tion temperature of B is close to that of Na (986 K)
and well above that of S (674 K) [21]. This is in
agreement with the findings of Higgins and Shaw
[16], based on elemental abundances in mantle xeno-
liths.

4. B and Be in meteorites

It is useful to compare the results of our calcula-
tions with previous measurements of Be and B abun-
dances in meteorites. However, very little work has
been done in measuring the Be and B content of
individual mineral phases in meteorites. Most work
has focused on the determination of Be and B bulk
abundances [14,19,48]. Phinney et al. [49] measured
B, Be, and Li abundances in Allende inclusion EK-
1-07 but they reported that their B abundances may
have been contaminated by laboratory materials. The
largest Be concentration was in melilite (429 ppb)
and smaller amounts of Be were found in anorthite
(127 ppb) and pyroxene (177 ppb). An upper limit of
150 ppb was placed on the Be concentration of the
spinel. Spivack et al. [15] also found Be concentrated
in the melilite of several Allende CAls. Similarly,
MacPherson and Davis [50] measured Be abun-
dances in a Vigarano type B CAI as 649 ppb in
melilite, 204 ppb in fassaite, and 268 ppb in anor-
thite. These measurements show that the highest
concentrations of Be are found in the melilite grains
of CAls and that meteoritic spinel does not contain
large concentrations of Be. This suggests that Be is
incompatible with spinel and that all Be initially
condenses into melilite.

Shaw et al. [51] used alpha track images to locate
B in meteorites. They found large concentrations of
boron in the matrices of both carbonaceous and
ordinary chondrites. However, specific B host phases
were not identified. The only measurements of B

abundances in meteoritic minerals were made on a
silicate inclusion, which has an H chondrite-like
composition, from the Watson IIE iron meteorite
[52]. The texture of the inclusion implies complete
melting within the iron meteorite. The results of an
ion probe study of trace element distribution among
the various mineral phases of this inclusion show
that the B concentration in the feldspar is 4—10 times
higher than that in olivine, pyroxene, or whitlockite
[52]. While this does not verify our conclusion that B
condenses in solid solution with feldspar, it does
illustrate the affinity of B for this mineral.
Chaussidon and Robert [53] measured B and Be
abundances in olivine chondrules from the Se-
markona, Hedjaz, and Allende chondrites. In the
chondrules of all three of these meteorites they found
a constant B /Be ratio of ~ 17.2 and interpreted this
as implying that there was no fractionation of B and
Be during condensation in the solar nebula. How-
ever, the B /Be ratio in CI chondrites is 23.15 [1,19],
indicating that some fractionation must have oc-
curred to produce the two different ratios. Also, our
results imply that there would be significant fraction-
ation of B and Be during condensation from the
cooling solar nebula. Fig. 8 shows the B /Be ratio
against temperature inferred from our condensation
calculations. Chaussidon and Robert [53] did not
measure the composition of the melilite or feldspar
phases of the meteorites they investigated so their
results of a constant B /Be ratio may result from
measurement of the composition of a single miner-
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Fig. 8. Graph showing the B /Be ratio vs. temperature in the solar
nebula. The B /Be ratio measured by Chaussidon and Robert [53]
in olivine grains from various chondrites is shown as a black dot,
along with their stated uncertainty. Our results indicate that signif-
icant fractionation will occur between these two elements at
temperatures greater than 900 K.
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alogical phase (olivine). We suggest examining other
phases such as melilite and feldspar to determine if
there was any fractionation of these two elements.

Finally, we discuss the B content of the bulk
silicate earth since this value has been used to dis-
cuss B cosmochemistry [16,20,54]. Our calculations
predict that the volatility of B is close to that of Na,
which is depleted relative to CI chondrites in the
bulk silicate earth by a factor of 0.6 [1,55]. The
abundance of B in CI chondrites ranges from 0.65 to
0.78 ppm with an average value of 0.72 ppm [19]. A
B depletion factor equal to that of Na implies an
abundance of 0.4 +£ 0.1 ppm B in the bulk silicate
earth. This value is between the B abundance of
0.53 + 0.07 ppm measured in mantle xenoliths
thought to be representative of primitive mantle [16]
and the value of 0.25 + 0.1 ppm derived from the B
content of mid-ocean ridge basalts but is larger than
the recent determination of 0.10 4 0.02 ppm based
on the B content of ocean island basalts [54].

5. Summary

Condensation calculations for Be and B, whose
abundances can constrain mechanisms responsible
for the formation of light elements, are presented. In
order to perform these calculations it was necessary
to estimate thermodynamic data for two phases: gu-
giaite (Ca,BeSi,0,) and reedmergnerite
(NaBSi,Og). The condensation of Be and B was
determined by considering solid solution in various
mineral phases thought to be present in the solar
nebula. Beryllium condenses in solid solution with
melilite and possibly spinel. Ideal solid solution of
gugiaite into melilite yields a 50% condensation
temperature of 1490 K. Assuming that a chrysoberyl
ideal solid solution with spinel also occurs, the 50%
condensation temperature of Be increases to 1501 K.
Once forsterite is stable, Be released by the con-
sumption of melilite and spinel forms phenakite in
solid solution with forsterite. Boron condenses in
solid solution with feldspar. The 50% condensation
temperature of B is 964 K, which is close to that of
Na (986 K) and suggests that the abundance of these
two elements in carbonaceous chondrites may be
correlated. The few available measurements of the
Be concentration in individual mineral phases in

meteorites find Be concentrated in melilite but not in
spinel, supporting the assumption that the spinel-
chrysoberyl! solid solution is not ideal. Measurements
of the B concentration of individual mineral grains in
meteorites are rare but B has been found concen-
trated in the feldspars of a silicate inclusion in the
Watson iron meteorite. This supports our conclusion
that B has a strong affinity for feldspar and is likely
to condense into solid solution with albite and anor-
thite in the solar nebula.
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