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Introduction: Compound chondrules are com-
posed of two or more chondrules fused together. They
are rare in all chondrules (∼ 4% [e.g., 1 – 5]), but oc-
cur in many classes of chondrites, so they offer cru-
cial information regarding the physical and chemical
state of solid materials during chondrule formation.
One of the models for compound chondrule forma-
tion is the random collision model, in which totally
or partially molten particles collided with appropri-
ate relative velocity [1, 3]. However, the collision
frequency in the solar nebula is too small to account
for the observed compound fraction because of the
low density of matter in the nebula [1 – 3].

In this paper, we propose a new scenario for com-
pound chondrule formation. The shock-wave heat-
ing model is one of the most plausible models for
chondrule formation [e.g., 6]. In this model, the
dust particles are exposed to high-velocity gas flow
and heated by gas frictional heating. Recently, we
carried out three-dimensional hydrodynamic simula-
tions of molten dust particle exposed to the gas flow
and showed that molten cm-sized dust particle is dis-
rupted into many small pieces in a typical setting of
nebula shocks [7]. These pieces have many chances of
mutual collisions to form compound chondrules be-
cause the local number density of them behind the
disrupted particle is enhanced. We name this sce-
nario “fragment-collision model” and believe that it
can be a strong candidate for compound chondrule
formation.

The purpose of this study is to estimate the colli-
sion frequency between these pieces by using a simple
formulation. In this paper, we call the disrupted dust
particle as “parent” and small pieces as “ejectors.”
For simplicity, we assume that all ejectors have the
same radius of re.

Formulation: The number of collision per unit
time (collision rate) is given by Rcoll ∼ σcollne∆v,
where σcoll is the collisional cross-section, ne is the
number density, and ∆v is the velocity dispersion of
ejectors [1, 3]. The original point of our model is to
estimate ne resulting from disruption of the parent.
Considering the total number of ejectors torn away
from the parent during a short period of time δt, δN ,
and the volume of the region in which these ejectors
are scattered, δV , we obtain ne = δN/δV . Assuming
that all ejectors just after ejection are parting from
the parent with a velocity of ∼ ∆v, we obtain the
volume in this phase as δV0 ∼ 2πr2

p∆vδt, where rp is
the radius of parent (see Fig. 1a). After ejection, the

motions of ejectors are affected by the ambient gas
flow. We simply assume that ejectors are accelerated
with a constant acceleration a in the direction of the
gas flow (z-axis), on the other hand, in the direction
perpendicular to the gas flow (r-axis) they move with
a constant velocity of ∼ ∆v (see Fig. 1b). In this
later phase, the region in which ejectors are scattered
is getting wider steeply with time t and its volume is
given by δVt ∼ π(∆vt)2atδt. Approximating δV '
δV0 + δVt, we obtain the number density of ejectors

ne ∼ Reject/(2πr2
p∆v + π∆v2at3) (1)

and the collision rate

Rcoll ∼ (2r2
eReject/r2

p)[1 + (t/t∗)3]−1, (2)

where Reject is the ejection rate defined by Reject ≡
δN/δt and t∗ ≡ (2r2

p/∆va)1/3. Integrating Eq. (2)
over t from 0 to ∞, we obtain the collision frequency
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where pfm is the gas ram pressure and ρmat is the ma-
terial density of parent and ejectors (we set ρmat =
3 g cm−3 in this paper). In Eq. (3), we substitute
a = 3pfm/4reρmat.

Ejection from Liquid Layer: In order to es-
timate ∆v and Reject in Eq. (3), we have to model
the ejection from molten parent. Since the cm-sized
parent is too large to homogenize internal tempera-
ture due to the thermal conduction, it should melt
from the surface facing the gas flow [8]. Fig. 2 shows
the schematic picture of this situation. For simplic-
ity, we assume that physical properties in the liquid
layer is uniform. The surface of the liquid layer is
forced to move with a velocity vθ by the tangential
component of ram pressure ∼ pfm/2. In contrast,
there is no motion at the surface of solid core. The
tangential stress of viscosity is given by Trθ ∼ µvθ/h,
where µ is the viscosity and h is the width of the liq-
uid layer. We obtain vθ by considering the balance
between Trθ and pfm/2. Assuming that ∆v is the
same order of magnitude of vθ, we obtain

∆v ∼ (pfmrp/2µ)λ, (4)

where λ ≡ h/rp is the normalized width of liquid
layer. The total volume of liquid layer can be roughly
estimated as λ times the volume of whole parent.
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When the liquid layer fragments into ejectors, the to-
tal number of ejectors is Ne ∼ λ(rp/re)3. Assuming
that the fragmentation proceeds in a fluid crossing
time tcross ∼ rp/vθ, we obtain the ejection rate as

Reject ∼ λ2(rp/re)3pfm/2µ. (5)

Collision Frequency: We adopt a standard set
of parameters as follows: rp = 1 cm, re = 300 µm,
pfm = 3 × 104 dyne cm−2, and µ = 102 poise. We
also find that λ ∼ 0.05 by considering the balance
between the timescale of heat conduction and the
fluid crossing time. Substituting above values, we
obtain ∆v ∼ 7.5 cm s−1 and Reject ∼ 1.4 × 104 s−1.
Finally, the collision frequency is

Fcoll ∼ 0.39. (6)

Surprisingly, above estimation is about one order of
magnitude larger than the observational compound
fraction. It suggests that the fragment-collision model
can account for the observational fraction if only
∼ 10% of all chondrules formed via the fragmenta-
tion events of cm-sized parent dust particles.

We also substitute other sets of parameters in fol-
lowing ranges: rp = 0.5−2.0 cm, re = 100−1000 µm,
pfm = 104 − 105 dyne cm−2, and µ = 10 − 103 poise
and find that the collision frequency ranges about
∼ 0.1 − 1.

Oxygen Isotopic Data: In the fragment-collision
model we proposed in this paper, the constituent
chondrules of compounds are likely to have simi-
lar compositions because ejectors originate the same
parent. The oxygen isotopic compositions were mea-
sured for 3 sets of blurred-type compounds, 6 sets
of adhering- or consorting-type compounds, and 2
sets of enveloping-type compounds [4]. It was found
that in a three-isotopic diagram, all sets of blurred-
, adhering-, and consorting-types fall in the typical
range obtained for single chondrules from the same
chondrites (CV3). These results suggest that the
two constituent chondrules of these compounds orig-
inated from the same dust reservoirs as those single
chondrules. These observations are consistent with
our new model for compound chondrule formation.

In contrast, in one set of enveloping-type, the
oxygen isotopic compositions differ between two con-
stituent chondrules. This result might suggest that
this enveloping-type compound has not formed by
our new model but the relict grain model as sug-
gested by [2, 9].

Summary: We proposed a new scenario for com-
pound chondrule formation named as “fragment-collision
model,” in the framework of the shock-wave heating
model. We modeled the disruption of molten cm-
sized dust particle exposed to high-velocity gas flow

in order to estimate the efficiency of mutual collisions
between small fragments. The predicted collision fre-
quency was ∼ 0.1 − 1, which is about one order of
magnitude larger than the observational compound
fraction. We concluded that this new model can ac-
count for compound chondrule formation.
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Figure 1: Schematic picture of disruption of molten
parent dust particle exposed to high-velocity gas
flow. When the gas ram pressure is too strong for the
molten parent to keep its shape, many small ejectors
are dispersed behind the parent. These ejectors have
many chances of mutual collisions to form compound
chondrules because the local number density of them
behind the parent is enhanced.

Figure 2: Schematic picture of liquid layer formed at
the surface of parent particle.
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