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Chondrules are millimeter-sized igneous spheres
of silicate composition found in abundance in chon-
drites. Chondrules formed at the birth of the Solar
System and have been largely preserved since that
time; they represent one of the best possible probes
of the physical conditions and processes acting in
the solar nebula. A theoretical model for chondrule
formation is necessary to interpret the large body of
isotopic and petrologic chondrule data and to put
it all in context.

Chondrule formation models are judged by their
ability to match experimental constraints on chon-
drule formation, especially regarding their thermal
histories. As reviewed by [1-3], chondrule textures
are strongly linked to their thermal histories. The
most common textures of chondrules in ordinary
chondrites are porphyritic (85% of chondrules) and
barred (8%) [4]. Furnace experiments reproduce
chondrule textures if peak temperatures are above
the typical ≤ 1750◦C liquidus temperature by about
≈ 80−120 K (porphyritic) to ≈ 150−400 K (barred
olivines). Chondrule melts retain S, which requires
them to cool from their peak temperatures to subliq-
uidus temperatures at rates > 5000 K hr−1 [5]. Then,
through their crystallization temperatures ≈ 1400−
1800 K, chondrule textures are reproduced with cool-
ing rates ≈ 5 − 100 K hr−1 for porphyritic chon-
drules, and ≈ 500−3000 K hr−1 for barred olivines.
Successful models of chondrule formation must ex-
plain all aspects of their thermal histories.

The model most consistent with chondrule ther-
mal histories appears to be passage through shock
waves in the solar nebula gas. These have been
studied in 1-D (i.e., assuming large shocks) by [1]
and [6-8], and reviewed by [9]. Chondrules reach
their peak temperatures immediately past the shock,
while they are decelerating to the post-shock gas
velocity and experiencing supersonic drag. During
this stage, which typically lasts 1 minute, the chon-
drule’s temperature drops at a rate ∼ 104 K hr−1 by
several hundred K. Thereafter they cool at a rate
that depends on how quickly they can travel sev-
eral optical depths past the shock front, which is
usually ∼ 102 K hr−1. This cooling rate may be in-
creased if the gas, which is thermally coupled to the

chondrules, could cool by emission of infrared “line”
photons from H2O molecules. This was argued to
be a significant effect by [6], but recent work by our
group [10-12] has shown this effect to be insignif-
icant. One of the reasons why this is the case is
that immediately past a nebular shock with typical
speed ≈ 8 kms−1, a large percentage (10 − 20%)
of the H2 is dissociated. This cools the gas sig-
nificantly immediately past the shock front, from
> 3500 K to ≈ 2200 K. However, hydrogen also
heats the gas later, as the atomic H recombines.
This effect is found to buffer the cooling rates by
factors of 3 - 30 [11-12]. Solar nebula shocks are
remarkably consistent with the peak temperatures
and two-stage cooling of chondrules.

The sources of shocks are not so well constrained.
Gravitational instabilities in the solar nebula can
produce large-scale (1-D) shocks of the right speeds
[13]. Other sources were reviewed by [9]. Bow
shocks driven in advance of eccentric planetesimals
is another promising mechanism, especially given
the high probability of such events [14-16]. Plan-
etesimals at 3 AU on eccentric orbits will drive
shocks with speeds of the orbital velocity ≈ 17 kms−1

times their eccentricity e ≈ 0.3, or roughly 5 km s−1

typically. Even more eccentric planetesimals might
drive shocks up to, say, 10 kms−1, so the shock
strengths are appropriate to chondrule formation.
A more complete assessment of bow shocks as a vi-
able chondrule formation mechanism requires cal-
culating chondrule cooling rates in the face of ra-
diation and other physical effects. This has been
difficult because absorption of radiation emitted by
other chondrules is a dominant effect, but the ra-
diation field is relatively straightforward to calcu-
late only in 1-D geometries. A planetesimal bow
shock is parabolic, not planar, on scales compa-
rable to the size of the planetesimal itself, i.e., <
103 km, and the spatial distribution of heated chon-
drules is far from 1-D. Nevertheless, chondrule cool-
ing rates in bow shocks are typically estimated to
be ∼ 104 K hr−1 [16], because the chondrules will
travel beyond the shocked region in (103 km)/(10 kms−1)
∼ 100 s, and they inevitably will cool at rates (∼
103 K)/(100 s) ∼ 3×104 K hr−1, too fast to be com-
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patible with typical chondrule textures. One of the
surprising findings of [12-13] is that cooling rates
can be buffered by H2 recombinations, by factors
of 3 - 30. Investigations of chondrule heating in
planetesimal bow shocks have not yet included 2-D
radiative transfer or the energetics of H2 recombi-
nation. Here we present a preliminary investigation
to include these effects in bow shock models.

We use the shock code of [1] and [11-13] to
carry out our calculations of chondrule thermal his-
tories. To account for the bow shock geometry, we
do not calculate the radiation field assuming a 1-D
plane-parallel geometry. Instead, we assume that
the chondrules whose thermal histories we are fol-
lowing are surrounded by a cloud of chondrules at
the same temperature, so that effectively the radi-
ation field they see is J = B(Tbkgrnd) exp(−τ) +
B(Tch) [1 − exp(−τ)], where Tbkgrnd ≈ 300 K is the
background temperature, Tch is the chondrule tem-
perature, and τ is the frequency-averaged (Rosse-
land mean) optical depth from the center of the
cloud of chondrules to its edge. We note that chon-
drules near the edge of the cloud will see less ra-
diative heating and may be more typical, but this
allows us to estimate the minimum cooling rate. We
have varied gas density, shock speed and the optical
depth τ in an attempt to find the smallest possible
cooling rates.

We have run several simulations for the case
with shock speed 10 kms−1, a chondrule density
C = 30 times the expected chondrule/gas mass ra-
tio 3.75 × 10−3, and varying the size of the chon-
drule cloud to vary τ above. For τ = 1 the cooling
rates remain above 104 K hr−1, and τ ≥ 3 is re-
quired to lower the cooling rates significantly. Fig-
ure 1 shows the cooling rate vs. temperature for
τ = 3. The solid line is the standard case, while
the dotted line neglects H2 dissociation/ recombi-
nation. These effects do reduce the cooling rates,
by factors ≈ 2 near 1800 K. The optical depth is
τ = 0.017 C (R/1000 km), where R is the radius of
the chondrule cloud (note that dust evaporates in
chondrule-forming shocks [10,12]). From inspection
of Figure 1 of [16], R must be no more than 2 times
the planetesimal radius; τ = 3 therefore requires a
2000-km radius planetesimal. Alternatively, τ = 3
can be achieved by considering chondrule concen-
trations that push the chondrule density above the
gas density, or by considering gas densities larger
than are thought relevant to the 2-3 AU region.
Without some combination of parameters that in-
creases τ above 3, the planetesimal bow shock re-

gion is too optically thin to allow chondrule cooling
rates below those relevant to chondrule formation,
especially porphyritic chondrules.

What our analysis makes clear is that cooling
rates of chondrules in planetesimal bow shocks may
be buffered by H2 recombination and reduced by
factors of ≈ 2, but cooling rates < 102 K hr−1, ap-
propriate for porphyritic chondrules, requires much
more optical depth of chondrules (τ > 3) than stan-
dard parameters predict. A combination of large
planetesimal, high chondrule concentrations and high
gas densities may yet lead to appopriate chondrule
cooling rates, though, and are worth investigating.
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