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Abstract–Among the calcium-aluminum-rich inclusions (CAIs), excess 41K (41K*), which was
produced by the decay of the short-lived radionuclide 41Ca (t1/2 = 0.1 Myr), has so far been detected
in fassaite and in two grains of melilites. These observations could be used to provide important
constraints on the thermal history and size of the planetesimals into which the CAIs were
incorporated, provided the diffusion kinetic properties of K in these minerals are known. Thus, we
have experimentally determined K diffusion kinetics in the melilite end-members, åkermanite and
gehlenite, as a function of temperature (900–1200 °C) and crystallographic orientation at 1 bar
pressure. The closure temperature of K diffusion in melilite, Tc(K:mel), for the observed grain size of
melilite in the CAIs and cooling rate of 10–100 °C/Myr, as calculated from our diffusion data, is much
higher than that of Mg in anorthite. The latter was calculated from the available Mg diffusion data in
anorthite. Assuming that the planetesimals were heated by the decay of 26Al and 60Fe, we have
calculated the size of a planetesimal as a function of the accretion time tf such that the peak
temperature at a specified radial distance rc equals Tc(K:mel). The ratio (rc/R)3 defines the
planetesimal volume fraction within which 41K* in melilite grains would be at least partly disturbed,
if these were randomly distributed within a planetesimal. A similar calculation was also carried out to
define R versus tf relation such that 26Mg* was lost from ~50% of randomly distributed anorthite
grains, as seems to be suggested by the observational data. These calculations suggest that ~60% of
melilite grains should retain 41K* if ~50% of anorthite grains had retained 26Mg*. Assuming that tf was
not smaller than the time of chondrule formation, our calculations yield minimum planetesimal radius
of ~20–30 km, depending on the choice of planetesimal surface temperature and initial abundance of
the heat producing isotope 60Fe. 

INTRODUCTION

The thermal history, formation time, and size of the
planetesimals that accreted during the very early history of
the solar system have been subjects of considerable interest in
the field of planetary science (e.g., LaTourrette and
Wasserburg 1998). Important constraints on the chronology
of early solar system events and planetesimal size are
provided by the evidence of retention or loss of decay
products of the short-lived radio nuclides in the minerals from
meteorites. Evidence of in situ decay of 26Al, which decays to
26Mg and has a half-life of 0.73 Myr (Walker et al. 1989), was
documented in a number of studies of early-formed objects in
the solar system (e.g., MacPherson et al. 1995). Specifically,
it was found that plagioclase grains in many Ca- and Al-rich
inclusions (CAIs), which constitute some of the earliest
mineral phases in the solar system, have 26Mg excess

(26Mg*). Thus, LaTourrette and Wasserburg (1998)
performed an experimental study of Mg diffusion in
plagioclase and used the data to constrain the thermal history
and, thereby, the size of planetesimals such that 26Mg was not
completely lost from the plagioclase grains by diffusion.
Following the suggestion of Urey (1955), they assumed that
the planetesimals were heated by the heat generated from the
decay of 26Al. 

Besides 26Mg, another radiogenic product of short-lived
radionuclide is 41K that formed from the decay of 41Ca in the
early history of the solar system. The short half-life of 41Ca
of 0.1 Myr makes the presence of radiogenic 41K a
potentially useful indicator of the early solar system
chronology. Excess 41K (41K*), relative to the terrestrial
abundance, was first demonstrated by Srinivasan et al.
(1994) in the fassaite grains in the Efremovka, and
suggested by Huneke et al. (1981) in fassaite and plagioclase
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and by Hutcheon et al. (1984) in fassaites, melilites, and
plagioclase in Allende. Sahijpal et al. (2000) demonstrated
41K* in the fassaite and hibonite grains in Allende and in the
hibonite grains in Murchison. 41K* was also detected by
Srinivasan et al. (1996) in two out of three melilite grains in
the CAIs in Efremovka, while Ito et al. (2000) failed to find
any evidence of 41K* in three melilite grains in Allende that
they examined. Although there are very limited data on 41K*

in melilite, the data above indicate that 41K* in melilites in
the CAIs were partly disturbed. Thus, additional constraints
on the thermal history of the parent planetesimals of the
CAIs could be obtained by deducing the condition at which
41K would be lost by diffusion from the melilites. In this
work, we report the results of an experimental study of K
diffusion in melilite, and apply these results to calculate the
conditions under which 41K* in melilte would be disturbed
to different extents as a function of the accretion time scale
and size of the parent planetsimals of CAIs. 

EXPERIMENTAL STUDIES

Experimental Procedure

Melilite end-members, åkermanite (Ca2MgSi2O7) and
gehlenite (Ca2Al2SiO7), were synthesized by the
Czochralski-pulling method (Czochralski 1918) following
the techniques described earlier by Yurimoto et al. (1989)
and Morioka et al. (1997). Pure oxides of 3N quality,
supplied by Wako Pure Chemical Co., were mixed in
stoichiometric proportions, calcined at 1000 °C for several
hours, and then loaded into an Ir crucible. The oxide mixture
was heated to melting temperature and pulled vertically at a
rate of 1 mm/hr using a seed crystal of melilite. The seed
crystal was oriented previously by Laue back reflection and
inserted into the top part of the melt so that its a-axis was
vertical. As the melt was pulled, the seed crystal was rotated
at a rate of 1–2 rotation(s) per minute. An earlier study by
Morioka et al. (1997) confirmed that the synthetic melilite
crystals grew with the a-axis parallel to the vertical direction
of the furnace. 

Since melilite is hexagonal, it is expected to have
anisotropic diffusion properties with the principal diffusion
axes coinciding with the a and c crystallographic directions.
The diffusion coefficient D along any other direction must be
intermediate between those along a- and c- directions and can
be easily calculated from the latter values. We have, thus, cut
the åkermanite and gehlenite crystals normal to the a-
direction and, in addition, cut the gehlenite crystal normal to
the c-direction to determine the anisotropy of K diffusion in
this end-member. A cut slab was polished on one face in a
stepwise manner down to the level of 0.25 µm diamond paste
and finally finished, following Ganguly et al. (1998a), to a
mirror polish by a combination of chemical and mechanical
polishing using silica suspension on OP-chem cloth from

Struers (300 rpm). This final step ensures effective removal of
a weak near-surface layer that might develop during
mechanical polishing using diamond paste.

The oriented and polished samples were pre-annealed
for 24 hr at 900 °C and 1 bar pressure to heal any line or
planar defects that could have developed near the crystal
surface during polishing and also to achieve a defect
concentration close to those expected during diffusion
experiments at 900–1100 °C. After this step, the polished
surfaces of the samples were coated with a thin film of
potassium by thermal evaporation of KOH under a high
vacuum. The crystals were sealed in a silica tube and
annealed for 1 hr to 10 days, depending on the temperature
(Table 1), to induce measurable K diffusion profiles.
Initially, we used KCl as the source of K, but after annealing
the crystal surfaces showed small islands under an optical
microscope of what appeared to be reacted areas. The
measured diffusion profiles were also not reproducible.
However, these problems disappeared when we used KOH
as the source material for K.

Measurement of Diffusion Profiles

The experimentally induced K diffusion profiles in the
åkermanite and gehlenite crystals were measured by depth
profiling of 39K in an ion microprobe (Cameca ims 3f SIMS at
the Center for Solid State Science, Arizona State University),
following the procedure described by Ganguly et al. (1998b).
The primary ion beam was mass filtered negative 16O
accelerated to 10 keV with a beam current of 20 to 80 nA. The
beam spot size was ~30 to 60 µm in diameter. The samples
were held at +4.5 kV resulting in an impact energy of
14.5 keV. The primary ion beam was rastered over ~125 ×
125 µm square area during analyses. Electrostatic charging of
a sample by the primary ion beam was virtually eliminated by
a gold film of 40 nm thickness that was evaporated on the
sample surface before the analyses.

Secondary ions were collected from the central domain of
the rastered area using a mechanical aperture. This domain
was of ~6 µm diameter. To eliminate interference by
molecular ions, an offset of −75 V was applied to the sample
voltage. The positive secondary ions of 30Si, 39K, 42Ca, and
197Au were monitored during the sputtering. Analyses of
197Au, which was deposited on the crystal surface to act as a
thin conducting film, helped locate the crystal surface, while
the concentration profiles of the non-diffusing species 30Si and
42Ca allowed us to monitor the stability of the analyses
(Ganguly et al. 1998b). Plateau intensities of the non-diffusing
species were achieved after a few measurement cycles, as
seems to be typical for SIMS analyses. The data for 39K were
ignored until the stabilization of the count rates for 30Si and
42Ca (Fig. 1). After a SIMS analysis, the flat-bottomed crater
depth was determined with a TENCOR surface profilometer
that was calibrated against known standards.
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Modeling of Diffusion Profiles and Results

A typical diffusion profile of 39K parallel to the c-axis of
gehlenite, and a model fit to the data, are shown in Fig. 1. The
crystal surface (x = 0) below the thin film was located on the
basis of the intensity of 197Au signal, assuming that it was
coincident with the depth profiling step where the intensity of
this signal was reduced to half its peak value. Because of
convolution effect, 197Au counts would not reduce to zero at
the crystal surface, but instead would diminish smoothly to
zero when the ion beam had penetrated inside the crystal.
Data on semi-conducting materials for which the location of
the interface could be independently established suggest that
the interface is located approximately at the position where
the 197Au counts are reduced to half the peak value (Hervig,
personal communication). These strategies for the location of
the interface and selection of 39K diffusion data are illustrated
in Fig. 1.

The 39K diffusion data were modeled according to two
different methods. In the first, the crystal surface was
assumed to have a fixed concentration of the diffusing species
(which implies that the source material was a semi-infinite
homogeneous reservoir). In the second, the surface
concentration of 39K was allowed to deplete with time

(depleting source model). For these two models, the solutions
of the diffusion equation with constant diffusion coefficient D
are as follows (Crank 1975). For fixed surface concentration
Cs:

(1)

while for depleting surface concentration:

(2) 

Table 1. Summary of experimental conditions and K
diffusion coefficients in melilite. The errors represent
approximately ±2σ values.
Mineral
(diffusion 
direction)

Temp.
(°C)

Time
(hr)

D
(m2/s)

logD
(m2/s)

Åkermanite
(c) 900 167 1.22 (±0.18) × 10−20 −19.92 ± 0.06
(c) 950 96 8.86 (±1.49) × 10−20 −19.05 ± 0.07
(c) 1000 24 2.26 (±0.61) × 10−19 −18.65 ± 0.12
(c) 1000 48 3.18 (±0.50) × 10−19 −18.50 ± 0.07
(c) 1000 48 1.60 (±0.28) × 10−19 −18.80 ± 0.07
(c) 1050 24 7.10 (±0.80) × 10−19 −18.15 ± 0.05
(c) 1050 24 4.40 (±0.66) × 10−19 −18.36 ± 0.06
(c) 1077 12 6.26 (±0.96) × 10−19 −18.20 ± 0.07
(c) 1077 12 7.83 (±0.99) × 10−19 −18.11 ± 0.06

Gehlenite
(c) 950 240 2.79 (±0.91) × 10−21 −20.55 ± 0.14
(c) 950 240 2.89 (±0.85) × 10−21 −20.54 ± 0.13
(c) 1000 10 5.64 (±1.49) × 10−20 −19.25 ± 0.11
(c) 1000 48 3.60 (±0.60) × 10−20 −19.44 ± 0.07
(c) 1000 48 4.49 (±0.63) × 10−20 −19.35 ± 0.06
(c) 1050 48 7.43 (±2.19) × 10−20 −19.13 ± 0.13
(c) 1084 12 8.16 (±1.74) × 10−20 −19.09 ± 0.09
(c) 1084 12 7.12 (±1.43) × 10−20 −19.15 ± 0.09
(c) 1200 1 5.47 (±1.10) × 10−19 −18.26 ± 0.09
(a) 900 168 4.73 (±0.58) × 10−21 −20.32 ± 0.05
(a) 1000 24 3.41 (±0.51) × 10−20 −19.47 ± 0.06
(a) 1000 24 4.48 (±0.43) × 10−20 −19.35 ± 0.04
(a) 1100 4 4.28 (±0.47) × 10−19 −18.37 ± 0.05
(a) 1100 4 2.95 (±0.28) × 10−19 −18.53 ± 0.04

Fig. 1. Typical SIMS depth profile of 39K in gehlenite along with
those of 42Ca, 30Si, and 197Au. The crystal surface (x = 0) was located
to coincide with the depth at which the intensity of 197Au reduces to
half the peak value, while the depth of simultaneous stabilization of
42Ca, 30Si were used to determine the initial analytical cycles of
instrumental instability. Only the 39K data after these initial unstable
cycles were used for determining the diffusion coefficient. The model
fit to the 39K data, according to the homogeneous infinite source
model (Equation 1), is shown by solid line. The sample was diffusion-
annealed for 2 days at 1 bar, 1000 °C, and the diffusion was parallel
to c-axis.
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2 Dt
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where x is the distance from the interface, t is the time, and C∞ =
C at t = 0, x. Since Cs could not be measured directly due to the
initial instability of the ion beam (Fig. 1), we solved for both D
and Cs by interfacing the above solutions to an optimization
program, MINUIT, (James and Roos 1975). The latter yielded
the combination of the values of Cs and D that best fit the
experimental data. The fixed surface concentration model
yielded a better fit to the experimental data than the depleted
source model in all cases. The D values calculated from the
former model are summarized, along with the experimental
conditions, in Table 1. The statistical errors of D values were
calculated numerically as follows. For a given profile, we
calculated the D values for each point (Ci, xi) according to
Equation 1, using the Cs value obtained from the optimization
analysis. We then chose the domain around the mean that
contains ~95% of the D values, and used it define ~2σ error. 

As is customary in the field of experimental diffusion
studies, time series experiments were performed for both
åkermanite and gehlenite crystals at 1000 °C to test if the
experimental data were influenced by processes other than
volume diffusion. Results of time series experiments, with 24
and 48 hr of annealing time for åkermanite and 10 and 48 hr for
gehlenite, are summarized in Fig. 2. These data do not show
any time dependence of the retrieved diffusion coefficients.
However, as noted by Ganguly et al. (1998b), interference by
other processes does not necessarily lead to time dependence
of the retrieved (effective) diffusion coefficient.

Figure 3 shows the conventional Arrhenian plot, logD
versus 1/T, of the experimental diffusion data of K in
åkermanite and gehlenite. The parameters of the Arrhenian
relation, D = Doe−E/RT, where E is the activation energy of
diffusion at 1 bar, were evaluated from the slopes and

intercepts of the regressed relations of logD versus 1/T, and
are as follows (±1σ):

1. åkermanite (||c): logDo = −7.6 ± 1.1 m2/s, E = 272 ± 27
kJ/mol;

2. gehlenite (||c): logDo = −8.1 ± 2.0 m2/s, E = 284 ± 49 kJ/
mol;

3. gehlenite (||a): logDo = −7.4 ± 0.7 m2/s, E = 292 ± 17 kJ/
mol.
The experimental results show that K diffusion in melilite

is anisotropic with the D(||c) around a factor of five greater than
D(||a). Similar anisotropy of oxygen diffusion in melilite was
also reported by Yurimoto et al. (1989). The diffusion
coefficient along any arbitrary direction (η) that has direction
cosines of l and m with respect to the a- and c-axis, respectively,
is given by (Crank 1975) l2 D(||η) = l2 D(||a) + m2 D(||c).

COSMOCHEMICAL IMPLICATIONS

Closure Temperature of K in Melilites and Mg in
Anorthite 

We calculated the closure temperature Tc for the diffusive
loss of 41K* in melilite and 26Mg* in anorthite from the
modification of the classic Dodson formulation (Dodson
1973) by Ganguly and Tirone (1999). In its original form the
Dodson formulation is not applicable to slowly diffusing
species. The Ganguly-Tirone modification has removed this

Fig. 2. Time series experiments of K diffusion (||c axis) in åkermanite
and gehlenite at 1 bar, 1000 °C. 

Fig. 3. Arrhenius plot of diffusion coefficient of 39K in åkermanite (||c
axis) and gehlenite (||c, ||a axis). The solid lines are least squares fit to
the experimental data that are shown as labeled symbols. The vertical
bars on the symbols represent approximately ±2σ errors.
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limitation of the Dodson formulation. The modified
formulation is:

(3)

where dT/dt is the cooling rate at Tc, a is a characteristic
dimension (radius for a sphere and cylinder, half-width for a
plane sheet), and A′ = eG + g, where G is a geometric parameter
with a fixed value for a specific crystal geometry (e.g.,
3.29506 for a cylinder), and g is a function that depends on
crystal shape, size, diffusion properties, and cooling rate (that
is all parameters that affect Tc). Equation 3 differs from the
expression of Tc in the original Dodson formulation in the
introduction of the term eg. Without this term, the Dodson
formulation may substantially overestimate Tc and may even
lead to a solution of Tc that is higher than the initial
temperature To when the diffusive loss is small (Ganguly and
Tirone 2001).

Figure 4 shows calculated closure temperatures of K
diffusion in åkermanite (Ak) and gehlenite (Gh) end-
members and for a melilite of composition Ak20Gh80, along
with that of anorthite, as function of cooling rate and grain
size. The chosen melilite composition is typical for CAIs
(Grossman 1975). The diffusion parameters for this
intermediate composition were obtained by linear
interpolation between those of the end-members. An order of
magnitude change of the diffusion coefficient affects the Tc of
K in melilite by ~10 °C for cooling rate of 10–100 °C/Myr.
Thus, the estimated errors of the diffusion coefficient have
insignificant effect on the calculation of Tc. Since melilite is
hexagonal, we treated it as a cylinder. The melilites in CAIs
are found to be typically ~1 mm in radius, and 0.1 mm radius
is probably at the lower limit of observed grain size of
melilites in CAIs. The closure temperature of Mg in anorthite
was calculated from the diffusion data of LaTourrette and
Wasserburg (1998), and treating it as a plane sheet. The grain
size (half-width) of anorthite in CAIs ranges up to 0.25 mm
with an average of ~0.09 mm (Simon, quoted in LaTourrette
and Wasserburg 1998). The calculated closure temperature
shows suggest that 41K* in melilites should be disturbed to a
lesser extent than 26Mg*. However, as noted by Hutcheon
(personal communication), 41K* in melilite is extremely
difficult to detect due to the low abundance of 41Ca and the
relatively high concentration of K. Therefore, a careful search
should be made in relatively K-depleted melilites.

Accretion Time and Size of Host Planetesimal

Using their Mg diffusion data in anorthite, LaTourrette
and Wasserburg (1998) provided an important quantitative
framework to constrain the size of planetesimals into which
the CAIs were incorporated. They showed that if the CAIs
were randomly distributed in the parent body that was heated

by the decay of short-lived radioactive elements, then the
grains buried below a critical planetesimal radius rc would
have almost completely lost 26Mg* from anorthite. The value
of rc depends on the grain size of anorthite, and the radius R
and formation time tf of the planetesimal. Assuming that the
heat needed to raise the temperature of the host planetesimal
was completely derived by the decay of the short-lived 26Al,
LaTourrette and Wasserburg (1998) calculated rc/R as a
function of R and tf. Furthermore, they argued that since
approximately 50% of CAIs show 26Mg* in anorthite, the rc
should be such that it divides the planetesimal equally
between an inner and outer volume segments, i.e., (rc/R)3 =
0.5 or rc/R ~0.8.

Since fassaites in CAIs show 41K*, the CAIs must have
been incorporated in the planetesimals when significant
quantity of 41Ca was still alive. Thus, the loss of 41K* from the
melilites (below the detection limit of an ion probe) must have
taken place during the thermal evolution of the planetesimal.
The thermal evolution models of planetesimals heated by 26Al
decay, as calculated by LaTourrette and Wasserburg (1998),
suggest that the cooling rates of the planetesimals were of the
order of 102 °C/Myr. Thus, on the basis of the calculations of
closure temperature of K diffusion in melilites as a function of
cooling rate and grain size (Fig. 4), we conclude that in order
for the melilite grains to lose 41K* by diffusion, the host
planetesimal must have been heated to a temperature of at
least ~625 °C.

The thermal evolution of a spherical body of
homogeneous initial temperature To and heated by the decay

E
RTc
----------

A′RTc
2Do

E dT dt⁄[ ]a2------------------------------–
⎝ ⎠
⎜ ⎟
⎛ ⎞

ln=

Fig. 4. Closure temperature Tc of K diffusion in melilite and Mg
diffusion in anorthite as a function of cooling rate and grain size. The
anorthite grain size in CAIs varies from an average of ~0.1 mm to a
maximum of 0.25 mm (half-width), while that of melilite varies from
an average of ~1 mm to a minimum of ~0.1 mm radius. 
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of radioactive elements can be calculated from the solution
heat diffusion equation with appropriate initial and boundary
conditions. LaTourrette and Wasserburg (1998) assumed a
fixed surface temperature To and internal heat production that
decays with time according to A = Aoe−λt. An analytical
solution for T(t, r) for this problem is given by Carslaw and
Jaeger (1959). Instead of fixed surface temperature,
Miyamoto et al. (1981) considered a linear radiation
boundary condition:

(4)

and derived an analytical solution of the above heat diffusion
problem with internal heat production from a single source.
From a theoretical view point, the radiation boundary
condition is more appropriate than a fixed surface
temperature boundary condition for thermal evolution of a
planetary body in the space. However, a body with a surface
temperature Ts surrounded by a black body at a temperature To
should be treated with the radiation boundary condition: 

(5)

where σ is the Stefan-Boltzmann constant, ε is the emissivity
of the surface and k is the thermal diffusivity (e.g., Özisik
1968). However, no analytical solution is available for the
heat diffusion problem under this non-linear boundary
condition. The problem was treated numerically by Ghosh
and McSween (1998). In this work, we have linearized the
radiation boundary condition, Equation 5, to the form of
Equation 4, and used the analytical solution of Miyamoto et
al. (1981). To linearize the boundary condition, dT/dr at the
surface was calculated as a function of Ts for To = 100–200 K,
using ε = 0.8 (Miyamoto et al. 1981; Ghosh and McSween
1998). It was found that dT/dr remains essentially
proportional to Ts, with h = −0.3147 to −1.3885 for To = 100–
200 K, until Ts exceeds To by ~100 K.

The solution to the heat diffusion equation for a spherical
body with only one source term that produces heat according
to the form A = Aoe−λt per unit volume, as derived by
Miyamoto et al. (1981), is as follows:

⋅ (6)

where To is the initial temperature, αn is the n-th root of the
equation (Rα)cot(Rα) + Rh − 1 = 0, K is the thermal
conductivity, k is the thermal diffusivity, ρ is the density, λ is
the decay constant of the heat producing radionuclide, r is the

radial distance from the center, and R is the radius of the
parent body. Calculation of Ts using Equation 6 and the above
values of h show very little change of Ts as function of time.
Thus, not only could the boundary condition be linearized
without introducing any significant error, but also there
should be very little difference between the results of thermal
evolution of a planetary body obtained from using constant
surface temperature and radiation boundary conditions. In
this work, we have used the linearized radiation boundary
condition. 

The primary cause of heating of a planetesimal is the
decay of 26Al (Urey 1955) and to a lesser extent that of 60Fe
(Shukolyukov and Lugmair 1993). It can be easily shown that
if there is an additional heat source (radionuclide) that
produces heat according to the same exponential form as
above, then one simply needs to add an additional term to the
solution of T(r, t) in the same form as for the first radionuclide.
The initial heat production rate at the time of planetesimal
formation, tf, is essentially constrained by the amount of these
short-lived radioactive elements that were still extant at that
time. Using a canonical solar system value of 26Al/27Al of 5 ×
10−5, the specific heat production rate, Ho(tf), due to the decay
of 26Al at tf was calculated by LaTourrette and Wasserburg
(1998) to be (2.7 × 10−7) exp(−λAltf) W/kg, where λAl is the
decay constant of 26Al. Birck and Lugmair (1988) estimated
60Fe/56Fe ratio of 1.6 × 10−6 in Allende CAI, while
Tachibana and Huss (2003) suggested a lower initial solar
system 60Fe/56Fe ratio of ~3 × 10−7. These data yield Ho(tf) =
H*exp(−λFetf), where λFe is the decay constant of Fe, with H*

of 1.97 × 10−8 and 3.7 × 10−9 W/kg according to the data of
Birck and Lugmair(1988) and Tachibana and Huss (2003),
respectively. In these calculations of H*, we have used heat
production due to the decay of 60Fe to be 2.78 MeV/atom
(Lederer and Shirley 1978) and the total Fe content to be
19 wt% in CI chondrite (Anders and Grevesse 1989). 

Figure 5 illustrates the results of our calculation of the
thermal evolution of a planetesimal as a function of tf, rc/R
and R, using both 26Al and 60Fe as the heat sources, and
assuming initial temperature To of 100 and 200 K. LaTourrette
and Wasserburg (1998) assumed To = 100 K, while Bennett
and McSween (1996) argued that To could not have been less
than 160 K. In the calculations in Fig. 5, we assumed that the
planetesimal had achieved a peak temperature of 625 °C at a
specified value of rc/R. This is approximately the minimum
temperature needed for any significant disturbance of 41K* in
melilite, according to the calculation of closure temperature
(Fig. 4), in typical melilite grains in the CAIs that are ~1 mm
in radius. With the peak temperature fixed to a specific value,
the value of R depends on the combination of values of tf and
rc/R. For specified values of tf and rc/R, the estimate of initial
60Fe/56Fe ratio by Tachibana and Huss (2003) yields a larger
value of R compared to that derived from the estimate of the
initial ratio by Birck and Lugmair (1984), when tf >2 Myr.

The planetesimal radius that is needed to disturb a specific

dT
dr------- hT, when r– R t 0>,= =

dT
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-------⎝ ⎠
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rK----------------- 1
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∑+=

λt–[ ] kαn
2–[ ]exp–exp( ) rαn( )sin
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percentage of randomly distributed melilite grains is shown in
Figs. 6a–6d as a function of tf, using To of 100 and 200 K.
Assuming random distribution of CAIs within a planetesimal,
the fraction of melilite grains disturbed equals the fraction of
the planetesimal volume (i.e., [rc/R]3) that experienced
temperature at or above 625 °C, the latter being the temperature
at rc. Also shown for comparison are the data for significant
retention of 26Mg* in ~50% of anorthite grains, using 26Al +
60Fe as the heat source (dashed lines in the main body). Here,
we used the condition, following LaTourrette and Wasserburg
(1998), that the ID(t)dt over the calculated T-t path at rc, equals
0.25a2, where a is the radius or half-width of a grain. This
procedure satisfies the condition of 90% loss 26Mg* from a
plagioclase grain by diffusion at the T-t condition at rc (a higher
value of this integral, ~0.4a2, seems more appropriate for 90%
loss, according to the results in Crank [1975], but changing the
value of the integral from 0.25a2 to 0.4a2 has an insignificant
affect on the calculated value of R). The results for To = 100 K
with 26Al as the only heat source were calculated earlier by
LaTourrette and Wasserburg (1998). 

The inset of Fig. 6a shows the effect of including 60Fe as
a heat source in addition to 26Al. The curves refer to the
condition for the disturbance of 26Mg* in 50% anorthite
grains. It is evident from these results that 60Fe has significant
effect on the thermal budget of a planetesimal if one accepts
the estimate of initial solar ratio of 60Fe/56Fe by Birck and
Lugmair (1988), but it has only minor effect according to the
more recent estimate of the initial ratio by Tachibana and

Huss (2003). Figures 6a (main body) and 6c illustrate the R
versus tf relations using the initial 60Fe/56Fe ratio by the latter
group, while Figs. 6b and 6d illustrate the same relations
using the initial 60Fe/56Fe by the former group. 

The calculations presented in Fig. 6 show that if 26Mg*

was essentially lost from ~50% of the anorthite grains, then
we should expect disturbance of 41K* in ~40% of melilite
grains. On the other hand, if 41K* in the majority of melilite
grains were disturbed, then the required planetesimal size
would have to be larger than that needed to at least partially
retain 26Mg* in 50% of the anorthite grains. Invoking a short-
lived partial melting event would not alleviate the problem
that would be created if 41K* were disturbed in the majority of
melilite grains, since the melting temperature of melilite
(1400 °C) is much higher than that of either anorthite
(1250 °C) or clinopyroxene (1225 °C) (Stolper 1982).
Consequently, both anorthite and fassaite would have
completely lost 26Mg* and 41K*, respectively, if the melilites
were to lose 41K* by melting.

On the basis of the 26Al/27Al ratio in chondrules, Kita et
al. (2000) and Kunihiro et al. (2004) estimated the time of
chondrule formation to be 2 Myr and 2.7 Myr, respectively.
In view of the very rapid cooling rate that seems to be
required for the chondrule formation (Lofgren 1994), we
assume that the chondrules formed before the accretion of
the planetesimals. Thus, if we set the chondrule formation
time as a minimum limit of the planetesimal accretion time,
then the calculations in Fig. 6 suggest a minimum

Fig. 5. Thermal evolution of planetesimals, assumed to be spherical bodies and heated by the decay of 26Al and 60Fe, as a
function of accretion time tf, radius R, and the ratio of critical radial distance rc to R (shown as numbers on the curves) that
experienced peak temperature of 625 °C. The initial temperature To of the planetesimal was assumed to be: a) 100 K and b)
200 K. The solid and short dashed lines were calculated on the basis of 60Fe/56Fe solar initial ratio estimated by Birck and
Lugmair (1998), while the long dashed lines were calculated on the basis of the initial ratio due to Tachibana and Huss (2003). 
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planetesimal radius of ~20–30 km if 26Mg* were almost
completely lost from ~50% of anorthite grains, as suggested
by LaTourette and Wasserburg (1998), and there was a
compatible disturbance of 41K* in ~40% melilite grains. On
the other hand, if 41K* were disturbed in significantly more
melilite grains, then the planetesimal radius would have to

be larger than that permitted by the criterion that 26Mg* was
disturbed in ~50% anorthite grains. However, it is unclear at
this stage how stringent the latter criterion is, since the type
B CAIs that have been so extensively analyzed for Al-Mg
systematics are only found in CV chondrites (A. Davis,
personal communication). 

Fig. 6. Radius of planetesimal as a function of the accretion time tf, and percentages of melilite and anorthite grains with disturbed isotopic
systems, using both 26Al and 60Fe as the heat source. It is assumed that 50% of anorthite grains almost completely lost 26Mg* (dashed line), while
the indicated percentages of the melilite grains were heated at least up to the closure temperature (625 °C) of K diffusion in melilites. The inset
in (a) shows the effect of incorporation of 60Fe as a heat source with the solar initial 60Fe/56Fe ratio estimated by Birck and Lugmair (B & L) and
Tachibana and Huss (T & H). The initial temperature To was assumed to be: a, b) 100 K and c, d) 200 K. In (a) and (c) 60Fe/56Fe solar initial ratio
according to Tachibana and Huss (2003); in (b) and (d) 60Fe/56Fe solar initial ratio according to Birck and Lugmair (1988).
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