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Abstract—Cooling rates of chondrules provide important constraints on the formation process of
chondrite components at high temperatures. Although many dynamic crystallization experiments
have been performed to obtain the cooling rate of chondrules, these only provide a possible range of
cooling rates, rather than providing actual measured values from natural chondrules. We have
developed a new model to calculate chondrule cooling rates by using the Fe-Mg chemical zoning
profile of olivine, considering diffusional modification of zoning profiles as crystals grow by
fractional crystallization from a chondrule melt. The model was successfully verified by reproducing
the Fe-Mg zoning profiles obtained in dynamic crystallization experiments on analogs for type 11
chondrules in Semarkona. We applied the model to calculating cooling rates for olivine grains of
type II porphyritic olivine chondrules in the Semarkona (LL3.00) ordinary chondrite. Calculated
cooling rates show a wide range from 0.7 °C/h to 2400 °C/h and are broadly consistent with those
obtained by dynamic crystallization experiments (10—1000 °C/h). Variations in cooling rates in
individual chondrules can be attributed to the fact that we modeled grains with different core Fa
compositions that are more Fe-rich either because of sectioning effects or because of delayed
nucleation. Variations in cooling rates among chondrules suggest that each chondrule formed in
different conditions, for example in regions with varying gas density, and assembled in the Semarkona

parent body after chondrule formation.

INTRODUCTION

Chondrules, the most abundant component of chondrites,
are generally considered to have formed from essentially
molten droplets, during rapid cooling from a high temperature
of around 1500 °C (e.g., Hewins 1988; Connolly et al. 2006).
They contain information on the early stages of solar system
formation: for example, cooling rates of chondrules give
constraints on the formation processes of chondrite
components in the high temperature range. Although many
dynamic crystallization experiments have been performed to
obtain the cooling rate of chondrules (e.g., Tsuchiyama et al.
1980; Hewins 1988; Hewins et al. 2005), experimental results
only show possible ranges of cooling rates at which
chondrules form, rather than the actual cooling rate. The
Semarkona LL ordinary chondrite is one of the most primitive
ordinary chondrites that suffered the least amount of
(secondary) thermal metamorphism, and is classified as
LL3.00 (Wasson 1993; Grossman and Brearley 2005). It
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contains many sharply defined chondrules that have clear
chemical zoning in olivine. This means we can potentially use
zoning profiles in chondrules in this chondrite to determine
the actual cooling rates that the chondrules experienced.
Minerals often show chemical zoning that provides
information on their thermal history such as cooling,
reheating and annealing of terrestrial rocks or extraterrestrial
materials (meteorites and lunar rocks, etc.). Because chemical
zoning is mainly controlled by atomic partition and atomic
diffusion, it enables us to obtain the cooling rate (or burial
depth) by analyzing it on the basis of diffusion calculations
under the appropriate boundary conditions. Chemical zoning
caused by diffusional modification alone (i.e., in the absence
of primary igneous zoning) can be applied to calculating the
cooling rate or burial depth, by fitting the zoning profile
calculated by solving the diffusion equation to the observed
zoning profile (e.g., Miyamoto et al. 1986). Although we have
previously reported the cooling rate (or burial depth) of many
meteorites on the basis of chemical zoning profiles of olivine
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or pyroxene (e.g., Miyamoto et al. 1986; Miyamoto and
Takeda 1994), these model calculations are based on the
assumption that diffusional modification occurred after
crystal growth finished. We did not consider diffusional
modification during crystal growth at the initial high-
temperature formation. In other words, we have only
considered diffusional modification starting from the profile
established by fractional crystallization after crystal growth
ceased, or from an assumed initial zoning profile.

Olivine in type II (FeO-rich) porphyritic olivine
chondrules in Semarkona preserves clear Fe-Mg zoning that
formed basically by fractional crystallization during the early
high-temperature stage of formation (e.g., Jones 1990). The
profile calculated by using a closed-system fractional
crystallization model, however, shows a subtle mismatch to
the observed zoning profile (e.g., Jones 1990; Miyamoto et al.
1998). This mismatch probably means that the primary
zoning profile was altered by diffusional modification during
the cooling history, including the crystal growth period. In
order to model this behavior, we have developed a new model
to calculate the cooling rate by using the Fe-Mg chemical
zoning profile of olivine, considering diffusional
modification during crystal growth (Miyamoto et al. 1999).
We have conducted a verification of the new model by using
experimentally produced Fe-Mg zoning of olivine formed at a
range of cooling rates (Jones and Lofgren 1993). After
successful verification, we have applied our model to
calculating the cooling rate of euhedral olivines with normal
Fe-Mg zoning in several type II porphyritic olivine
chondrules in the Semarkona chondrite.

SAMPLES AND EXPERIMENTS

We used a thin section of Semarkona that was kindly
supplied by Dr. G MacPherson. Detailed descriptions of
Semarkona chondrules are given by Jones (1990, 1996).

Olivine grains were selected on the basis of
backscattered electron images (BEI). Measurements of
compositional profiles were made by making spot analyses
every one to three micrometers by electron microprobe
(JEOL, JCXA-733) at the Ocean Research Institute,
University of Tokyo. We estimated the crystallographic axis
on the basis of the shape and cleavage of olivine, and
measured the zoning profile along the direction as near the ¢
axis as possible, because we use the Fe-Mg diffusion
coefficient in the ¢ direction. For electron microprobe
analysis, the acceleration voltage was 15 kV and beam
current was 24 nA on a Faraday cage. We analyzed 11 major
elements (Si, Mg, Fe, Ca, Na, K, Mn, Al, Ti, Cr, and Ni).
Counting times at peak wavelengths were 30 s. The
background intensity of each element was counted at both
sides of the peak wavelength. We measured 70 zoning
profiles of olivines in 17 type II porphyritic olivine
chondrules in the thin section.

M. Miyamoto et al.

Temperature

Ts
\ Crystal growth starts at 7 and

ends at Ty

Diffusion continues
from Tsto T

Time

Fig. 1. Schematic diagram of cooling history. The cooling rate is
linear. Olivine crystallization begins at 7, and continues to 7. In the
interval Ty to T zoning in olivine continues to be modified by
diffusion.

CALCULATION PROCEDURES

The outline of calculation procedures is as follows. The
olivine crystal grows as temperature decreases. Fe-Mg zoning
forms by closed-system fractional crystallization as the
olivine crystal grows. Fe-Mg diffusion takes place in the
growing olivine crystal. By simulating the above processes,
we compute the zoning profile and determine the cooling rate
by selecting the profile that provides the best fit to the
observed one.

Cooling Model

A schematic cooling history is shown in Fig. 1.
Crystallization of olivine starts at temperature T and ends at
temperature 7 as temperature decreases. For the cooling rate
calculation, we assume that cooling is linear (continuous)
from starting temperature (7) to closure temperature (7r) at
which Fe-Mg interdiffusion essentially ceases considering the
cooling rate. Ty is lower than ending temperature (7%).
Diffusional modification also starts at T, which is starting
time of crystallization, and ends at closure temperature (7).
As the crystal grows, Fe-Mg zoning forms in accordance
with the Rayleigh equation for closed-system fractional
crystallization, and diffusional modification takes place
during ongoing olivine crystal growth.

Olivine Crystal Growth

In this model, we assume that the olivine crystal is a
sphere, and that olivine crystal growth is parabolic (e.g.,
Elwell and Scheel 1975) during the formation of chondrule at
high temperature:
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where R is the radius of crystal and ¢ is time. The
proportionality constant is determined by the size of the
olivine grain and cooling rate (i.e., the growth rate is a
function of the size of the olivine grain and cooling time).

Fractional Crystallization

As was pointed out by Jones (1990), Fe-Mg zoning in
Semarkona olivine basically formed by fractional
crystallization. We calculated an Fe-Mg zoning profile
(primary zoning profile) by using the Rayleigh equation for
closed-system fractional crystallization (e.g., Jones 1990).
The equation is

= = 2

where Cy and C; are the initial concentration in the bulk liquid
and the concentration in the observed liquid, respectively. Kp,
is the distribution coefficient, and F is the fraction of liquid
remaining. We used the distribution coefficient (partition
coefficient) for Fe/Mg of 0.30 (e.g., Stolper 1977; Beattie
1993). As the olivine crystal grows based on Equation 1, with
decreasing temperature, the Fe-Mg profile is calculated in
accordance with the Rayleigh equation.

Fe-Mg Diffusion

During the formation of the Fe-Mg profile according to
Equation 2 during olivine crystal growth, we calculate
diffusional modification by solving the diffusion equation. It is
assumed that the compositional gradient of the Fa component
(=100 x Fe/(Mg + Fe), mol%) of olivine is controlled by Fe-Mg
interatomic diffusion (e.g., Miyamoto et al. 1986).

The diffusion equation was numerically solved by using
finite difference approximation in spherical coordinates,
assuming spherical geometry for the olivine grain:

oC _ 1)9d( 2,0
E‘;z{a—r(“)m} ®

where C, 7, and ¢ are the Fa component, position in spherical
coordinates, and time, respectively.
The initial condition is

C(r, 0) = C/r) 4)

where C; is an initial concentration profile. The initial profile
for the diffusion equation is the profile obtained by fractional
crystallization for a certain size of olivine at a certain

temperature.  Diffusional modification is calculated
progressively as the olivine crystal grows.
Boundary conditions are
9C(0,1) _
o ®

CR,1)=Cp (6)

where position R is at the interface between olivine and the
melt, that is, the radius of the olivine crystal as it grows. Cp is
the concentration at the grain boundary with the melt, that is,
the concentration of the edge of olivine crystal. The boundary
condition at the rim of olivine during the diffusional
calculation is determined by the Rayleigh equation. R and Cjp
change with the size of olivine.

Cooling is assumed to be linear (continuous) from the
starting temperature T to the final temperature 7

T:Ts—at (7)

where a is the cooling rate and ¢ is time. This means that
cooling rates determined in our calculations are average
cooling rates throughout the cooling period.

Estimation of 75 and T

We estimated T and 7y by using MELTS under the
option of “equilibrium” or “fractionate solids” (Ghiorso and
Sack 1995) for the bulk chemical composition of a typical
Semarkona type II chondrule (Jones 1990). Olivine is a major
liquidus phase for this composition. In the equilibrium model,
the amount of olivine increases down to 1270 °C and then
decreases gradually by a reaction between olivine and melt to
form orthopyroxene at lower temperatures. We estimated 7
as the temperature at which olivine having the core Fa
component crystallizes, using the fractionate solids option.
We also estimated 7 at which olivine having the rim Fa
component crystallizes, using the fractionate solids option.
However, if T, estimated using the fractionate solids option is
higher than 1270 °C, then T is set to 1270 °C, because we
cannot exclude the possibility that the olivine crystal grows
down to 1270 °C at which olivine continues to grow under the
equilibrium condition, if orthopyroxene crystallization is
suppressed. We employed a closure temperature (7f) of 900 °C
at which Fe-Mg interdiffusion essentially ceases. This
temperature was based on a consideration of the cooling rate,
and the appropriate value of the diffusion coefficient taking
into account the oxygen fugacity reported by Brett and Sato
(1984) for Semarkona.

Diffusion Model: Determination of Unknown Parameters

With the model set up as described above, there are three
unknown parameters to be determined: cooling rate, initial
concentration for fractional crystallization (Cy), and fraction
of liquid remaining (F). We determined these parameters by
employing the non-linear least squares method (Simplex
method; Nelder and Mead 1965) to fit the computed zoning
profile to the observed zoning. The calculation procedures are
as follows:

1. Determination of T and Ty by using MELTS.
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2. Estimation of initial values for the three unknown
parameters (i.e., the cooling rate, and C, and F in
Equation 2.

3. Determination of the proportionality constant in
Equation 1 from the given cooling rate and the size of
olivine crystal now observed.

4. For a given short time, calculation of the size of olivine
crystal growth by Equation 1.

5. Calculation of the zoning profile for the small olivine
crystal by using the Rayleigh equation (Equation 2) for a
given short time.

6. By employing this calculated zoning profile as the initial
profile for Equation 4 and the fixed boundary conditions
of Equation 6 determined by the distribution coefficient
between olivine and the melt, we obtain the zoning
profile after the short time elapsed.

7. Procedures 46 are repeated until the olivine grain has
grown to the size now observed, as time proceeds and
temperature decreases. At each step, a new node is added
to the finite difference mesh.

8. Calculation of the residuals by comparing the calculated
profile with observed profile.

9. Determination of the three unknown parameters to
minimize the residuals by the Simplex method by
repeating procedures 3—7.

Because the non-linear least squares method sometimes
converges on some local minima of the function to be
minimized, we performed non-linear least squares for several
different initial values for unknown parameters and took the
values of the parameters that give the minimum residuals.

Diffusion Coefficient

In our model, we assume that the compositional gradient
of the Fa component of olivine is controlled by Fe-Mg
interatomic diffusion. The results are thus strongly dependent
on the value of the Fe-Mg interdiffusion coefficient used in
the calculations (Dp,). Although several expressions of the
Fe-Mg interdiffusion coefficient in olivine have been reported
(e.g., Buening and Buseck 1973; Misener 1974; Nakamura
and Schmalzried 1984; Jurewicz and Watson 1988;
Chakraborty 1997), there are about two orders of magnitude
difference among these values (see Fig. 1 in Miyamoto et al.
2002). This difference gives about two orders of magnitude
difference in the calculated cooling rate. Miyamoto et al.
(2002) evaluated the Fe-Mg interdiffusion coefficient by
examining Fe-Mg chemical zoning produced experimentally
and concluded that the profile calculated by the Fe-Mg
diffusion coefficient reported by Misener (1974), with
consideration of the effect of oxygen-fugacity included, gives
the best fit to the observed zoning profile.

The expression of the Fe-Mg interdiffusion coefficient by
Misener (1974), for olivine parallel to the ¢ axis, is
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Dy, =102(0.41 + 0.0112C,) exp[(~58.88 + 0.0905C,)/RT],
900 °C < T< 1100 °C (8)

where Dp, is the Fe-Mg interdiffusion coefficient in cm?/s,
Cr, is the Fa component in mol%, R is the gas constant in kcal
mol~! K-! and T is temperature in K. Misener (1974) did not
report oxygen-fugacity (fO,) dependence, because his
experiments are performed under the QFM (quartz-fayalite-
magnetite) buffer of oxygen fugacity. Buening and Buseck
(1973) demonstrated the dependence of the Fe-Mg
interdiffusion coefficient in olivine on temperature,
composition and oxygen fugacity. Miyamoto et al. (1986) and
Miyamoto et al. (2002) extrapolated the Dp, reported by
Misener (1974) by using an equation for variation with
oxygen fugacity similar to that of Buening and Buseck
(1973). This extrapolation enables us to employ the Fe-Mg
diffusion coefficient of Misener (1974) under any oxygen-
fugacity conditions. The Dy, of olivine extrapolated by
Miyamoto et al. (2002) is

Dro= (f0,)"6 exp[In(0.0041 + 0.000112C,)-3.4538]
exp[(=39.27 + 0.0905C},)/RT]
=0.03163 x 102 (f0,)16(0.41 + 0.0112Cy,) exp[(—39.27
+0.0905C},)/RT], 900 °C < T'< 1100 °C 9)

where fO, is the oxygen fugacity in atm. Although this
equation strictly applies to the temperature range 900—
1100 °C, extrapolation of the equation to higher temperature
ranges is not problematic, because there is not likely to be a
change in the activation energy of diffusion at high
temperatures.

We calculate the temperature dependence of the oxygen
fugacity by using the fO,-temperature relation reported by
Brett and Sato (1984) for Semarkona:

log( fO,) = 3.6-24400/T (10)

The diffusion coefficient in the ¢ direction was used,
because diffusion in this direction is the fastest among the
three  crystallographic  directions, and  diffusional
modification tends to be dominated by the largest diffusion
coefficient.

VERIFICATION
Chondrule Olivine

Jones and Lofgren (1993) experimentally produced
porphyritic olivine textures by dynamic crystallization of a
bulk chemical composition similar to a type II porphyritic
chondrule of Semarkona. They reported Fe-Mg zoning
profiles of olivine from experiments that were continuously
(linearly) cooled at 2 °C/h from 1525 °C to 985 °C, 5 °C/h
from 1550 °C to 1015 °C, and 100 °C/h from 1525 °C to
1200 °C. We used these experimentally produced profiles for
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verification of our model, that is, we calculated the cooling
rate by using our model to obtain the best-fit profile to the
experimentally produced zoning profile. We estimated both
the temperature (75) at which olivine crystallization begins
and temperature (75) at which olivine crystallization
terminates by using MELTS (Ghiorso and Sack 1995) for the
bulk chemical composition of the experimental starting
material. For the 2 °C/h, 5 °C/h, and 100 °C/h experiments,
values of Ty are 1500 °C, 1450 °C, and 1410 °C, respectively,
and T is 1270 °C in all cases. T is dependent on the core Fa
component. Ty is the same as the temperature at which the
experiment finished. Because the experiments were carried
out at log fO, = IW-0.5, we used this oxygen fugacity in the
model verification.

Figure 2 shows the results of verification. Open circles
show the zoning profiles produced by dynamic crystallization
experiments reported by Jones and Lofgren (1993) and solid
curves show the calculated profiles. The best-fit cooling rates
obtained by our model calculations are 2.5 °C/h for the 2 °C/h
cooling experiment, 6.2 °C/h for the 5 °C/h cooling
experiment and 124 °C/h for the 100 °C/h cooling
experiment. The calculated zoning profiles are in good
agreement with the experimentally produced profiles. These
results mean that the Fe-Mg interdiffusion coefficient
reported by Misener (1974) with oxygen-fugacity dependence
(Miyamoto et al. 2002) is relatively accurate and that our
model for calculating the cooling rate on the basis of Fe-Mg
zoning considering the crystal growth gives a good estimation
of the cooling rate.

Miyamoto et al. (2006) also performed verification of our
model for zoning profiles experimentally produced by
dynamic crystallization of martian and lunar meteorite
compositions. Although the bulk chemical compositions of
these meteorites are different from the Semarkona
composition, the estimated cooling rates are in good
agreement with experimental values. These results mean that
our model can be of use for a wide variation of chemical
compositions. The computer program of our model written by
Fortran can be used on Microsoft Windows.

RESULTS AND DISCUSSION

Figure 3 shows examples of the fitting results for olivines
in different type II porphyritic olivine chondrules. Open
circles show zoning profiles measured by electron
microprobe and solid curves show the calculated profiles.
Table 1 summarizes the observed and calculated results for
olivine grains in different chondrules. The calculated cooling
rates show a wide range, from 0.7 °C/h to 2400 °C/h, and are
different among chondrules. This result suggests that each
chondrule formed in different environmental conditions and
assembled in Semarkona after chondrule formation. The
cooling rates for different olivines in the same chondrule have
roughly similar values (CH1, CHS, CH6, CH10, and CH16 in
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Table 1). These results indicate that olivine grains in the same
chondrule formed in similar environmental conditions. The
cooling rates for many olivine grains in CH5 vary from
7.3 °C/h to 23 °C/h and the average value is 16 °C/h with
standard deviation of 6 °C/h, giving an estimate of our model.
This level of error is reasonable considering the
heterogeneous distribution of crystals in the melt.
Representative zoning profiles for several olivines in CHS are
shown in Fig. 3 (panels c, d, and e). The zoning profile for a
different direction in the same olivine grain gives a similar
cooling rate (L47, L48, and L70 in Table 1). The dashed curve
in Fig. 3¢ shows the profile calculated by the Rayleigh
equation without diffusional modification. The difference
between the dashed and solid curves is caused by Fe-Mg
diffusion.

We determined the sensitivity of our model to the
calculated parameters T and 7%, by calculating cooling rates
for the L17 zoning profile with a range of values for Tgand T
(Table 2). The difference in Ts does not significantly affect the
calculated cooling rate, i.e., the effect of supercooling of T
for the cooling rate calculation is negligible for our model.
However, a change of Ty does affect the result significantly:
100 °C of difference in 7% results in a factor of 3—4 times
difference in the cooling rate.

The calculated Fa component of the initial concentration
for fractional crystallization (Cy) is usually smaller than the
core composition of the corresponding observed profile
(Table 1), because the core Fa component now observed
increases by Fe-Mg diffusion during cooling. Because the
temperature 7 is determined by the Fa component at the onset
of olivine crystallization (that is, Cy), as discussed above, we
determined T that is consistent with C,, by iteration. Although
the difference in 75 does not significantly affect the calculated
cooling rate, we performed this iteration process.

For the measured zoning profiles, we selected olivine
grains with the most Mg-rich core compositions or largest
sizes in a given chondrule. These properties are most likely to
represent earlier nucleation and cutting near the center of the
crystal, compared with grains that have more Fe-rich core
compositions. We computed the cooling rate for several
olivine grains in CHS to compare the results for different
grains (Table 1). The difference in the core Fa component of
olivines in CHS is partly due to the cutting effect (sections at
different distances from the centers of olivine crystals), and
also partly due to the time of nucleation of the crystal. We
used the 7 determined from the core Fa component of each
olivine by using the MELTS program. The Ty is different
varies with the core Fa component, because the core Fa
component increases as the temperature decreases. This may
partly relieve the effects of cutting and the time of nucleation,
because olivine having more Fe-rich core compositions may
crystallize at a lower temperature. In order to check these
effects, we showed the results for olivines having different
core compositions for CHS and CH6 (Table 1). The
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Fig. 2. Comparison of the calculated zoning profiles (solid curves)
with the observed zoning profiles (open circles) produced by
dynamic crystallization experiments by Jones and Lofgren (1993).
(a) 2 °C/h, (b) 5 °C/h, and (c) 100 °C/h cooling experiments. Solid
curves show the best-fit to the observed profiles and numbers show
both the best-fit cooling rates and experimental cooling rates.
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differences in cooling rates determined for grains of different
core composition, e.g., Fag, (L18) and Faq (L22), 23 and
12 °C/h, respectively, are comparable to the range of cooling
rates determined for similar core compositions e.g., Fagy
(L17) and Fag, (L18), 13 and 23 °C/h, respectively.

The calculated values of the fraction of liquid remaining
(F) range from 6% to 49% (Table 1). In comparison, observed
values of the amount of melt reported by Jones (1990) for
Semarkona chondrules range from 15 to 37%. Our calculated
results are broadly consistent with the observed values. Since
we only used a single, generalized bulk composition for all our
calculations, we consider this to be reasonable agreement. The
fraction of liquid remaining calculated for different olivine
grains in the same chondrule shows a wide range: for example,
from 6% to 31 vol% for CHS5. The high value of 31 vol% is for
the calculation that uses a high core Fa content (Fa,g), and this
is consistent with a short crystallization interval. For grains
with (measured and calculated) core Fa values <10 mole%, the
range of values for F' is much more limited, 6 to 13 vol%. In
addition, the same olivine grain in the same chondrule shows a
similar value (L17 and L.47, L18 and L48, 169, and L.70). This
illustrates the variability of the results based on the exact input
parameters (core and rim olivine composition, length of zoning
profile) used for each calculation.

According to the summary by Hewins et al. (2005),
porphyritic olivine chondrules can be experimentally
reproduced at linear cooling rates of 10—1000 °C/h. Cooling
rates as low as 0.1 °C/h, determined from exsolution
features in pyroxene (Weinbruch et al. 1998), are relevant to
a lower temperature range than the crystallization interval
(1000 to 1200 °C), and indicate that the true cooling rate
curve for chondrules is most likely non-linear. Our
calculation results of cooling rates in the range 1 to 2400 °C/
h are broadly consistent with the experimental results.
Although higher cooling rates in chondrules are typically
associated with textures indicative of high growth rates, e.g.,
barred and excentroradial textures, textures are also strongly
controlled by factors such as the presence of seed nuclei
(e.g., Lofgren 1996; Hewins et al. 2005). We applied our
model only to normally zoned euhedral olivines: further
studies are needed to obtain the cooling rates for different
textures of olivine such as skeletal or barred textures. Our
results show that some calculations give cooling rates as
slow as 1 °C/h, slower than the lower limit of the cooling
rate (10 °C/h) indicated by dynamic crystallization
experiments. Our results suggest that type Il porphyritic
olivine chondrules actually formed with a wide variety of
cooling rates. Our results are important, because
experimental results only show the possible range of cooling
rates at which porphyritic olivine chondrules form, whereas
we have shown a measured range of values.

Wasson and Rubin (2003) and Wasson (2004) argued for
very rapid cooling rates of 103 K/s for chondrules, based on
observations of thin overgrowths on relict olivine grains. This
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Fig. 3. Calculated zoning profiles (solid curves) and observed zoning profiles (open circles) for the Fa (= 100 x Fe/(Mg+Fe), mol%) component
of olivines in type II porphyritic olivine chondrules of Semarkona (LL3.00). (a)—(h) show different olivines in chondrules; c)—(e) are all from
chondrule 5. Solid curves show the best-fit to the observed profiles and numbers on curves show the best-fit cooling rates calculated by our
model. Dashed curve in (c) shows the profile calculated by the fractional crystallization model without diffusional modification, for
comparison. The observed and calculated values for these profiles are summarized in Table 1.
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result is about 103 times faster than both experimental results
(e.g., Hewins 1988) and our calculations. Wasson and Rubin
(2003) have argued that in a type II chondrule, the majority of
the volume of each olivine crystal is a relict grain, and that
only the outer few micrometers of an existing olivine grain
grew from the melt during the last chondrule melting event.
We have demonstrated clearly that zoning profiles in olivine
crystals are strongly consistent with a model in which olivine
crystals grow essentially entirely by fractional crystallization,
with diffusion occurring within the crystal during the
crystallization interval. In addition to the consistency with
experimental observations, this provides a robust argument
against the very rapid cooling rates proposed by Wasson and
Rubin (2003) and Wasson (2004). Additional experimental
observations that contradict the very rapid cooling rates are
summarized by Hewins et al. (2005).

In our model, we assume linear cooling rates for
chondrule olivines. This is most likely a simplification
because chondrules are more likely to have experienced non-
linear cooling rates (e.g., Hewins et al. 2005). Further work
would be required to constrain cooling rates based on a non-
linear cooling model. The cooling rates we have determined
should be viewed as estimates of the average cooling rate over
the 200-300 °C interval relevant to olivine crystallization,
and as such are reasonable parameters to compare with
cooling rates predicted in chondrule formation models.

The range of cooling rates calculated from our modeling
is a plausible range for chondrule formation in the solar
nebula. For example, the shock model for chondrule
formation proposed by Desch and Connolly (2002) gives
cooling rates ranging from 5 to 10,000 °C/h, for gas densities
varying from 3 x 10719 g/cm3 to 3 x 10~ g/cm? and shock
speeds from 6 km/s to 9 km/s. In order to account for a range
of cooling rates in similar types of chondrules in the same
chondrite, such as we infer for Semarkona, we would need to
propose that they are derived from a region of the solar nebula
with local heterogeneity in gas density. This could be either a
result of changes in density with depth in a dense chondrule
formation region, or gas density could vary less systematically
as a result of turbulence. Chondrules with varying cooling
rates could have been mixed by turbulence and settling after
formation. Because these conditions are related to the
frequency of shock events, heterogeneity in the chondrule
formation region, and the magnitude of turbulence, further
observational and theoretical studies for chondrules are
needed to clarify the conditions of chondrule formation.

CONCLUSIONS

The conclusions reached in the present study are the
following:
1. We developed a new model to calculate the cooling rate
of olivine in porphyritic olivine chondrules, by using the
Fe-Mg chemical zoning profile of olivine and
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considering diffusional modification during crystal
growth.

2. Our model was successfully verified by reproducing the
Fe-Mg zoning profiles obtained in dynamic
crystallization experiments on analogs for type II
chondrules in Semarkona.

3. Calculated linear cooling rates for olivine grains in
Semarkona chondrules are broadly consistent with those
determined in dynamic crystallization experiments
(10-1000 °C/h), although they span a larger range,
1-2400 °C/h. According to experiments, cooling
rates >1000 °C/h are typically characterized by textures
indicative of high growth rates, but the chondrules for
which we calculate fast cooling rates are all porphyritic
with euhedral olivine crystals.

4. The calculated cooling rates are different among
individual chondrules. This result suggests that
individual chondrules formed under different conditions,
for example in regions of different gas densities in a
shock-wave model for chondrule formation, and were
subsequently mixed after chondrule formation, before
assembly into the Semarkona parent body.
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