Cooling Rate of Chondrule Estimated from Compositionally-Zoned Olivine
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1. Compositional zoning of olivine

Olivine phenocrysts in chondrules exhibit remarkable com-
positional zonings, which record the crystallization environ-
ments in the early solar nebula.
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igure 1: (a) BSE image of type Il porphyritic
chondrule. (b) Compositional zoning profile. [4]

- Question \
What is the origin of linear zoning?

How can we infer the cooling rate from the zoning profile?

4. Numerical results

N J

2. Fractional crystallization

The key process of the chondrule-melt crystallization is el-
emental partitioning between growing phenocrysts and the
remaining liquid. Solidification under rapid cooling condition
causes compositional gradient in the liquid. The composi-
tional gradient leads to significant modifications in the com-
positional zoning profile in minerals.
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Figure 2: Models of fractional crystallizations.

- Motivation D
To decipher the records of the solar system history preserved

in the chondrule textures, we should obtain comprehensive

kunderstanding of the dynamics of solidification!! )

- Purpose of this study N
We elucidate the formation process of the linear zoning

profile of relict olivines in chondrules.
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3. Basic equations

Crystal growth associated with solute diffusion in a liquid has
been formulated as a moving boundary problem [3]:

Jder _ 9 (DL%> + V% (' > 0), (1)
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where ¢, is the concentration of FeO in liquid; 2, coordinate
co-moving with the solid-liquid interface; Dy, diffusivity in
liquid; V', growth velocity. The interface is fixed at 2’ = 0.
Eq. (1) must be solved with the initial condition given by

cL(x;0) = e = ¢ (To), (2)

the boundary conditions given by

cL(oo;t) = crp = ¢ (To) (3)

and
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where ¢y is the initial concentration in the liquid; ¢ and
cg, the equilibrium concentrations in liquid and solid, respec-
tively; 1j, initial temperature at which the solid co-exists with
liquid in equilibrium. ¢; and cg are given by an ideal solution
model [1].
We decrease temperature I’ at a constant rate R, to trigger
the crystal growth.

G(T)—ci(T) =0 ataz' =0, (4)

As the temperature decreases, the solid-liquid interface moves
rightward. Figure 3 shows that cj, rises ahead of the moving
interface as a result of the partitioning. Note that a concen-
tration cg in the solid increases monotonically with x. The
area in which the composition changes steeply is called an
initial transient [3]. cg exceeds ¢y at © = 16.5 um, which
gives a width of the initial transient d;.
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Figure 3: Numerical result
for T, = 1900 K and R. = 10° K s~ .

The position of interface d(t) is well fitted (see Fig. 4) by
d(t) = Vity(et™ — 1), (5)

where Vj is initial growth velocity and %, is time constant.
This indicates that V' increases exponentially with time:

V(t) = Vellh. (6)

1

In this case, the best-fit values are Vj = 26.2 yum s and

to = 0.124 s, respectively.
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Figure 4: Interface position d(t) as a function of
time (open circles). The solid curve shows the
best-fit using Eq. (5).

Figure 5 shows the dependence of the width of the initial tran-
sient d; (panel a) and the time constant ¢ (panel b) on R..
Note that these parameters show a power-law dependence on

R di x Re"* and tg oc R7L.
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Figure 5: Dependence of the initial transient
parameters on the cooling rate R..

5. Analysis of compositional zoning

We found an empirical relation (see Miura & Yamamoto, in
prep. for the physical grounds):
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where t, = AT,./R. is solidification time and AT, is the
temperature difference between the liquidus and solidus for a
given concentration. Taking Eq. (6) into account, the solute
distribution in the crystal in the initial transient is expressed
(see Miura & Yamamoto, in prep. for derivation) by

21 R,
1+<1—ko>\/DLM 2@

CS (il?) ~ kQCLQ

where ky = c/c]. Note that cg increases linearly with x.
From cs(d;) = cr, we immediately obtain

1 [DLAT.

de =~ .
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Figure 6 shows that these analytic formulas well reproduce
the numerical results for wide ranges of 1, and R..
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Figure 6: Comparison between the analytic
formulae and the numerical results.

6. Discussion

From Eq. (8), we obtain

R,

DLATC (dCS

2
~ ~ 200 — 2000 K s~ (10
2k (1 — ko2, dx) s (10

for D, = 107°=10" cm? s7!, AT, = 200 K, kg = 0.4, ¢ =
0.5, and dcg/dx = 300 cn ™!, These estimates are orders of
magnitude higher than the cooling rate of 0.01 — 1 K s!
inferred from furnace-based experiments.

Aerodynamic drag heating induced by nebula shocks is one
of the plausible mechanisms to melt chondrule precursor sil-
icate grains. However, it does not satisfy simultaneously
following two thermal constraints [2] such as rapid heating
(~ 10* — 10° K hr~* sufficient to prevent isotopic fractiona-
tion of sulfur in primary troilite and consecutive slower cool-
ing (< 10° K hr!) inferred by the furnace-based experi-
ments. Much more rapid cooling suggested by our theory
supports shock waves produced in the solar nebula, which
can cause the rapid heating and consecutive rapid cooling
as the chondrule-forming events. These shocks include plan-
etesimal bow shock, nebula shocks in less-dusty environments
, and shock waves induced by X-ray flares.

- Conclusion N
The most important outcome of this study is to propose

analytic relations between the compositional zoning profile
and the growth conditions of crystals. The relations enable
one to reveal the growth conditions, in particular, the cool-
ing rate at the formation of chondrules. The cooling rate
is one of the most important but undetermined key param-
eters in astromineralogy and in clarifying thermal history in
the solar nebula. Our approach may provide a new diag-

nostic method for compositional zonings in minerals.
NS J
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