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Abstract—We present a model for the thermal processing of particles in shock waves typical of the
solar nebula. This shock model improves on existing models in that the dissociation and recombination
of H, and the evaporation of particles are accounted for in their effects on the mass, momentum and
energy fluxes. Also, besides thermal exchange with the gas and gas-drag heating, particles can be
heated by absorbing the thermal radiation emitted by other particles. The flow of radiation is calculated
using the equations of radiative transfer in a slab geometry. We compute the thermal histories of
particles as they encounter and pass through the shock.

We apply this shock model to the melting and cooling of chondrules in the solar nebula. We
constrain the combinations of shock speed and gas density needed for chondrules to reach melting
temperatures, and show that these are consistent with shock waves generated by gravitational
instabilities in the protoplanetary disk. After their melting, cooling rates of chondrules in the range
10-1000 K h-! are naturally reproduced by the shock model. Chondrules are kept warm by the
reservoir of hot shocked gas, which cools only as fast as the dust grains and chondrules themselves
can radiate away the gas's energy. We predict a positive correlation between the concentration of
chondrules in a region and the cooling rates of chondrules in that region. This correlation is supported
by the unusually high frequency of (rapidly cooled) barred chondrules among compound chondrules,
which must have collided preferentially in regions of high chondrule density. We discuss these and
other compelling consistencies between the meteoritic record and the shock wave model of chondrule

formation.

INTRODUCTION

Chondrules—tiny (diameters 0.1-1 mm), igneous spheres
of ferromagnesian silicates—make up more than half of all the
meteoritic material that falls to Earth each year (see Hewins,
1996 and articles therein). The asteroid belt probably contains
over 1024 g of chondrules (Levy, 1988), each one of which was
melted during the first 10 Ma of the solar system (Swindle et
al., 1996). While rare presolar grains exist (Zinner, 1997),
chondrules and calcium-aluminum-rich inclusions (CAls), also
found in carbonaceous chondrites, are the oldest rocks formed
in the solar system. Of all meteoritic material, chondrules and
CAls have the most to tell us about the conditions in the solar
nebula: what were the gas pressures, temperatures and
compositions, what was the role of turbulence, and what
energetic processes were taking place in the solar nebula to
melt the chondrules. Probably no problem is as fundamental
to meteoritics as the problem of how chondrules formed and
were melted. Yet, despite the discovery of chondrules exactly
200 years ago by Howard and de Bournon (Howard, 1802;
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Wood, unpubl. data), the first proposal of a chondrule formation
theory 125 years ago (Sorby, 1877), and an explosion of
progress in the last several decades, no theory of chondrule
formation enjoys widespread acceptance. The state of the field
was reviewed by Boss (1996) and Wood (unpubl. data).

Some proposed models of chondrule formation involve
melting chondrules near the early Sun, by sunlight and radiation
associated with flares (Shu ef al., 1996, 2001), or by ablation
of planetesimals in a bipolar outflow (Liffman and Brown,
1996). The newly melted chondrules are then injected into the
present-day asteroid belt region by the hypothesized x-wind
(Shu et al., 2001), or a bipolar outflow (Liffman and Brown,
1996), and sent on ballistic trajectories into the protoplanetary
disk. In both models, smaller (~1 um) dust particles would
necessarily follow trajectories different from those of
chondrules. None of the above models has calculated detailed
thermal histories of any particles, and have not yet been
demonstrated to match cooling rates of chondrules ("Thermal
Histories"). We also note that generally, the chondrules that
are most opaque at visible wavelengths (the type I, FeO-poor
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chondrules, because they contain metal, McSween, 1977)
experienced less heating than the metal-poor, type II FeO-rich
chondrules (Hewins, 1997), arguing against melting by optical
radiation. Moreover, the two models above are contrary to the
following lines of evidence that chondrules formed in the same
environment as the dust grains that surround the chondrules
and make up chondritic matrix. First, while chondrules and the
matrix grains are each compositionally distinct from a solar
(CI) composition, the combined chondrules and matrix are
together quite close to solar composition, in Murchison {Wood,
1985), Allende (Palme ez al., 1993), and in ordinary chondrites
(Huss, 1988). This implies that chondrules and matrix grains
within a given chondrite are derived from the same batch of
solar composition material. Second, many chondrules have rims
of dust grains that they accreted after they melted. The
thicknesses of these rims are correlated with the size of the
chondrules, in a way that is consistent with chondrules depleting
all of the dust in a local environment (Morfill ef al., 1998), but
is not consistent with injection of chondrules into a dusty region
from an outside region (such as the Sun) without fine-tuning of
the dust-to-gas ratio (Liffman and Toscano, 2000).

Among models of chondrule formation in the solar nebula
are lightning (Whipple, 1966, Pilipp et al., 1998; Desch and
Cuzzi, 2000) and nebular shocks (Wood, 1963, 1984, 1996;
Hood and Horanyi, 1991, 1993; Ruzmaikina and Ip, 1994;
Connolly and Love, 1998). Lightning is plausibly generated in
a turbulent solar nebula (Desch and Cuzzi, 2000), and is capable
of melting chondrules, either by heating from the discharge itself
(Horanyi and Robertson, 1996), or by heating a large volume
of gas, which then melts the chondrules (Desch, 2000). The
cooling rates of chondrules have not been reproduced in detail,
but are estimated to be comparable to those of observed
chondrules (Desch, 2000). Wasilewski and Dickinson (2000)
have argued that the remanent magnetization of some Bjurbole
(LL4) chondrules probably cannot be explained by any
mechanism other than lightning (including contamination by a
standard hand magnet). Thus, lightning remains a plausible
chondrule formation mechanism, although the details of
lightning generation, relying on not-well-constrained properties
of triboelectric charging and electric discharge, prevent firm
predictions of how lightning would form and melt chondrules.

Much better understood are shock waves in the solar nebula.
Shock waves could conceivably be produced in a number of
nebular environments, including: accretion shocks (Wood,
1984; Ruzmatkina and Ip, 1994); bow shocks from planetesimals
in eccentric orbits (Hood, 1998; Weidenschilling et al., 1998);
tidal interactions with passing stars (Larson, 2002); infalling
clumps (Boss and Graham, 1993; Tanaka et al., 1998); and spiral
density waves (Wood, 1996) or other global gravitational
instabilities (Boss, 2000). It has been shown that (normal)
velocities of chondrules relative to shocks in the solar nebula
~6 km s~1 are sufficient to melt chondrules (Hood and Horanyi,
1993; Connolly and Love, 1998; Ciesla and Hood, 2001; Desch
and Connolly, 2001). As this is only a fraction of the orbital
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velocity (~19 km s-1) of particles at 2.5 AU, where chondrules
are found today, nebular shocks plausibly could reach the
strengths needed to melt chondrules. Unfortunately, numerical
simulations of solar nebula hydrodynamics lack the resolution
yet to quantify where, and when in the solar nebula's evolution,
shocks would occur, and with what strengths. Despite general
agreement between shock heating and the petrology of
chondrules (Connolly and Love, 1998), the lack of a repeatable
shock source has hindered acceptance of the nebular shock
wave model for chondrule formation (e.g., Boss, 1996).
What is hindering acceptance of the shock model even
more, though, is the perceived inability of shocks to match
the cooling rates of chondrules (e.g., Wasson, 1993; Jones
et al., 2000). Chondrules' cooling rates are inferred from
their textures and chemical zoning in their phenocrysts to
be in the range 5-3000 K h-1 (see "Thermal Histories,
Chondrules"). Chondrules therefore took hours to days to cool.
Type B, type C and compact type A CAls were also melted,
and the texture and chemical zoning in the melilite of type B CAls
constrains the cooling rates of these CAls tobe 0.5-50 K h-1. We
view it as likely that chondrules and CAIs were melted by the
same mechanism. Chondrules that radiate away their internal
heat energy to free space cool in less than a second, at rates
~3 x 106K h-l. Therefore chondrules either did not radiate to
free space and were immersed in an optically thick environment,
or were continually heated as they radiated, or both. Nebula
shocks would heat chondrules in their paths because the shock
would instantaneously (<< milliseconds) accelerate nebula gas
to velocities ~10 km s—1, while the chondrules and other solid
particles would take longer to come up to speed with the gas.
The aerodynamic response time (stopping time) in solar nebula
gas for particles smaller than 1 cm in diameter is given by
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stop Pg C, 1)
where p, and a, are the material density and radius of the
particle, and pg and C; are the density and sound speed of the
(post-shock) gas (Cuzzi ef al., 1996). Typical timescales for
particle and gas velocities to match are seconds to minutes,
during which time the friction of the gas supersonically passing
the particles heats them ("gas-drag heating"), even melting
them. The misconception that shocks cannot explain chondrule
cooling rates (e.g., Wasson, 1993; Jones et al., 2000) stems
from the assumption that chondrules are heated only by
frictional heating. Since frictional heating vanishes once the
chondrules and gas match velocities, the chondrule temperature
must decrease over a timescale /op. Stopping times of hours
are achieved only in very low-density gas (post-shock density
<10-10 g cm3), for which only exceptionally high velocities,
~30 km s~1, (much greater than the orbital velocities at 2.5 AU)
will melt chondrules (e.g., Ruzmaikina and Ip, 1994). For
plausible nebula models, the post-shock gas density is at least
10-% g cm3 and the shock velocities probably <10 km s—1, so
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the observed cooling of chondrules over hours timescales
implies that chondrules were not continuously heated by gas-
drag heating alone while radiating to free space.

Most shock models today therefore assume that chondrules
heated by shocks are immersed in an optically thick environment
that slows the escape of radiation energy from the region,
preventing chondrules from cooling (Sahagian and Hewins,
1992; Hood and Horanyi, 1993; Hood and Kring, 1996; Hood
and Ciesla, 2001). In contrast to the conclusions of these
authors, however, we find that even an optically thick slab will
cool rapidly. We take the example of Sahagian and Hewins (1992),
a 1000 km thick slab of chondrules with radii a, =~ 420 um and
spatial mass density p = 10-8 g cnr=3, in which the heat capacity
of the gas is negligible. The timescale for radiative diffusion
to allow relaxation of a temperature fluctuation in this slab is

-1
td = plpA 1- L cot™! L )
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(Spiegel, 1972; Mihalas and Mihalas, 1985), where the last
expression is f4 in the limit L >> 1 of large optical depth
(Kippenhahn and Weigert, 1990). In this example: p=10-8 g
cm3 is the spatial mass density of chondrules; Cp = 107 erg g~
1 K-1 is the heat capacity of the chondrule material; o is the
Stefan—Boltzmann constant; A = 180 kin is the mean free path
of photons in the chondrule region; L = 500 km is the
lengthscale associated with the temperature disturbance; and
Ty = 1500 K is the chondrule temperature at which the cooling
rates are relevant. The cooling timescale thus derived is ~0.6 s in
the limit L = 0 (radiating to free space), and 1.2 s for L =500 km.
Cooling timescales of 1 h are obtained only when L = 105 km,
equivalent to a column density of chondrules =100 g cm2.
The addition of a mass of fine-grained dust equal in mass to the
chondrules, but with a, = 0.3 um (and emissivity 0.2; see "Shock
Code, Inputs"), would increase the cooling timescale to only
24 s (cooling rates ~105 K h-1) for L = 500 km, using a column
density of dust and chondrules of 1.0 g c2. To explain
chondrule cooling rates of even 103 K h-1 would require a
column density of dust and chondrules =8 g cm~2, and cooling
rates of porphyritic chondrules, 102 K h! require another factor
of 3 increase in solids column density, to 24 g cm2. If the
cooling rates are actually closer to 10 K h-1, then even more
solids need to be heated. For comparison, the total column
density of solids at 2.5 AU in the "minimum-mass" nebula is
only 1.8 g cnr2 (Hayashi, 1981), and even in our preferred
model of a massive disk, the total column density of solids is
~102 g cnr2. For a solar gas-to-solids ratio and gas density
~10-9 g i3, column densities of 24 g cnr2 are achieved only
on lengthscales ~5 x 107 km, comparable to the scale height of
the nebula. If the slow cooling rates of chondrules are to be
explained by trapping of thermal radiation, extremely large
regions the size of the nebula must be heated, and heated
simultaneously in less than the cooling time of several hours
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(<105s). The trigger for this instantaneous heating would have
to sweep through the region at speeds ~103 km s-! for this
scenario to occur. Trapping of radiation is highly unlikely to
have any effect on the cooling rates of chondrules for the
parameters we consider relevant to chondrule formation. While
absorption of other chondrules' thermal emissions will increase
the peak temperatures of chondrules ("Results, Effects of
Radiation and Dissociation"), in terms of the cooling rate
chondrules might as well be radiating to free space. As argued
by Desch (2000), the slow cooling rates of chondrules must be
due to their immersion in the hot, post-shock gas, which itself
is slowly cooling. Wasson (1996) has similarly argued that
when chondrules are heated, a comparable mass of gas, with
its much higher heat capacity, will also be heated, and this hot
gas will dominate the thermal evolution of the system.

We present new numerical simulations of the melting of
chondrules (and type B CAls) as they pass through a solar nebula
shock (Desch and Connolly, 2001). We include a separate
calculation of the gas energetics, and the effects of hydrogen
dissociation and recombination. We also account for the transfer
of radiation for the first time. (Ruzmaikina and Ip (1994)
allowed chondrules to cool by radiation and to absorb radiation
emitted by the gas, but chondrules did not absorb radiation from
other chondrules. Hood and Horanyi (1993) assumed optically
thick jump conditions immediately across the shock front, and
allowed chondrules to absorb radiation from other chondrules
only within a 200 km radius sphere.) We also allow for the
evaporation of particles and the interaction between particles
and gas this would cause. We show that when these new physical
effects are included in the shock wave model, as they must be,
the predicted thermal histories of chondrules (and type B CAls)
during melting and cooling agree in detail with their thermal
histories as inferred from petrologic observations.

THERMAL HISTORIES
Chondrules

Constraints can be placed on the petrogenesis of chondrules
and type B CAls by measurements of the elemental distributions
within individual crystals, crystal morphology, and overall
textures compared with experimental analogs. The thermal
histories of chondrules, both before and immediately after their
melting, are constrained by the presence of volatile and
moderately volatile elements such as S and Na in them. If
chondrules inherited these elements from their precursors, and
if these precursors equilibrated with their surroundings, then it
isrequired that chondrules achieved peak melting temperatures
rapidly ("flash melting"), since prolonged heating before peak
melting, and at peak melting temperature, promotes the
evaporation of such elements. Sulfur, which is usually observed
as troilite, an iron-sulfide, volatilizes above 650 K (for total
pressures of 10-6 bar; Jones et al., 2000); thus if troilite in
chondrules was derived from S that was present within
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chondrule precursors, those precursors could not have
experienced prolonged heating above 650 K before or during
melting. Sulfur in chondrules may be primary (i.e., present in
the chondrule precursors), or secondary, arriving in chondrules
after their formation due to gas-solid exchange while the
chondrules were free in the nebula, or later exchange processes
when the chondrules were in their parent bodies. Rubin ef al.
(1999) tested whether the sulfide within chondrules from
ordinary chondrites was primary, based on textural evidence
such as whether troilite was located near the chondrule centers
and whether the troilite was completely embedded in a mafic
silicate. Based on these criteria, Rubin et al. (1999) concluded
that at least 13% of the chondrules they surveyed contained
troilite that is primary; no conclusions could be made about the
other 87% of chondrules. Since S was originally within the
same fraction of chondrule precursors (potentially as troilite),
the ambient temperature of the nebula was probably below 650 K.

Constraints can also be applied to the melting process,
although it must be remembered that melting is a kinetic process,
far from equilibrium. Because a brief and intense melting event
can mimic a prolonged but moderate melting event, the duration
of melting is intimately associated with the peak temperatures
achieved during melting. Chondrules appear to have been
almost completely melted for timescales of minutes. Chondrule
analogs heated for <1 s are texturally different from real
chondrules (Hewins et al., 2000), because thermal diffusion
within a chondrule takes a fraction of a second (Horanyi and
Robertson, 1996). The minimum timescale for melting imposes
a maximum temperature so that crystallization nuclei are
preserved. Chondrules with barred and radial textures had to
be completely melted, so that all crystallization nuclei were
destroyed, whereas porphyritic textures are produced when
some nuclei remain. Hewins and Connolly (1996) found in
their experiments that for short durations of heating (5 min),
porphyritic olivine textures require peak temperatures 80-120 °C,
and barred olivine textures 150—400 °C above their respective
liquidus temperatures. The most refractory chondrules have
liquidus temperatures over 1750 °C, and so at least some
chondrules experienced peak temperatures of over 1850 °C
(2120 K), at least for a few minutes. Considering the range of
liquidus temperatures and textures, a range of peak temperatures
1500-1850 °C (1770-2120 K), which chondrules experienced
for minutes, is inferred (Hewins and Connolly, 1996).

After this initial peak temperature, the chondrule cools.
Despite the common experimental practice of assuming a
constant (linear) cooling rate, the cooling rate almost certainly
varied with temperature. We distinguish between cooling from
the peak temperature down to the liquidus, and cooling through
the crystallization temperature range down to the solidus.
Retention of S during heating was studied by Yu et al. (1996)
and Yu and Hewins (1998), who found that at least 10% of
primary S could be retained in type IIAB chondrule analogs, even
when heated to temperatures 250 °C above their liquidi, provided
initial cooling rates were comparable to at least 5000 K k-1 through
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the liquidus temperature. Cooling rates in these experiments
subsequently fell to a few x102 K h-! in the crystallization
temperature range. Constraints on cooling rates are much
more extensive in the crystallization temperature range
(about 1100-1400 °C for type IIA PO chondrules (Radomsky
and Hewins, 1990)), and are imposed by the textures and
chemical zoning of chondrules' phenocrysts (large crystals). The
most often quoted cooling rates of chondrules are 50-1000 K h-1;
the cooling rates of CAls (see "Thermal Histories, Calcium-
Aluminum-Rich Inclusions") can only be constrained for type B
CAls, for which the cooling rates are 0.5-50 K h-1 (Jones er
al., 2000). The lack of overlap in the cooling rates has been
used to argue that chondrules and igneous CAls were melted
by different processes, but a review of literature suggests that
overlap does exist between type B CAls and porphyritic
chondrules. Tables 1-3 list the results of several experiments
on chondrule analogs, ordering them by texture produced. The
textures are abbreviated as follows: an initial "P" stands for
porphyritic, a "B" stands for barred, an "R" for radial, and a
"G" for granular. The following letters indicate whether the
chondrule is olivine-rich ("O"), pyroxene-rich ("P"), or has both
minerals ("OP" or "PO"). Glassy chondrules, which do not
contain crystalline minerals, are denoted "GL". The
compositions are classified as follows (McSween, 1977): type 1
refers to FeO-poor chondrules, type II to FeO-rich, type III to
silica rich; "A" refers to <10 modal percent pyroxene, "AB"
refers to between 10 and 90 modal percent pyroxene, and
"B" refers to >90 modal percent pyroxene (as opposed to
olivine). The references are: (1) Connolly and Hewins
(1991); (2) Connolly and Hewins (1995); (3) Connolly et al.
(1998); (4) DeHart and Lofgren (1996); (5) Hewins et al
(1981); (6) Jones and Lofgren (1993); (7) Kennedy ez al. (1993);
(8) Lofgren (1989); (9) Lofgren and Lanier (1990); (10) Lofgren
and Russell (1986); (11) Radomsky and Hewins (1990);
(12) Weinbruch and Muller (1995); (13) Weinbruch ef al.
(1998). Some experiments compared textures only, while some
compared textures and chemical zoning simultaneously; we
consider the latter the most reliable studies and use them to
make the following statements. Radial-textured chondrules
(olivine or pyroxene-rich) cooled at rates 5-3000 K h-!
(Lofgren and Russell, 1986). Barred olivines cooled at rates
500-3000K h! (Connolly et al., 1998, based on textures alone).
The 85% of all chondrules that have porphyritic olivine textures
(Gooding and Keil, 1981) cooled at rates 5-100 K h-1 (at least
for type IIA analogs; Jones and Lofgren, 1993). Granular
olivine/pyroxene chondrules, a subset of porphyritic chondrules,
likely cooled at slower cooling rates <100 K h-1, but detailed
chemical studies of these chondrules are limited. A typical
cooling rate of ~40 K h-! corresponds to chondrules being
partially molten for ~10 h. This is not inconsistent with the
growing evidence that chondrules may have experienced
evaporation and open-system behavior during their melting
(Sears et al., 1996; Cohen et al., 2000). We also note that
cooling rates ~40 K h-1 at temperatures above the liquidus are
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TABLE 1. Experimental cooling rates of porphyritic chondrules.
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Text. Comp.  Melt time Melting Cooling rate Nucleating Constraint Reference*
type type (min) temperature (K/h) temperature

PO 1A 30 At, below Tjjq 100-1000 Far below Tjjq Texture, zoning 11
PO IA 30 Below Tijq 10-30 Below Tjq Mesostasis comp., TL 4
PO JAB, ITIA 30 Above, down to Tjiq 500 Near, below Ty Texture 2
PO ITA 120-180 Below Tjiq 5-100 Below Tq Texture, zoning 6
PO A 120 Below Tjiq 5-1000 Below Tq Texture, chemistry 8
PO ITA 30 Below Tijq 500 Below Tj;q Texture 1
POP ITIAB 30 From above Tijq 500 Near Tijq Texture 2
POP IAB 30 Below Thiq 10-100 Below T4 Texture 11
POP ITIAB 1000 Below Tjjq 5-2500 Below Tj;q Texture 10
POP IIAB ? Near Tjjq 10-2000 Below Tj;q Texture, chemistry 13
PP 11B? 1000 Below Tijq 5-100 Below Tijq Texture, chemistry 7
PPO ITIAB 30 Below Tjjg 500 Below T4 Texture 2

*References: (1) Connolly and Hewins (1991); (2) Connolly and Hewins (1995); (3) Connolly et al. (1998); (4) DeHart and Lofgren (1996);
(5) Hewins et al. (1981); (6) Jones and Lofgren (1993); (7) Kennedy et al. (1993); (8) Lofgren (1989); (9) Lofgren and Lanier (1990);
(10) Lofgren and Russell (1986); (11) Radomsky and Hewins (1990); (12) Weinbruch and Muller (1995); (13) Weinbruch et al. (1998).
Abbreviations: PO = porphyritic olivine, POP = porphyritic olivine-pyroxene, PP = porphyritic pyroxene, TL = thermoluminescence.

TABLE 2. Experimental cooling rates of barred, radial chondrules.

Text. Comp.  Melt time Melting Cooling rate Nucleating Constraint Reference*
type type (min) temperature (K/h) temperature

BO ITA 120 Above Tjq 1000-3000 Near Tjiq Texture 8
BO 1A 120 Near Tjjq 1000-3000 Near Tijq Texture, bar width 9
BO IIAB 30 Near Tijq 250-1000 Near Tjjq Texture 11
BO II <8 Above Tjjq 500 Near Tjq Texture 3
BO IAB 30 Above Tjjq 500 Near Tjiq Texture 2
BO/POP TIA 30 Below Tjq 500 Below T4 Texture 2
BP IAB 30 Above Tjiq 500 Near Tjiq Texture 2
RP IIB, II1? 1000 Above, just below T3, 5-3100 Unknown Texture only 10
RP 11? 120 At Thig 50-3000 Unknown Texture, chemistry 5
RPO IIA, ITAB 30 Above Tjiq 500 Far below Tjjq Texture 2

*References: (1) Connolly and Hewins (1991); (2) Connolly and Hewins (1995); (3) Connolly et al. (1998); (4) DeHart and Lofgren (1996);
(5) Hewins et al. (1981); (6) Jones and Lofgren (1993); (7) Kennedy et al. (1993); (8) Lofgren (1989); (9) Lofgren and Lanier (1990);
(10) Lofgren and Russell (1986); (11) Radomsky and Hewins (1990); (12) Weinbruch and Muller (1995); (13) Weinbruch et al. (1998).

Abbreviations: BO = barred olivine, POP = porphyritic olivine-pyroxene, BP = barred pyroxene, RP = radial pyroxene, RPO = radial

porphyritic-olivine.

inconsistent with retention of primary S (Yu et al., 1996) and
preservation of crystallization nuclei (Lofgren and Lanier, 1990;
Radomsky and Hewins, 1990; Lofgren and Le, 1996). The
textural and chemical evidence is saying that chondrules cooled
off very rapidly (>5000 K h-1) just above the liquidus, and
slowly (5-3000 K h-1) at temperatures between the liquidus
and solidus.

Calcium-Aluminum-Rich Inclusions

Calcium-aluminum-rich inclusions are also termed
refractory inclusions because the CAI precursors were

composed of mineral phases that are the first to condense out
of a cooling gas of solar composition, although it should be
remembered that CAIs typically have lower melting points than
many chondrules. CAls are subclassified into three categories—
A, B and C—on the basis of their mineral compositions. Of
these, all but a subset of type A CAls (the "fluffy" type As)
show unequivocal evidence of having been melted (MacPherson
et al., 1988). It is this melting stage, and not any earlier stage
of thermal processing experienced by CAls, that we seek to
model by shocks. The only constraints on thermal histories of
CAlISs (during the melting event) exist for type Bs. Their igneous
textures can be reproduced experimentally only if the melilite
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TABLE 3. Experimental cooling rates of other chondrules.

Text. Comp.  Melt time Melting Cooling rate Nucleating Constraint Reference*
type type (min) temperature (K/h) temperature

GO IIAB 30 Far below Tjiq 500 Far below Tjjq Texture 11

GO ITA <8 Far below Tj;q (flash) 500 Far below Tyjq Texture 3

GO ITA 30 Far below Tjjq 500 Far below Tjq Texture 11

GOP IAB? N/A N/A 3-30 N/A Pyroxene chemistry 12

GL IA, TAB 30 Above Djq 10-1000 None Texture 11

GL IIAB 30 Above Tiig 500 None Texture 2

GL ITA 30 Above Tjig 500 None Texture 1

GL 11 <8 Above Tjiq 500 None Texture 3

*References: (1) Connolly and Hewins (1991); (2) Connolly and Hewins (1995); (3) Connolly et al. (1998); (4) DeHart and Lofgren (1996);
(5) Hewins et al. (1981); (6) Jones and Lofgren (1993); (7) Kennedy et al. (1993); (8) Lofgren (1989); (9) Lofgren and Lanier (1990);
(10) Lofgren and Russell (1986); (11) Radomsky and Hewins (1990); (12) Weinbruch and Muller (1995); (13) Weinbruch et al. (1998).
Abbreviations: GO = granular olivine, GOP = granular olivine-pyroxene, GL = glass.

appearance temperature is not exceeded by more than a few
tens of degrees Kelvin. This places an upper limit of ~1425 °C
(1700 K) on the temperatures these CAls experienced (Stolper
and Paque, 1986). In the experiments of Stolper and Paque
(1986), the CAl analogs were held at the maximum temperatures
for 3 h, giving the objects time enough to equilibrate. Shorter
or longer (perhaps much longer) timescales may have occurred,
but there are no constraints. Unlike chondrules, CAls are not
rich in volatile or moderately volatile elements, again making
it difficult to constrain the maximum duration of melting. The
cooling rates of type B CAIs fall in the range 0.5-50 K h-1, with
the slower end tending to reproduce more objects more analogous
to real CAls (Stolper and Paque, 1986; Jones et al., 2000 and
references therein). This constraint is based on the morphology
and major element distribution within melilite, and is firm.

SHOCK CODE
Inputs

Our computation of the evolution of the gas and solids
encountering a shock is restricted to a range of distances x from
the shock front. Our computational domain extends a distance
x = —Xpre in the pre-shock region, to x = 0 at the shock front, to
x = +Xpost in the post-shock region. The lateral extent of the
shock front is assumed to greatly exceed either of these two
values, so that a one-dimensional calculation will suffice. We
typically use Xpre = Xpost = 105 km, which are much smaller
than the scale height of the nebula at 2-3 AU (approximately a
few x107 km), so that a one-dimensional calculation is
applicable to nebula shocks generated by diskwide gravitational
instability (but not to bow shocks of planetesimals). Our
computational domain is divided into 1000 zones.

The gas 1s divided into four populations: atomic hydrogen
(H), molecular hydrogen (H;), helium atoms (He), and
molecules resulting from the evaporation of solids, which we

represent with SiO. The ratio of heat capacities, y, is defined
as 5/3 for the two atomic species, and 7/5 for the two molecular
species. There is a chemical energy of 4.48 eV associated with
the dissociation of each H, molecule. Solids are divided into J
populations of identical particles, indexed by j. Unique to each
population are the number density n; of particles, their velocity
Vj, their temperature T}, and their radii a;. Also defined for
each population are: the material density p;; the heat capacity
Cp, j; the latent heat of fusion /p,¢)¢ ; and the temperature range
AT; over which melting takes place (between the solidus and
liquidus temperatures); and the latent heat of evaporation leyap, ;
and the temperature 7ey,p, ; at which evaporation proceeds.
Melting effectively increases the heat capacity over the range
of temperatures over which melting occurs, by an amount
Imets, j /AT;. We assume identical material chacteristics for all
of the populations Cp = 1.0 x 107 erg g=1 K1, [e1 = 5.0 x
109 erg g1, and Joyap = 1.1 x 1011 erg g1, and Teyap = 2000 K
(Wasson, 1996). Melting is assumed to take place between
temperatures of 1400 and 1820 K, so that AT=420 K. Over this
temperature range, the heat capacity is effectively 2.19 x 107 K.
The fraction of the chondrule melted is 0% at 1400 K, and
rises linearly to 100% at 1820 K. A final needed parameter for
each solids population is the radiative emissivity ¢;. Since the
chondrules are heated to temperatures 1500-2000 K, the
wavelength of peak thermal emission is by Wien's law ~2 yum.
The Planck-averaged emissivity ¢ is proportional to the particle
radius a for small silicate particles, but independent of size for
large particles (Draine and Lee, 1984). We adopt the following
emissivity, to conform with the results of Draine and Lee (1984):

= 0.8 x min1,| —2
gj—.xrmn,zum (3)

We adopt the same wavelength-averaged emissivity for
absorption and emission since both absorbed and emitted
spectra are in the same wavelength regime (the near infrared).
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Finally, we also include the effects of dust, fine-grained
silicate particles that are well-coupled to the gas. Because of
the small sizes (<1 um) of dust grains, they have exceedingly
low masses and thermal inertias. As such, their thermal and
aerodynamic timescales are too small to allow the (explicit)
numerical code to follow their evolution as it does the larger,
chondrule-sized particles. We therefore assume that all dust
particles are dynamically well coupled to the gas, and are always
in thermal equilibrium with the gas and the radiation field. Using
an emissivity e = 0.2, we calculate the temperature of the dust
particles using Eq. (14), but with that equation's left-hand side
set to zero. The assumption of good dynamical coupling
between gas and dust underestimates the temperature reached
by dust since it neglects the frictional drag heating of dust. If
the equilibrium temperature is >2000 K, then we assume that
dust is destroyed, and its mass added to the gas, from that point
until the end of the post-shock region. The presence or absence
of dust is used to set the opacity of the gas in that region so that
the radiation field can be calculated properly.

Radiative Transfer

Solids are allowed to absorb and emit radiation, which
affects their energy budget. The radiation some particles emit
may be absorbed by other particles at a distant location. The
determination of the radiation field at all locations is therefore
a nontrivial but crucial calculation. The gas itself may also
radiate, primarily due to vibrational modes of HyO near 6 um
(Neufeld and Kaufman, 1993). Treatment of the especially
difficult problem of line radiation in a dusty medium has been
discussed in Hollenbach and McKee (1979). Following the
formulation of Neufeld and Kaufman (1993), we estimate that
the shock region will be too optically thick to its own line
emission to lose more than ~10% of its energy. Atany rate, we
neglect cooling of the gas due to line emission in our treatment
of the radiation field. We follow the approach outlined in
Mihalas (1978), for the radiation emergent from plane-parallel,
temperature-stratified slab atmospheres.

The first parameter to be defined is the optical depth (distance
in units of the mean free path of photons) at all locations. At the
post-shock boundary, the optical depth 7(x = +X,05t) = 0,
increasing to a maximum value 7(x = —Xpre) = 7py at the pre-
shock boundary. At other locations,

J
X=*+Xpos
TOO:I ' t(Pg’”Z"j”“jzgj ke

x'=x =1
where k = 1.14 cm? g-1 is the opacity of the gas, with density
pg> due to dust associated with it. This value of « is chosen to
correspond to silicate dust particles totalling 0.125% of the
mass of gas, and is consistent with (although slightly lower
than) estimates of the opacity in protoplanetary disks (Draine
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and Lee, 1984; Ossenkopf and Henning, 1994; Henning and
Stognienko, 1996). If at some point the gas is so hot and dense
that dust is destroyed (see the previous section), then « is set to
zero from that point on.

The second parameter to be defined is the source function,
S. The source function from a blackbody at temperature 7 is
the Planck function B(7T), which after integrating over
wavelength is B(T) = oT%, where ¢ is the Stefan-Boltzmann
constant (our radiative terms S, B and J are a factor of 7z greater
than their usual definitions, for ease of notation). If all the
particles in a region are held at temperature 7, the source
function must approach B, regardless of the emissivities of
the particles. If the particles are at different temperatures,
the source function is weighted according to their
emissivities:

J

4 § 2 4
pgkoly” + n;ma; gjoﬂ}-

S= fjl (5)

E 2
pgK+ njﬁa] gj

J=1

This reduces to 67* in the event that all 7; = T, are identical.
(Although the temperature of dust is approximated in the code,
the gas temperature is used for the source function from dust to
avoid numerical instabilities, and because the two are so
similar.) The last parameter to be specified is the radiation
entering through the two computational boundaries (integrated
over wavelength). The radiation field entering the pre-shock
computational boundary is given by I. = 0Tp%, where Tj is
the temperature of the ambient medium. The radiation field
entering the post-shock boundary is given by lyost = 0T5ump?
where Tjymp is the post-shock equilibrium temperature, using
the radiative jump conditions of "Jump Conditions". This
treatment assumes that over the course of chondrule formation
(a few days at most), the post-shock gas cannot cool by radiation
to a cooler, unshocked region. This is consistent with nebular
shocks from diskwide gravitational instability, since by Eq. (2),
for typical nebula parameters the cooling time is longer than days.

Given the incident radiation fields and the source function
at all optical depths, S(z), the mean intensity of radiation, J(t)
(integrated over wavelength) can be found:

[pre Ipost 1 (m
J(0) = =By (tm —1)+ == B2 (D)4 S(OE, |t —|dt (6)
0

where E| and E, are exponential integrals. Using the properties
of the exponential integrals, namely that dE,(x)/dx =-E,_;(x),
it can be shown by direct integration that if S(2) = Jyre = Lpost = 1o
everywhere, then J(z) = ;. We can also solve for the net flux
of radiation energy, Fy,q(7):
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Faa(t) = +21 5 B3 (T —7)+2 J‘g‘?t)Ez (t—7)dr —
e )
ZIPOStES (T) -2 J.S(t)Ez (T — t)dt
0

It is again possible to show by direct integration that in the
case S(8) = Ipre = Ipost = Io everywhere that the net flux Fy;4 = 0.
It is also straightforward to demonstrate that in general

J
I
aa%d:_‘lpg’([‘]r _GTg4]_Z”j 4”"1'28} [Jr _0Tj4] (8)
=

where « is the opacity of the gas (via the well-lcoupled dust
component).

Dynamics and Energetics

It is best to begin a discussion of the dynamics and energetics
from the viewpoint of the particles. Since we assume that
particles are not destroyed (evaporation only shrinks them in
radius to a minimum size), the continuity equation for each
population ;j of particles holds:

2 (7)) =0 ©)

The force equation on the particles is given by

ov;

J

77T

where m; is the mass of the particles of population j (which
may change due to evaporation), and the drag force on each
particle is given by

Firag,j = _”ajz(@J 'VJ _Vg| (V] _Vg) (11)

2

(Probstein, 1968; Gombosi ef al., 1986). The drag coefficient
Cbp, ; is found according to formulas in Gombosi et al. (1986),
and is given in appendix A. If V;> Vy, then Eq. (11) shows that
the force on the particles is in the negative direction, slowing
them down, while if /; < V;, then the force is in the positive
direction, speeding them up.

The frictional drag can heat particles; particles can also
absorb or give up thermal energy to the gas. The net rate at
which the thermal energy of a particle increases is 4naj2qj per
particle, where

q; = pgCu,j (Trec_]}') (12)

Expressions for Cy, ;, the heat transfer coefficient, and Trec,
the "recovery temperature", which depend on the gas properties
and relative velocity of the solids and gas, are taken from
Gombosi et al. (1986) and presented in appendix A. In practice,
we treat the four gas species separately, then combine their
separate heating rates into one overall heating rate. The net
heating rate per unit area is then the g; plus the radiative terms:
gj + € (J — oT;*). This net heating rate goes into raising the
particle's temperature, melting it, or causing it to evaporate. If
T; < Tevapj» Or if Tj = Teyap, j and the net heating is negative,
then there is no evaporation, m; is constant, and

I _p (13)
Ox
TR
ep,T )=—2—g; + & (J, —oT,
8x( Bj J) Y, 4j + & (Jy —oL;") (14)

U T = Teyap,j and the net heating is positive, then all the heat
goes into evaporating the particle:

Oa;
_JZ_—I-—[qj + & (J, -UTj4)] (15)
x P levap,j¥;
and
o, )
Ox

(That is, T; is held constant at Teyap, ;.) The above 4 x J
equations can be used to immediately solve for the 4 x Jsolids
unknowns, j, ¥, a; and 7;.

The gas equations are as follows. Hydrogen atoms and
molecules obey the following continuity equations:

d
5(nHVg)z 2R (17)

and

0
a(nHng)=+R (18)
where R is the net rate (per unit volume and unit time) of the
reactions H + H - Hj, given in appendix B. The total number
of hydrogen nuclei are conserved. Helium atoms are neither
created or destroyed:

0
(V) =0 (19)

The other molecules formed by the evaporation of solids are
created at a rate
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Because the gas species are assumed to be dynamically and
thermally well coupled and to share the same velocity and
temperature, we need write just one force equation for the gas.
Defining Ci2 = kTg/my,

5] 2
a((nH + 2myy, + A, +ddngo W2 +

2
(ny + 1y, + e + 1610 )C ) =

J
1 2,204 J @1)

n {Fdragx/ +Ama T VT ——

Ox

my
J=1

The last term accounts for the momentum flux lost from the
particles as they evaporate and lose mass; the evaporated mass
becomes part of the gas and transfers momentum to it.

All that is lacking to specify the evolution of the gas is an
energy equation. Like the solids, the gas can be heated by
frictional drag as well as by collisional transfers of thermal
energy. Because the total energy must be conserved, it is best
to begin with a combined energy equation for the solids and
gas. All stores of energy are moving with the gas or particles,
except for the radiation:

8 1, 5
a—x ("HVg(EmHVg +—2—kng+nHVgediss+

1 1 2.5
nH, g(ZZmHV +— kT j+nHeVg(54mHVg +5kng+
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where egiss = 2.24 eV. After subtracting the terms in the dust
energy evolution, and simplifying using the continuity equations,
all the radiative terms involving particle opacities drop out, as
they should, and only the gas opacity is relevant to the heating
of the gas. What remains is

ov,
e |,
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The first term on the right-hand side of Eq. (23) accounts for
energy absorbed by the gas from the radiation field, and
radiation emitted by the gas (through the well-coupled dust
component). The second term accounts for the loss of thermal
energy from the gas to the particles. The third term includes
work done by the gas on the particles via the drag acceleration.
The fourth term accounts for changes in the gas kinetic energy
due to the creation of new gas molecules by evaporation. The
fifth term accounts for changes in the thermal and chemical
energy due to dissociations and recombinations. Finally, the
sixth term accounts for changes in the thermal energy due to
the addition of new molecules by evaporation of solids.
Likewise, the force equation can be rewritten, as

[(nH + 2nyy, +Any, +44ngo W," -

oV,
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To solve the above equations, the particles and gas are
started at the pre-shock computational boundary with imposed
initial conditions. They both begin with the same arbitrary
temperature 7y and velocity V. There is initially no SiO vapor
or atomic H. The number density of He atoms is 0.2x the density
of H molecules. The equations are numerically integrated
using a fourth-order Runge—Kutta scheme with variable step
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sizes. The integration proceeds from one grid zone boundary
to the next; the variable step sizes refer to the steps needed to
integrate across each grid zone. Integrationrelies on specifying
the spatial derivatives of each variable. This is easily
accomplished by solving for each derivative in the proper order.
First the particles' radii, temperatures and velocities are found
directly from Eqs. (10) and (13—16). From the continuity Eq. (9),
the particle densities are found. Next, Egs. (23) and (24) are
combined to solve for the two unknowns ¥y and 7,;. Substituting
the derivative of ¥ allows us to find the derivatives of all the
gas densities, thereby closing the system of equations. One
exception is at the shock front, where the jump conditions (see
the next section) mandate a near-instantaneous change in the
gas properties. Particle properties are not changed across the
shock front. Also, if the relative velocity between gas and
particles drops under 1 m s-! in the post-shock region, the
relative velocity is set to zero, and the particles are forced to
move with the gas from that point on. The numerical integration
has an internal accuracy of 10-9.

During the integrations, the radiation field is considered
fixed. Initially, it is assumed that J = 0Ty% in the pre-shock
region, and J = 0 Tjymp* ("Jump Conditions") in the post-shock
region. After all other variables have been integrated across
the entire computational domain, however, the radiation field
is recalculated based on the updated particle densities, radii
and temperatures. The particles and gas are sent through the
shock again, their temperatures calculated based on the new
radiation field. The solution is iterated until the radiation field
and the particle temperatures are self-consistent. In the standard
run, convergence of particle temperatures everywhere to within
1 K and convergence in J, to within 0.1% were achieved in
~150 iterations.

Jump Conditions

Two sets of jump conditions are used to quantify the change
in gas properties in two regimes: directly across the shock
front; and very far away from the shock front, after the gas and
solids have reached equilibrium. The first set of jump conditions
is needed to calculate the increase in gas temperature,
pressure and density immediately behind the shock. The
second set of jump conditions is needed to calculate the final,
common temperature of gas and solids. This temperature is
used to define the radiation boundary condition in the post-
shock region.

The shock front is the viscous layer in which the gas motions
change from supersonic to subsonic and kinetic energy is
converted into heat. It is only a few gas mean-free paths thick.
The cross section of an H, molecule is ~5 x 10-16 cm?2, so that
for typical densities ny, = 1014 cm3, the shock front is only
meters thick. Gas and particles will pass through this layer in
~100 us. By integrating Eq. (22) across the shock front, starting
only a few meters ahead and ending a few meters behind the
shock, there is no time for many of the terms in Eq. (22) to

change appreciably. The dissociation of hydrogen takes =1 s,
and no evaporation occurs in the first several seconds, either.
Likewise, the optical depth across 10 m of dust and chondrules
will not exceed one part in 103; thus, the flux Fy,4 just ahead of
the shock front will be virtually identical to the flux behind it.
Since the energy density of radiation (~07%/c = 0.03 erg cn—3)
is already a small fraction of the material energy density
(~nkT = 30 erg cm3), a 10-5 variation in it will have negligible
effect on the gas over only 10 m. Finally, the particles are
unable to heat up appreciably in less than a millisecond, and
neither do their velocities vary on timescales less than ~10 s.
In summary, we need only consider the species H, H, and He,
and while their densities will increase behind the shock, the
proportions of these three species do not change. Thus we can
use the usual jump conditions (e.g., Shore, 1992):

2
py = Pl% (25)
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vy =y (26)
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M2 Ay +2nH2 +4ny, mHI/12
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is the square of the Mach number, subscript 1 denotes pre-shock
conditions, and subscript 2 post-shock conditions. To
accomodate to the multiple species of the gas, one need only
interpret the ratio of specific heats, y, correctly:

(29)

For a solar composition gas at ~300 K, ny = 0, and nyye/npyp = 0.2,
soy = 1.429. Immediately behind a very strong shock, the gas
should be compressed by a factor of 5.67. Behind our canonical
shock with Vy =7 km s, p; =109 g cmr3 and 77 =300 K, the
density increases by a factor of 5.14, and the temperature
increases by a factor of 10.51.

Very far away from the shock front, many optical depths
(=105 km) away, one must use a different set of jump conditions,
to derive the final temperature of the gas and solids. The gas
can be assumed to be optically thick, and the solids and gas all
in thermal and radiative equilibrium with a common
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temperature. The gas and particles can also be considered to
be in dynamical equilibrium. Under these conditions, one can
apply the jump conditions of Hood and Horanyi (1993):

N =paVs (0)
kT kT
P 1+p1V12:sz2+p2V22 (31)
4 4
T T.
Lﬁ.;.l[/z.;_o-l :Lki+ll/2+o- 2 (32)
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From these, one must solve for the density and temperature
jumps simultaneously:
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For our nominal case with V=7 km s-1, p; = 102 g cmr3 and
T1=300K,M2=46.1,T'=16.2,5=11.2,and = 3.81. Very
far from the shock front, the final gas temperature is 1143 K
(as opposed to 3153 K directly behind the shock front), and is
compressed to densities twice as great as those immediately
behind the shock front. This final temperature, denoted here
as Tjump = §Tp, is the common temperature of gas and solids
far from the shock front in the post-shock region. The
radiation coming from these far reaches of the post-shock
region must therefore be blackbody radiation at the temperature
Tjump- This provides the needed boundary condition on
calculation of J,. It is also worth noting that if Tiump were to
exceed the solidus temperature, then chondrules would reach
an equilibrium in which they would not completely resolidify,
and therefore could not be said to crystallize over the course of
hours. As this is inconsistent with chondrules' textural evidence,
we reject cases where Ty, = 1400 K. In the example just
given above, the minimum temperature was 1143 K, but if the
same shock were to propagate through a gas withp; = 108 g
cnr3, the minimum temperature would be 1696 K. As such,
we can rule out such high densities a priori.

RESULTS
Canonical Shock

Using the numerical code of the previous section, we have
calculated the thermal histories of chondrules overrun by
nebular shocks. Although the code is capable of including more
than just the dust component in the gas and the single size of
chondrule precursor we consider here, we defer an inclusion of
multiple particle sizes to a future paper. The chondrule
precursors are here assumed to be spherical, with radius 300 gm,
and density 3.3 g cm3. It is assumed that averaged over the
nebula, the mass of solids is a fraction 0.005 of the mass of
gas, and that, consistent with the proportions in ordinary
chondrites, 75% of the solids' mass is in the form of chondrule
precursors. The fraction of the gas mass that is chondrules is
therefore 0.00375 when averaged over the nebula. The actual
density of chondrules overrun by the shock is increased or
decreased by a concentration factor C relative to this fraction,
and several cases of C are studied. The gas density and
temperature are chosen to correspond to theoretical models of
protoplanetary disks during their early, gravitationally unstable
stages. We assume the model of Bell er al. (1997), using input
values of angular momentum transport coefficient & = 104,
and mass accretionrate M =1 x 10-8 M year 1, the median
mass accretion rate among 1 Ma old T Tauri stars (Hartmann
et al., 1998). Such disks happen to be gravitationally
unstable beyond 5 AU but stable inward of that radius. The
density and temperature at the midplane at 2.5 AU in the
Bell ef al. model with these inputs are on the order of 1 x 109 ¢
cnr3 and 300 K. The assumed shock velocity, 7 kms-1, is about
a third of the orbital velocity at 2.5 AU. In "Discussion,
Pre-Shock Heating" we show that shock speeds of this order
are consistent with shocks generated by gravitational
instability.

For the canonical run described above (C = 1), the variation
of gas velocity, density, temperature and pressure as a function
of distance z from the shock front are displayed in Fig. 1. In
the pre-shock region, the gas properties remain constant until
within ~105 km of the shock front. There the co-moving
chondrules absorb radiation from the other side of the shock
front. The hot chondrules transfer heat to the gas by thermal
collisions, and the gas temperature and pressure increase. The
increase in pressure exerts a backward force on the gas, and its
velocity decreases and its density increases. Before the gas
even reaches the shock front, its velocity has slowed from 7 to
6.15 km s, and its temperature has increased from 300 to
1736 K. The decrease in velocity and the increase in the sound
speed reduce the Mach number from 6.78 to only 2.48. If
radiation was more effective, the diffusion of energy across the
shock front would change the shock into a subsonic flow with
no sharp boundary. In the shock considered here, the flow
remains supersonic, and the change in state of the gas is
abrupt, although the impact across the shock front is
lessened. Despite this, the post-shock temperature is not



194

much affected by the radiation diffusion, and is 3120 K right
after the shock hits.

Soon after the shock hits, the hydrogen in the gas finds itself
out of equilibrium at such a high temperature. Dissociation of
hydrogen is rapid, and each dissociation consumes 4.48 eV per
hydrogen molecule. Figure 2 shows the number densities of
atomic and molecular hydrogen, and helium, during the minute
before and after the shock hits. The gas cools rapidly from
3120 K, reaching temperatures ~2400 K in ~1.6 s, and 2000 K
after 13 s. At that point, the mix of atomic and molecular
hydrogen (which reaches equilibrium very quickly) has 6.1%
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of all hydrogen nuclei in atomic form. We allow for the dust
grains to evaporate, but they do not do so in the canonical run.

The radiation field J, is plotted in Fig. 3, given as an effective
temperature Tpoq (J, = 0T;.44), along with the chondrule
temperature 7. The differences between the two temperatures
are small, showing that the chondrules are usually close to
radiative equilibrium. Where 7,4 > T, the net effect of the
chondrule's interaction with the radiation field is to absorb
radiation and be heated, while the chondrule experiences net
cooling when 7, > T;,4. Chondrules in the post-shock region
within ~100 km of the shock front experience a net cooling,
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FIG. 1. Gas properties as a function of the distance z from the shock front. The pre-shock region here and in Fig. 3 is on the left. A steady state
is assumed; the properties of an individual gas parcel as a function of time are found by reading these graphs from left to right. The gas
velocity (a) decreases from 7 to 6.2 km/s as the shock front is approached, and the density (b) increases, because the increase in gas temperature
(c) within 105 km of the shock front increases the gas pressure (d). The heating of the gas in the pre-shock region is due to thermal exchange
with irradiated chondrules. The spike in the temperature at the shock front occurs immediately after passage of the shock, but before H; can
dissociate. As the gas cools, pressure and density increase in the post-shock region.
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but only <50% of the cooling they would experience if they
absorbed no radiation. The radiation they emit as they cool
propagates away from the shock front and heats chondrules
in other regions. The post-shock chondrules within ~10
optical depths of the shock front (~7 x 104 km) experience a
net heating, as do chondrules that have not even yet reached
the shock front. About 10 optical depths (one optical depth =
8 x 103 km in pre-shock gas) before chondrules reach the
shock front, they begin to heat up, an inevitable consequence
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of the fact that radiation travels faster than even a shock
wave.

The thermal history of the chondrule, including heating and
cooling from interactions with the gas and radiation fields, is
illustrated in Fig. 4. The sequence of events is as follows. At
very long times before the chondrules reach the shock front,
they are in equilibrium with the gas, staying at an ambient
temperature here assumed to be 300 K. Beginning ~4 h before
the shock front overtakes the chondrules, they begin absorbing
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FIG. 2. Energetics of dissociation. (a) The number densities of molecular hydrogen (solid line), atomic hydrogen (dashed line) and helium atoms
(dotted line) in the minute before and after shock passage. The cooling effect of hydrogen dissociation on the gas temperature is seen in (b).
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thermal radiation emitted by the chondrules that have already
been through the shock front. This heats them up to 500 K
230 min before they pass through the shock front, 1000 K
170 min before the shock, and 1500 K 64 min before the
shock hits. By the time they reach the shock front proper,
the chondrules have already reached temperatures ~1742 K.
After they pass through the shock front, they find themselves
moving supersonically with respect to the gas, and gas-drag
frictional heating heats them to a peak temperature of 1858 K
at 1.6 s after the shock hits. After this peak, the temperature
drops rapidly (~3 x 104 K h~1) to a "baseline" temperature
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of ~1730 K, where the heating is due to absorption of
radiation emitted by dust, and to thermal exchange with the
gas, but not gas-drag heating. Once this baseline temperature
1s reached, the rate of change of the temperature is
determined not by the particle dynamics, but by how quickly
the particle can escape the zone of intense thermal radiation
and hot gas. Analytical estimates ("Discussion, Cooling Rates")
lead to a cooling rate ~50 K h-1, consistent with the calculated
cooling rates, which are in the range 35-50 K h-! over the
temperature range 1400-1700 K at which significant
crystallization will take place.
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FIG. 4. Thermal history of chondrule in canonical shock. The chondrule's temperature (solid line) over the course of hours (a), and also
minutes (b), where it is contrasted with the temperature of the gas (dotted line). Chondrules in the pre-shock region are heated by radiation,
reaching 1000 K at 170 min before they reach the shock front. The cooling rates of the chondrules as a function of temperature are much slower
through the crystallization temperatures 1400-1730 K (¢) than at the higher temperatures 1730-1860 K (d), when heating is dominated by gas drag.
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Effects of Radiation and Dissociation

Our next run considers the same canonical case as above,
but with the important difference that J, in Eq. (14) is set to a
background value of ¢(300 K)4. That is, particles may emit
thermal radiation, but they do not absorb any radiation except
that which would keep them at 300 K. This calculation
represents the optically thin limit in which chondrules are
(unrealistically) not allowed to absorb other chondrules’
radiation, and is used to show that the slow cooling rates we
obtain are not due to diffusion of radiation through an optically
thick environment. The main effect of this change is to decrease
the peak temperatures reached by the chondrules, from 1858 K
to only 1388 K. In this sense, gas-drag heating alone heated
the chondrule by ~1100 K, while radiation heated it an additional
~500 K. Likewise, the baseline temperature is much lower,
being only ~950 K instead of ~1700 K. The thermal exchange
of the gas can thus be thought of as raising the chondrule
temperatures in the post-shock region by about 650 K, with
radiation increasing these temperatures an additional 750 K.
The interactions with the gas and with the radiation field have
comparable effects on the chondrule temperatures. The cooling
rates of the chondrules are not affected when they are not
allowed to absorb the thermal emissions of other chondrules.
After the gas-drag heating stage, the cooling rates are in the
range 10-60 K h-1. This indicates that the chondrule cooling
rates are controlled by how quickly the gas can cool.

We also conducted a run identical to the canonical case
except that hydrogen was not allowed to dissociate. Without
this major sink of energy for the gas, the gas remained at 3160 K
instead of cooling within minutes to ~1730 K, and the chondrule
peak temperatures were consequently higher, being 1925 K
instead of 1858 K.

Effect of Chondrule Density

We next consider the effect of changing the density of solids.
This is motivated by the idea that chondrules may be selectively
concentrated by turbulence (Cuzzi et al., 1996, 2001). Defining
C as the density of chondrules in some region normalized to
the average density of chondrules everywhere, the average
concentration over all volume is unity by definition. Turbulence
canlead to C>> 1 in small regions, however—in a nebula with
turbulence parameter ¢ = 104, maximum concentrations of
106 can be achieved in small regions ~1 km in size (Cuzzi ef
al.,1996). Such a zone has an optical thickness ~30 (assuming
post-shock gas density 10-8 g cm—3). The self-similarity of the
turbulence tends to make constant the product of C and the size
[ of a region with concentration greater than C: C/ = 106 km
(Desch and Cuzzi, 2000). This self-similarity implies that
regions of any concentration C will all appear optically thick
from the outside, and that regions of even higher concentration
make up a negligible fraction of their volume. To a good degree
of approximation, then, although zones of increased
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concentration are only limited in size and do not represent the
nebula as a whole, our numerical code can be applied to these
smaller regions as if C were uniform everywhere. Finally, we
note that although the chondrule concentration averaged over
all space is unity, a typical chondrule will experience a time-
averaged concentration much greater than 1. Chondrules spend
a significant fraction of their time in regions with C> 100 (Cuzzi
et al., 2001), and the average C experienced by chondrules is
probably in the range 10-100 (J. Cuzzi, pers. comm.).

The effects of chondrule concentration on the peak
temperatures and the cooling rates are displayed in Table 4.
From Table 4, it is evident that the peak temperature reached
by the chondrule is a strong function of the chondrule
concentration, especially for C = 100. This is due to our assumption
that in the C =1 case, chondrules make up 3.75 x 10-3 of the
mass. The density of gas and solids combined ina C'= 100 mixture
15 40% higher than in the C=1 case, while in the C =300 mixture,
it is over twice as high. Chondrules tend to drain the gas of
thermal energy, due to their surface area, but they also heat the
gas as the chondrules' kinetic energy is dissipated; there is a
tendency for the gas to reach quasi-equilibrium temperatures
that increase with C. More importantly, the absorption of the
thermal radiation from nearby hot chondrules, which adds
several hundred degrees Kelvin to the chondrules' temperatures
inthe C=1 case, 1s even more important as Cis increased. For
the same gas density and shock speed, chondrules are heated to
higher temperatures in zones with high concentrations. The
effect on the cooling rate is more complicated, and depends on
the temperature at which the cooling rate is sought, but cooling
rates at 1600 K are <100 K h-! for C < 30, and ~300 K, h-!
for C = 30. The thermal history of a chondrule in a region
with C = 30 is shown in Fig. 5, and the thermal history of a
chondrule in a region with C =300 is shown in Fig. 6. In the
case with C=300, ~10% of the chondrule mass has evaporated,
elevating the oxygen fugacity by a factor of ~30. The trend for
the peak temperature to increase with increasing concentration
of chondrules reaches a limit: chondrules inregions with C = 500
were found to evaporate completely. Ifpy,sand V; are sufficient
to evaporate particles in these high-C regions down to ~250 um,
then the evaporated silicate material will be comparable in mass

TABLE 4. Predicted cooling rates.

C Tpeax (K) Cooling rate at Dust
1600 K (K/h) evap.?

0.3 1856 50 N

1 1858 50 N

3 1860 50 N

10 1871 60 N

30 1887 85 N

100 1945 110 Y

300 >2000 400 Y

500 >2000 N/A Y
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to the mass of the gas. With the density of gas molecules nearly
doubled, gas-drag heating was found to be even more efficient,
leading to runaway evaporation of the chondrules.

Effects of Densities and Shock Speeds

The effects of gas density and shock speed are illustrated in
Table 5, which shows the results of a parameter study in which
Pgas could equal 3 x 10-10,1 x 109, or 3 x 102 g cm3, and V5
could equal 5, 6, 7, 8, or 9 km s~1. The peak temperatures and
the cooling rate (through 1600 K) are displayed. If the peak
temperature reached 2000 K, at which point the chondrule is
assumed to evaporate, the final radius of the chondrule is also
given. Also included is whether or not dust could be definitely
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said to evaporate for that run. As expected, chondrules will
completely evaporate at high densities and/or high shock speeds,
while chondrules at lower densities and/or shock speeds have
peak temperatures <1400 K, meaning they were never melted
and would not be recognized as chondrules today. (If chondrule
precursors were fragile, fluffy aggregates, they might not survive
such shocks at all.) The narrow band of parameter space
that leads to chondrules, which were melted but not
evaporated, also leads to roughly constant cooling rates in
the range 10-100 K h-1 for these cases with C = 1. Higher
chondrule concentrations are assumed to lead to more complete
melting and faster cooling rates at all gas densities and shock
speeds, as they did for the canonical case. Thus we can say
with certainty that only porphyritic chondrules can form in

1900
1820

1800

1750

T. (K)

1700 ¢ 7

1650 ]

1 6OO AAAAAA Livianaas | FTSTETTEVI FUUVEEUUTE IR IUUTUUE FUUUEUTUTY
-5-2-1 0 1 2 3
t (min)

3x10% T

T
1

2x10%

1x10%F ]

0 . N

1600 1700 1800
T (K)

1900

F1G. 5. Same as Fig. 4, but with chondrule concentration increased by a factor of 30 over the canonical "solar" value (C = 30). Peak
temperatures and cooling rates are slightly higher than in the case with C= 1.



A model for the thermal processing of particles in solar nebula shocks 199

2000

T. (K)

1000 |

o007

=10 0 10 20 30 40 50

t(hr)

500 T

T
1

200k

T

300+

T

200¢

—dT, / dt (K/nhr)

100 F

0f_.
1200

s 2 " L n . 1

1400 1800

T (K)

1600

2100 T

2050

T
-

1850 F .

-3 =2 =1 C 1 2 3
t (min)
500 T i
- d
400 :
< ]
= !
\/BOOt i
5 E ]
. 2OOE -
}__
o
| ‘E
WOOE 7
S S
18C0 1900 2000 2100
T (K)

FIG. 6. Same as Fig. 4, but with chondrule concentration increased by a factor of 300 over the canonical "solar" value (C = 300). Note the
changed abscissas and ordinates to accomodate the higher peak temperatures and cooling rates. The cooling rate at high temperatures (d) has
been reduced because chondrules spend their entire gas-drag heating stage at temperatures high enough (2000 K) to be evaporating instead of

heating or cooling.

regions with Cless than some critical value about 10-100, and
only in those regions. Chondrules with barred and radial
textures must have formed in regions with C = 10-100, and
only in those regions.

DISCUSSION
Cooling Rates

One of the most important predictions of the shock wave
model is of a generally positive correlation between the cooling

rate through crystallization temperatures (~1600 K) and the
chondrule number density. To simplify the discussion, we derive
a formula relating the cooling rate to the physical inputs and
show it is consistent with our numerical results. We assume
that after the initial gas-drag heating stage, the temperatures of
the gas and dust are well coupled. The gas cools by thermal
exchange with chondrules, so if chondrules remain hot, the gas
cannot cool. Likewise, chondrules are kept hot by thermal
contact with the gas, so if the gas remains hot, so will the
chondrules. Together, the chondrules and gas cool only as fast
as the chondrules and the gas (through the dust component)
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TABLE 5. Variation in peak temperature and cooling rate due to density and shock speed.

Density Shock speed, Vs (km/s)
Pgas (g em™ )
5 6 7 8 9
3 x 10-10 1119K 1321 K 1512K 1695 K 1896 K
N/A N/A N/A ~104K h-1 22K h-!
1x10-° 1299 K 1582 K 1858 K 2000 K 2000 K
292 ym* 0 um*
N/A N/A 50K h-1 5K h-1 N/A
dust evap. dust evap.
3 x 109 1443 K 1795 K 2000 K 2000 K 2000 K
294 ym* 0 um* 0 um*
N/A 120 K h-1 12K h-! N/A N/A
dust evap. dust evap. dust evap.

*At 2000 K, chondrule is assumed to evaporate. Final chondrule radius (#m) is given.

can radiate away their combined heat energy. This requires
them to travel several optical depths from the shock front, or
else the chondrules and gas (dust) will absorb radiation as fast
as they emit it. The cooling rate of a chondrule is essentially
its temperature drop, ~300 K, divided by the timescale for its
temperature to drop. This timescale is a factor of 4 greater
than the timescale to escape the radiation from the shock,
because chondrule heating and cooling scale as 7,:4. The cooling
timescale is therefore

At
Pglek

feool ® 4 ~7h (36)

where « = 1.14 (1 + C/50) cm2 g~ is the opacity and At = 5
is the number of optical depths that must be crossed to escape
the radiation of the shock front. This yields a cooling rate

CR ~50 fg“ Vs 1 (5+£]Kh_1 (37)
10°gem™ | 7kms™ 50

where ¢ = 1 if dust has not evaporated, and = 0 if it has.
This formula reproduces the cooling rates of chondrules
very well in all cases where the dust does not evaporate. For
the series of cases with pgas = 1 x 102 g cm3, V=7 km s71
and C < 100 (Table 4), Eq. (37) is accurate to within 10%; this
formula underestimates the cooling rate for C = 300, predicting
300 K il instead of 400 K h-1. Equation (37) predicts well the
cooling rates for the cases pgzs = 3 X 10-10 g cm3, V=9 kms~1,
C=1(19Khlinstead of 22 K h-1), and pgys =3 x 10-9 g cm 3,
Ve=7kms 1, C=1 (129 K h-! instead of 120 K h-1). The
formula tends to overestimate the cooling rate in the two cases
for which the chondrule density was not enhanced and yet dust
evaporated. Equation (37) would predict a cooling rate of only
1 K h-1 for the case withpgas =1 x 10-9 g cm3, ¥y =8 kms~1 and

C = 1, instead of the calculated 5 K h-1; likewise, it would
predict only 3 K h-1 for the case with pgas = 1 x 10-9 g cm3,
Vs=8kmsl and C=1, instead of the calculated 12 K h-1. An
analysis of the cooling curves in these two cases reveals that
the basic assumption of Eq. (37), namely that the gas and
particles are thermally well coupled, breaks down when the
dust evaporates. When dust is present, it couples the gas and
particles during the cooling stage so that their temperatures differ
by <1 K, but when dust is evaporated, the remaining chondrules
and the gas have temperature differences of 5-10 K. This changes
the energetics enough so that the cooling rates in the two odd
cases just discussed are about a factor of 4 too low. Still, in all
cases, Eq. (37) gives a good qualitative sense of the variation
of cooling rate with input conditions, and is numerically very
accurate in those cases where dust does not evaporate. It also
clearly demonstrates that cooling rates =100 K h-! are possible
only for very high concentrations of chondrules (C = 100), or
very high mass densities pgas = 3 x 10-9 g cm3), both
conditions implying a high spatial density of chondrules.

Compound Chondrules

Above we have demonstrated a break in the cooling rates at
C = 30. As Table 4 shows, a second break exists, in the peak
temperatures experienced by chondrules. Roughly, if C =300,
then the peak temperatures are high enough to completely melt
the chondrule and even induce evaporation, while if C < 100,
the chondrule is mostly, but incompletely melted. That is to
say, chondrules from regions with C < 100 will necessarily be
porphyritic, while chondrules from regions with C = 100 will
have cooling rates characteristic of barred olivines, and will be
completely melted as well. Numerical simulations of turbulent
concentration suggest that chondrules spend ~20% of their time
in regions with C > 102, and that these regions make up ~10-3
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of the volume of the nebula (Cuzzi et al., 2001). As such, ~80%
of all chondrules should be caught in regions with C < 100 when
overtaken by a shock wave, and end up being porphyritic. The
other 20% should be completely melted and end up with either
barred or radial textures. This fraction agrees well with the
fraction of chondrules in the general population that are
porphyritic (84%), and radial (7-9%) or barred (3—4%)
{Gooding and Keil, 1981).

We can also use these results to estimate the frequency of
compound chondrules and to predict what their textures should
be. Compound chondrules make up ~2.4% of all chondrules in
ordinary chondrites (Wasson et al., 1995). Compound
chondrules result when two (or more) chondrules collide, at
least one of which is still plastic so that the two stick. The
minimum temperature for being plastic is ~1400 K (Connolly
et al., 1994). The probability of a collision per unit timescales
as the product of the square of the chondrule concentration C
and the plasticity times (time during which the chondrule
temperature exceeds 1400 K). The plasticity times computed
numerically here, #,}55; = 104 s, are roughly independent of C,
to within factors ~3. Following Gooding and Keil (1981), we
estimate the probability a given chondrule will stick to a second
chondrule to be

2
Pcomp = ‘/5 4mac Vig Nelplast (38)

where V] is the relative velocity between chondrules and # is
their spatial number density. The relative velocity between
chondrules in a turbulent solar nebula with ¢ = 10~4 has been
shown to be ~100 cm s~ (Cuzzi et al., 1998), and we use a
post-shock gas density of 10-8 g crr3. The frequency of compound
chondrules can then be reproduced (i.e., Peomyp = 0.024) if the
average concentration of chondrules is C = 15, which is entirely
consistent with the known result that the average concentration
of chondrules will greatly exceed unity. We note that if
chondrules were to spend 80% of their time in regions with C =1
and 20% of their time in regions with C = 100, their average
concentration would be 21. Further work is planned to quantify
these predictions, but turbulent concentration and the shock
model presented here appear capable of explaining the
frequency of compound chondrules.

The textures of compound chondrules can be explained as
well. Compound chondrules are much more likely to be formed
in regions of very high C. Specifically, a region with C= 100
will produce 104x as many compound chondrules (per unit
volume) as a C=1 region. Even if such regions make up only
a fraction 10-3 of the volume (Cuzzi et al., 2001), compound
chondrules will overwhelmingly sample high-C (specifically,
C = 100) chondrule formation conditions. Thus, compound
chondrules should be predominantly radial and barred. These
conclusions are consistent with the data presented by Wasson ez
al. (1995), who compiled statistics on the number of compound
chondrules with different textures. We restrict our attention to the
subset of their data that are barred, porphyritic or radial, since
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these make up the bulk of their data. Compound chondrules are
overwhelmingly fully melted (radial or barred textures) rather than
partially melted (porphyritic textures), compared to the general
chondrule population. In the general chondrule population,
(barred + radial)/(barred + radial + porphyritic) = 13% (Gooding
and Keil, 1981), while among the compound chondrules studied
by Wasson et al. (1995), (barred + radial)/(barred + radial +
porphyritic) = (44 + 64)/(44 + 64 + 26) = 81%. Ifradial textures
are classified as fast coolers, then the same proportions
demonstrate that compound chondrules are also fast coolers.
If radial textures are discarded in favor of the more tightly
constrained cooling rates of barred and porphyritic textures, the
same conclusion is reached. Among the general population, barred/
(barred + porphyritic) = 5% (Gooding and Keil, 1981), while
among the compound chondrules studied by Wasson et al.
(1995), barred/(barred + porphyritic) = 44/(44 + 26) = 63%.
Clearly, compound chondrules are fast coolers and are more
often fully melted than chondrules in the general population.
Since compound chondrules almost certainly formed by
collisions in regions of higher chondrule density, these data
clearly support the conclusion that high chondrule densities are
correlated positively with degree of melting and cooling rate.
This correlation is predicted by the shock model presented here.

We point out that other models of chondrule formation do
not make this prediction, or would even come to the opposite
conclusion. Models in which chondrule peak temperatures are
controlled by an external energy source, such as exposure to
sunlight (Shu et al., 1996; Eq. (11)) would either predict no
correlation between the degree of melting and chondrule density,
or would predict a lower degree of melting, because the same
energy is distributed among more chondrules or because
chondrules shield each other from the energy source. Likewise,
if the chondrule temperature is controlled by the decay of an
external energy source (e.g., the drop in irradiation following a
flare), then there would be no correlation of cooling rate with
the chondrule density. More significantly, if the chondrule
temperature were determined by the diffusion of radiation
through an optically thick slab of chondrules (e.g., Sahagian
and Hewins, 1992; Hood and Horanyi, 1993; Hood and Kring,
1996; Hood and Ciesla, 2001), then the cooling rates should
be lower for higher chondrule densities, opposite to the
conclusion reached in this paper, and in contradiction with the
meteoritic evidence.

Pre-Shock Heating

An inevitable consequence of any shock model is that hot
chondrules that have just passed through the shock front will
emit radiation that will be absorbed by chondrules before
reaching the shock front (Desch and Connolly, 2001). To the
extent that the gas density and shock speed are fixed, the time
for which the chondrule will be heated before passing through
the shock is more or less fixed. In the canonical run presented
here, chondrules were above 500 K for ~230 min, above 1000 K
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for ~170 min, and above 1500 K for ~64 min, before reaching
temperatures of 1742 K just before being shocked. The gas-drag
heating that ensued was enough to heat the chondrules to 1858 K,
and the chondrules then cooled rapidly (~104 K h-1) to a baseline
temperature of ~1730 K, thereafter cooling at <102 K h-1. The
partial melting of chondrules before they even reach the shock
front may be essential to their survival in shocks if chondrule
precursors were fragile aggregates. Still, the question arises as
to whether primary sulfides could be retained during the
prolonged pre-shock heating. The sulfides observed by Rubin
et al. (1999) were asserted to be primary because they were
sited within large silicate phenocrysts, and had to have been
housed in silicate crystals before and during melting.
Chondrules with troilite sited within large crystals would not
have lost the sulfides during the hours before passage of our
canonical shock, because the chondrules did not heat above
1750 K, and would have been only partially melted. After
passing through the shock, peak temperatures are sufficient to
completely melt chondrules, but retention at this stage depends
on the kinetics of the melting and diffusion. It is at this point
that the experiments of Yu ef al. (1996) and Yu and Hewins
(1998) become relevant: sulfur could still be retained, even
with peak temperatures ~250 K above the liquidus, provided
the initial cooling rates exceeded ~5000 K h-1. These
conditions are satisfied by the shock model presented here, and
so we assert that the long stage of pre-shock heating would not
necessarily lead to loss of volatiles.

Remanent Magnetization

Both chondrites and chondrules contain remanent
magnetizations that can be used to infer the paleofields of their
formation environments. Many uncertainties accompany the
following derived paleofields (Wasilewski and Dickinson, 1995,
2000), but we will accept them and conclude that chondrules
experienced stronger magnetic fields than their parent
chondrites. Assuming that the remanent magnetizations are
due to thermoremanent magnetization, several carbonaceous
chondrites, including Allende, were exposed to paleofields
~1.0 = 0.3 G (Nagata, 1979). Ordinary chondrites were
exposed to paleofields estimated as about 0.01-0.1 G (Brecher
and Leung, 1979), to ~0.1 G (Nagata, 1979), to ~0.2 G
(Gus'kova, 1963; Herndon et al., 1972), up to 0.7-1.4 G
(Westphal and Whitechurch, 1983). Generally, chondrites are
supposed to record magnetic fields about 0.1-1 G (Stacey et
al., 1961; Herndon and Rowe, 1974). This is consistent with
estimates of the magnetic field strength of the early solar system
of 0.1-1 G (Nakano and Umebayashi, 1986; Desch, 1998;
Desch and Mouschovias, 2001), due to magnetic field lines
being dragged in from the molecular cloud during collapse of
the molecular cloud core. The formation of chondrules and of
chondrites are each predicted to take place amid the backdrop
of a uniform, dynamically weak magnetic field, oriented
perpendicular to the disk. Chondrites would naturally record
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this background field. Chondrules would also be exposed to
this magnetic field, yet they record magnetic field strengths an
order of magnitude greater than their host chondrites, about
1-10 G (Levy, 1988; Wasilewski and O'Bryan, 1994, Jones et
al.,2000). In Allende, chondrules were exposed to paleofields
estimated as 2—7 G (Lanoix et al., 1978b), and 2-16 G (Lanoix
et al., 1978). The magnetizations of chondrules within
chondrites are randomly oriented, suggesting they were
magnetized individually before incorporation into chondrites
(Sugiura ef al., 1979). It is presumed that chondrules acquired
their magnetization as they cooled through their Curie points
(presumably of kamacite, T¢yurie = 1040 K) following the
chondrule formation event.

If chondrules were melted in shocks, they would have cooled
through their Curie points while still in a shock-compressed
gas. If magnetic field lines were initially oriented parallel to
the shock front (i.e., field lines normal to the disk, with the
shock propagating in the disk), then field lines would be
compressed by the shock, assuming that the hot, shocked gas
was sufficiently ionized to couple to the magnetic field on
timescales of tens of hours. The compression of the field lines
would scale with the density (e.g., Shore, 1992), so the factor
by which the gas is compressed also would be the ratio between
the magnetic field seen by chondrules and the background
magnetic field seen by chondrites. This factor is ~11 in our
canonical run, so that if chondrites experienced field strengths
about 0.1-1.0 G, chondrules would naturally acquire
magnetizations from fields about 1-10 G in strength.

Source of Nebula Shocks

The canonical run presented here assumed ambient densities
of 1 x 10-9 g cmr3 and ambient temperatures on the order of
300 K. These values are consistent with a protoplanetary disk
that is gravitationally unstable beyond 5 AU, but (locally) stable
inward of 5 AU (Bell ez al., 1997). The mass accretion rate
needed to produce a disk this massive, 10-8 Mg year-1, is the
median mass accretion rate of T Tauri stars 1 Ma old of age,
although mass accretion rates this high have been found in
T Tauri systems that are 2-3 Ma old (Fig. 3a of Hartmann et
al., 1998). The evolution of protoplanetary disks that are
marginally gravitationally unstable at 5-20 AU has been
investigated by Boss (2001) in the context of forming Jupiter
by gravitational collapse rather than core accretion. Clumps
are found to form on timescales ~105 years, which may possibly
be gravitationally bound but may also be sheared apart. While
the clumps exist, however, they tend to drive associated density
structures at radii interior to them, that are oriented normal to the
orbital flow (Boss, 2000). These structures have a tendency to co-
orbit with the dense clumps driving them, and gas at smaller radii
will collide with the structures with relative velocities ~10 km s-1
(Boss, 2000). For example, gas orbiting at 2.5 AU would overtake
the density structures at a relative velocity equal to the difference
in orbital velocities between the gas at 2.5 AU (Vk =19 kms-1)
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and the clump, at ~6 AU (Vg = 12 kms-1). Gas in the asteroid
belt is therefore expected to encounter the density structures as
a 7 km s-1 shock. In one numerical simmlation, the actual
velocity difference between the density structure and gas at
4.5 AU was found to be 7 km s~! (Boss, 2001, pers. comm.).
Numerical simulations extending the inner grid boundary to 2 AU
(from 4 AU) are planned (Boss, 2002; unpubl. data), which
should verify the presence of shocks in the asteroid belt region
and provide statistics on the frequency and intensity of shocks.
Nonetheless, it seems plausible that while the protoplanetary
disk remains massive, for about 1-3 Ma, shocks should be
generated that are capable of melting chondrules. These shocks
would be repeatable, since clumps may form and shear apart
and form again, but only stochastically.

CONCLUSIONS

During the first few million years of the solar system's
evolution, mass accretion rates were high enough (2108 Mg,
year1; Hartmann e al., 1998) that the nebula could have been
gravitationally unstable beyond 5 AU (Bell er al., 1997).
Gravitational instabilities in these regions could create
overdense regions that would sweep through the protoplanetary
disk at radii <5 AU, with high (~7 km s~1) velocities relative to
the gas there (Boss, 2000, 2001). Such gravitational instabilities
would probably manifest themselves as shocks, capable of
melting chondrules (Boss, 2000). In this paper we have modeled
the thermal histories of particles as they pass through shock
waves, taking into account the transfer of radiation, the
dissociation of hydrogen, and evaporation of dust and/or
chondrules. We find that peak temperatures sufficient to melt
chondrules are produced in the shock waves that plausibly swept
through the nebula. Moreover, we have reproduced the cooling
rates of porphyritic chondrules with the assumption that a
fraction of the solid material in a solar composition gas is in
the form of chondrules. The cooling rates are nonlinear, being
very rapid above the liquidus (~104 K b-1) and moderate
(~50 K h1) over the crystallization temperature range. The
fast cooling rates above the liquidus are consistent with
constraints imposed at high temperatures by the retention of
sulfur (Yu et al., 1996), and the cooling rates at lower
temperatures are consistent with the many cooling rates in the
literature, which we have reviewed here. These results are
robust in that chondrules melted by shocks of any strength or
gas density will have similar cooling rates.

It is also quite likely that chondrules were concentrated into
small regions by turbulence in the solar nebula (Cuzzi et al.,
2001). The faster cooling rates and higher peak temperatures
of barred and radial chondrules are reproduced naturally by
the shock model if those chondrules come from regions with a
higher chondrule-to-gas ratio (C = 100). This positive
correlation between chondrule density and cooling rate and
peak temperature is a unique prediction of the shock model
presented here, and is supported by the overrepresentation of
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barred and radial textures among compound chondrules.
Assuming chondrule concentrations vary due to turbulent
concentration according to the probability distribution functions
of Cuzzi et al. (2001), we estimate that ~80% of all chondrules
should be porphyritic, a number that compares well with
observations (Gooding and Keil, 1981). Combining the relative
velocities and average concentrations of chondrules from the
turbulent concentration model with the plasticity times
computed here also reproduces well the frequency of compound
chondrules. The shock wave model also predicts that the
remanent magnetizations of chondrules should be an order of
magnitude greater than those of their parent chondrites, in
accord with observations.

Future work will quantify the statistical distributions of
shock speeds and gas densities and chondrule concentrations,
allowing predictions of how often a chondrule will actually
experience a 7 km s-1 shock, and of the statistics of chondrule
textures. We also plan to refine the calculations done here to
include line cooling due to HyO emission, to quantify how
quickly the gas cools on its own; this may set a lower bound on
the chondrule cooling rates. The shock wave model also
inevitably predicts that chondrules are heated above 1000 K
for hours before they even reach the shock front; volatile loss
should be studied in this context. Despite these areas of future
work, it is encouraging that the shock wave model provides a
context for studying chondrule formation. The many compelling
consistencies between the meteoritic record and the predictions
of the model presented here bring us to the conclusion that
chondrules formed in the solar nebula by passing through shock
waves.
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APPENDIX A

Gas-Solid Transfers

The drag force, the rate at which momentum is transferred from
the gas to dust grains, has been calculated by Probstein (1968) in
the limit that gas atoms and molecules are thermally accomodated
(brought to the solid's temperature) before leaving the solid's
surface, and that the gas atoms and molecules are reflected
diffusively. The mean molecular flow approximation can be used
if the particle radius g; is smaller than the mean free path 4 of the
gas atoms and molecules, a; < 2.25/(n0) (Cuzzi et al., 1996). Using
a cross section 0 = 5 x 10-16 cm2, and a particle diameter of 1 mm
leads to an upper limit to the density » to which this approximation
is valid, ~1017 cm=3, or pg = 3 x 10-7 g cm3. For valid densities,
the drag force is given by Eq. (11), with a drag coefficient

2 7rT
C
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Here T; is the solid's temperature, T is the gas temperature,
and

ol

A2
(2kT | )1 (42)
m being the mean molecular weight of the gas species and & the
Boltzmann constant. In the limit s >> 1, Cp = 2, while in the
limit s << 1, Cp > (2/3s) (nT;/Ty)1/2. In practice, a different
coefficient Cyy exists for each of the four gas species considered.

The heating rate of particles by the gas, due to frictional
heating or thermal exchange, is Eq. (12), with different
parameters 7y, Cy defined for each gas species:
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and

Cy = y+1

k s 2 ) 1 2
15y L”Z exp(—s +[5+s jerf(s)} (A4)

The same gas temperature 7y is used for each species, but
y =7/5 for H; and SiO and y = 5/3 for H and He, and 5 will be
different for each species as well, since m = 1myy for H, 2mpy
for Hy, 4myy for He, and 44my for Si0. In the limit that s << 1,
Trec = Tgand Cy > [(y + 1)/(y — 1)] [K/(41/2ims)], while in the
limit s X4 1, Tree = 2[(y = D/(y + 1)]s2Tgas and Cyy = [(y + 1)/
(y—D] (K Sm) Altogether, if s >> 1, gas-drag heating dominates
over thermal exchange and the heat flux is

q_)épgas ’Vj - Vg|3 (A5)
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In the opposite limit, when s << 1 and thermal exchange
dominates over gas-drag heating,

/2
&lg_kT_gl Hr+r _7) (A6
q—{ﬁ}é‘[ﬂﬁ] 2\ k(Tg Tj) (A6)

APPENDIX B

Dissociation and Recombination

In the gas phase, H atoms can combine to form H, molecules.
Because H; is a nonpolar molecule, it cannot radiate away the excess
chemical energy of formation by allowed transitions, and H, formation
must proceed by three-body reactions, with either H atoms or Hj
molecules as the catalysts. Once formed, Hy molecules are dissociated
by collisions with H atoms or other Hy molecules. The net rate at
which H atoms recombine in the gas phase is (Cherchneff ez al., 1992):

R=-+n? (alnH2 + aZnH)—nH2 (a3nH2 + a4nH) (B1)

T -0.6
a; =872 x 10733 £ cm® 7! (B2)
300K

-1
T,
& j cm® 57! (B3)

ay =1.83 x 1073
300K

a3 =1.50 x 107? exp[—w] cm’ 57! (B4)

Ty

L, 53280K
ay =375 x 1078 £ exp| ——— em?® 57!
300K T,

(B5)




