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Chondrules and calcium- and aluminum-rich inclusions (CAIs) are small pieces
of rock that probably formed in the solar nebula when fine-grained dustballs were
melted and crystallized in short-lived heating and cooling events. Many different
models have been proposed to explain the heat source for these events. Studies
of the mineralogical, compositional, and isotopic properties of chondrules and
CAIs provide important observational constraints that any viable model must
explain. Several models may be dismissed, at least in their current formula-
tions, because they are unable to meet fundamental constraints. We examine
three currently popular models for chondrule and CAI formation in more detail:
nebular lightning, the shock wave model, and the x-wind model. None of the
models is entirely satisfactory, and the origin of chondrules and CAls remains
enigmatic.

I. INTRODUCTION

Chondrules are nearly round, submillimeter-sized objects consisting
mainly of Mg-Fe silicates. They appear to have solidified by the quick
cooling of melt droplets in the early solar system. They are the domi-
nant component in the most common and primitive classes of meteorites,
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the chondrites, occupying as much as 80% of the total volume (Fig. 1).
A second group of similar, but less abundant, objects is the Ca-Al-rich
inclusions (CAls), which consist mainly of Ca-Al silicates and oxides.
Because chondrites are considered to be the building blocks of the ter-
restrial planets, the formation of chondrules (and CAls) is an important
episode in the formation of our solar system (Hewins et al. 1996). Most re-
searchers agree that solid precursors of chondrules and CAls were melted
during rapid heating events that lasted for intervals of the order of min-
utes; then the molten droplets cooled rapidly, over intervals of hours to
days. Some chondrules and CAls appear to have gone through this cycle
more than once. However, most questions concerning the origin of chon-
drules and CAIs still lack definitive answers. The most fundamental ques-
tion is, Where and how did the heating take place? Most researchers favor
an environment in which chondrules and CAls were free-floating objects
within the solar nebula, but some still prefer planetary surface environ-
ments. Wherever they formed, there is no agreement on the most viable
heating mechanism.

In the last decade, substantial progress toward solving the riddle of
chondrule and CAl origins has been made. The improved understanding of
the formation history of sunlike stars and their accretion disks means that
chondrule formation can be addressed in a more rigorous astrophysical
framework. There have also been major advances in microbeam tech-

Figure 1. Texture of an unequilibrated ordinary chondrite (Ragland, LL3),
showing chondrules (light) and fine-grained silicate-rich matrix which shows
as black. In this transmitted-light image, metal and sulfide minerals are opaque
and are also black. The chondrule in the center has a well-defined, fine-grained
rim. Photo is 3 mm across.
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niques that perform in situ analyses of the chemical and isotopic composi-
tions of chondrule constituents on a scale of tens of micrometers or less. A
third impetus has come from more sophisticated simulation experiments
that have explored the effect of different parameters such as crystalliza-
tion seeds, chemistry, and thermal history on the formation of chondrule
textures, compositions, and phase relationships.

In this chapter we first distill a set of constraints for chondrule and
CAI formation models from simulation experiments, petrographic exami-
nation, and in situ analyses. Then we briefly discuss why many proposed
models, at least in their most naive form, can be dismissed, because they
violate some of the most critical observational constraints. Finally, we
explore in more detail the three models we consider to be most viable:
lightning, the nebula shock model, and the x-wind model. We suggest ad-
ditional petrographic information that could potentially be used as discrim-
inatory tests for these models.

II. OBSERVATIONAL CONSTRAINTS

In Table I, we summarize the constraints for the chondrule and CAI for-
mation models described below and the observations that support them.
The interpretation of some observations is more ambiguous than others,
and we have indicated those that are not generally accepted.

Note that there are several different types of CAls. Types B and C
CAls are coarse-grained and crystallized from melt droplets (Fig. 2). Other
types of CAls are fine-grained and have irregular shapes. In this chapter
we discuss only the formation of molten (igneous) CAls; this restriction is
implied in most of the discussion where we use the term CAL

A. Chondrites

Chondrule properties should be regarded in the context of the chondritic
rocks in which they are observed. In brief, there are three main classes of
chondrites: ordinary (O), carbonaceous (C), and enstatite (E). Within these
classes there are 12 well-established groups. In addition, there are two less
well-established groups, Rumuruti-like (R) and Kakangari-like (K) (see
Table II). The groups are characterized by properties such as sizes and
abundances of various components (chondrules, CAls, matrix, etc.), bulk
chemistry, and O isotopic composition (e.g., Brearley and Jones 1998), and
the variation between the groups indicates that each one formed in a local-
ized region. Each chondrite group may represent a sample as restricted as
a single parent body from the asteroid belt.

B. Abundances of Chondrules and CAls

Chondrules are the most abundant component of most types of chondrites
(up to 80 vol%: Table II), providing evidence that chondrule formation af-
fected a large proportion of the material that accreted at 2—4 AU. We infer
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TABLE I
Observational Constraints for Chondrule and CAI Formation Models

Constraint Supporting observations

Essential constraints for which a model must account:

High efficiency High chondrule abundances
Nebular timescales only Isotopic dating

Low ambient temperature Presence of volatiles

Short heating time (minutes) Retention of volatiles; preservation

of relict grains; experimental
reproduction of textures

Peak temperatures ~2000 K Experimental reproduction of textures

Short cooling time (hours) Experimental reproduction of
textures; zoning in minerals; presence
of glass

Localized process Limited size range in each chondrite
group; differences in O isotopic
composition

Multiple episodes; recycling Relict grains; compound chondrules;
igneous rims

Magnetic field Remanent magnetization

Constraints not firmly accepted by meteoriticists:

Chondrule formation ~2 Myr Short-lived radioisotope data
after CAI formation
Elevated gas pressure Stability of molten chondrule
Variable nebular oxidation states Variable oxidation states of
chondrules

Well-defined observations for which a heating model does not necessarily need
to account:

Size sorting Restricted size range in each
chondrite group
Presence of dust that escapes Fine-grained rims
heating

that the chondrule-forming process was common and efficient, although
the high abundance of chondrules is also consistent with an additional pro-
cess that selectively concentrates millimeter-sized particles in chondritic
parent bodies. In comparison, CAls are far less abundant. Igneous CAls
occur almost exclusively in CV chondrites, in which Type B CAls consti-
tute ~3 vol% and Type C CAls are very rare. Chondrule abundances are
reported differently by different authors, because of some lack of agree-
ment about defining what constitutes a chondrule. Chondrules are usu-
ally recognizable as having at least some properties derived from a droplet
origin, such as partially rounded outlines, the presence of glass, and tex-
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Figure 2. A Type B CAI from the CV3 meteorite Leoville (inclusion 3537-2).
This object is approximately 8 mm across and is composed largely of melilite
and pyroxene with minor amounts of spinel and anorthite. The chondrite matrix
is black.

tures indicating crystallization from melts (igneous textures). In addition
to chondrules, many chondrite groups also contain a volumetrically signif-
icant population of isolated grains and mineral fragments (usually olivine
and pyroxene), which, in many cases, are inferred to be broken pieces of
chondrules. Mineral fragments are included in the chondrule abundance
data for the various chondrite groups in Table II.

C. Sizes of Chondrules and CAls

Chondrules from all chondrite groups show a very restricted size range.
Mean diameters range between 0.2 and 1.0 mm in all known chon-
drite groups, with the exception of CH chondrites (Table IT). The highly
reduced CH chondrites are an extraordinary chondrite group in many re-
spects; there is some doubt that they are true chondrites formed in the
solar nebula (Wasson and Kallemeyn 1990). The actual spread in chon-
drule sizes is wide, from “microchondrules” (<40 um) (Krot and Rubin
1996; Krot et al. 1997) to extraordinarily large ones, up to 5 cm across
(Prinz et al. 1988; Weisberg et al. 1988), but such extreme sizes are rare.
The restricted size range indicates either a heating mechanism that is
specific to the submillimeter size range or the presence of a concentration
mechanism for this size range that may be independent of the heating
mechanism. Possible size selection mechanisms include turbulent eddies
(Cuzzi et al. 1996; Paque and Cuzzi 1997) and aerodynamic coupling
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of gas and dust. Metallic particles also show restricted size ranges in
individual chondrite groups, and silicate and metal particle size distri-
butions may be consistent with aerodynamic sorting (e.g., Skinner and
Leenhouts 1993). Chondrules in individual chondrites show lognormal
size-frequency distributions, and the mean chondrule diameter is very well
defined for each chondrite group. The mean chondrule size for each
group must be observed empirically and is not related to any other chem-
ical or physical properties. If a size-sorting mechanism was operative, it
must have been localized and efficient. Sorting may have taken place
before, during, or after chondrule formation.

For CAls, size data have not been quantified very clearly, but the
largest (up to 2.5 cm in size: Clarke et al. 1970) are found in the CV
chondrites, which also have the largest chondrules; CO, CM, and ordinary
chondrites contain smaller CAls (<1 mm).

D. Chondrule and CAI Compositions

Most chondrules are ferromagnesian chondrules, dominated by Fe, Mg,
Si, and O. There is considerable compositional variation, particularly in
terms of FeO/MgO ratios and SiO, contents (e.g., Grossman et al. 1988).
FeO-poor chondrules are reduced and contain metallic Fe as well as FeO-
bearing silicate minerals, whereas FeO-rich chondrules are more oxidized
and contain only minor metallic Fe. Within each of these types, higher
SiO, contents lead to crystallization of a higher ratio of pyroxene rela-
tive to olivine. Most ferromagnesian chondrules also contain glass. There
are arguments that all ferromagnesian chondrule compositions can be de-
rived from FeO-rich material by a combination of evaporative loss and
loss of metal beads during prolonged melting events (e.g., Sears et al.
1996). However, the siderophile (“metal-loving”) element and other frac-
tionations observed in chondrules cannot be explained entirely by such a
process (Grossman et al. 1988; Grossman 1996). Also, this scenario is in-
consistent with the very short heating times that chondrules experienced
(see section II1.G below).

Aluminum-rich (Al-rich) chondrules constitute <5% of all chon-
drules and occur in most chondrite types. Compositionally, they span the
gap between ferromagnesian chondrules and CAls, but their relation-
ship to both these other types of objects is not well understood (Bischoff
and Keil 1984; MacPherson and Russell 1997). They typically contain
plagioclase feldspar, pyroxene, olivine, and glass.

Igneous CAls are classified into two types, B and C, that have dif-
ferent proportions of the minerals melilite, spinel, pyroxene, and anorthite
feldspar. Unlike chondrules, none of these CAls contain any appreciable
quantities of glass. The minerals are described as refractory, meaning that
they are among the first minerals predicted to condense, under equilib-
rium conditions, from a cooling gas of solar composition, and among the
last minerals to evaporate on heating. Although refractory during conden-
sation, CAls have melting temperatures lower than many chondrules. The
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differences between Type B and C CAls probably reflect differences in
precursor assemblages rather than a genetic relationship between the two

types.

E. Oxygen Isotopic Compositions of CAls and Chondrules

Oxygen isotopic variations are widespread in the solar system. In an oxy-
gen three-isotope diagram (Fig. 3), different constituents of unequilibrated
chondrites all have their own oxygen isotopic variation patterns. The anhy-
drous (water-free) minerals (AM) in carbonaceous chondrites (CC) popu-
late a line with a slope of 1 (CCAM line). These data may be interpreted
as a mixture of two or more distinct components with different oxygen
isotopic compositions, such as a nucleosynthetic component from super-
novae ('0-rich) and the nebular gas (°0O-poor; Clayton et al. 1973). Al-
ternatively, the data may also be explained as a mass-independent isotopic
fractionation effect (Thiemens 1996).

Chondrules from different meteorite groups have limited ranges and
plot in different parts of the O isotope diagram, suggesting different for-
mation sites or times for chondrules in different chondrite groups (Clayton
et al. 1983; Clayton 1993). Oxygen isotopic compositions of chondrules
all lie relatively close to the terrestrial fractionation line (TF), although
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Figure 3. Oxygen isotopic compositions of chondrules and CAls from ordinary
and carbonaceous chondrites. Reprinted with permission from K. D. McKeegan
et al. (1998), Science 280:414—418. Copyright (1998) American Association
for the Advancement of Science. §'7Ogpow and 88 Ogyow refer to deviations
per thousand, relative to standard mean ocean water (SMOW). Data for chon-
drules from ordinary chondrites (crosses) lie above the terrestrial fractionation
line (TF), whereas data for chondrules from carbonaceous chondrites (circles)
lie below TF (see inset). Data for whole CAls from carbonaceous chondrites
(open triangles) fall along a line of slope ~1, known as the carbonaceous chon-
drite anhydrous minerals (CCAM) line. Recent data for CAls from ordinary
chondrites (filled symbols) lie on the same line.
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measurable compositional spreads are observed. In contrast, oxygen iso-
topic compositions of CAlIs show a much wider spread along the CCAM
line. McKeegan et al. (1998) have shown that oxygen isotopic composi-
tions of the rare CAls in ordinary chondrites plot near the same slope 1
line as the CAls in carbonaceous chondrites. A possible interpretation of
this result seems to be that all CAls from different groups of meteorites
share a common origin.

F. Chondrule and CAI Precursors

The immediate precursor material of chondrules probably consisted of in-
dividual dustballs, each one having a unique composition. Components of
the dustball are thought to be fine-grained. In porphyritic chondrules, relict
grains tens of microns in size are preserved (see subsection II.G), while
the majority of chondrule precursor material melted. This suggests that
most of the host chondrule precursor material was relatively fine-grained.
Although there is no constraint on a lower limit for precursor grain size,
porphyritic textures require preservation of crystal nuclei from the precur-
sor dust, which probably requires initial grain sizes in the range of mi-
crometers (see section I1.G).

G. Thermal Histories of Chondrules and CAIs

Thermal histories of chondrules and CAls are a function of four important
features: ambient temperature, peak temperatures of melting, duration of
melting, and cooling rates. An understanding of these variables has been
achieved through a comparison of the textures, mineral chemistries (in-
cluding elemental zonation within crystals), and bulk compositions of the
natural objects with synthetic analogs produced in the laboratory. We use
the expression “integrated 7'/t”” when we describe the temperature and the
duration of a heating process. This is an important parameter, because, for
kinetically driven processes, the effect of heating to a high peak 7' for a
short time can be equivalent to that of heating to a lower T for a longer
time. The thermal histories we describe below are summarized in Fig. 4.

Earlier experiments designed to constrain thermal histories of chon-
drules emphasized the effect of cooling rate to produce variations in tex-
ture. However, it is now apparent that one key to interpreting chondrule
and CALI textures is the number of crystal nuclei present in the melt as
it begins to cool (e.g., Lofgren 1996). For example, radiating and barred
textures are produced from melts with few nuclei remaining, whereas por-
phyritic textures are the product of a melt in which many nuclei survived
(Fig. 5). One source of crystal nuclei is incomplete melting of precursor
dust grains. When this is the case, all other parameters being equal, por-
phyritic textures represent a lesser degree of heating (lower integrated 7'/1)
than barred textures. It is also possible, however, that chondrules collided
with dust grains while they were molten and that these “seed” grains con-
trolled the texture, especially if no nuclei derived from precursor dust sur-
vived melting (Connolly and Hewins 1995).
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Figure 4. Schematic thermal histories for chondrules (solid lines) and igneous
CAlIs (dashed line). Cooling rates in kelvins per hour are indicated. Inferred
thermal histories for CAls have more extended times at peak temperatures and
lower cooling rates than those for chondrules.
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Figure 5. Textures of chondrules and experimental analogs. All the images are
back-scattered electron images, in which phases with higher average atomic
numbers appear brighter. (a) A compound chondrule from the Semarkona (LL3)
ordinary chondrite, consisting of a pair of barred olivine chondrules. The dark
gray grains are elongate olivine crystals, and the light gray interstitial material
is glassy mesostasis. Both chondrules have abundant metal blebs (white) around
their rims.



Figure 5. (b) Synthetic barred olivine chondrule showing a similar texture to (a).
This texture can be produced in flash-melting experiments, in which the peak
temperature is maintained for only seconds to minutes.

Figure 5. (c) FeO-poor (type IA) porphyritic olivine chondrule from the Se-
markona (LL3) ordinary chondrite. Olivine grains are dark gray and show
straight crystal faces; mesostasis glass is light gray. Metal (white) occurs in
two associations: as larger blebs occurring throughout the olivine and mesosta-
sis, and as hosts of small blebs in the interiors of “dusty” olivine grains. The
small blebs were produced by reduction of more FeO-rich relict olivine grains
that were incorporated into the host chondrule precursor assemblage and es-
caped melting.
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Figure 5. (d) Synthetic FeO-poor chondrule showing a similar texture to (c).
This experiment contained carbon in its starting material, which, upon heating,
reduced the FeO in the unmelted silicate grains to Fe metal. Scale bars in (a),
(b), and (c) are 100 microns, in (d) is 10 microns.

1. Ambient Nebular Temperature. The presence of moderately vola-
tile elements such as Na and S within chondrules, assuming that they were
inherited from their precursors, provides a constraint on the premelting
ambient nebular gas temperature within the region of chondrule formation
(Grossman 1988; Wasson 1996; Zanda et al. 1996; Connolly and Love
1998; Rubin et al. 1999). This temperature must have been below that
at which S (usually in the form of FeS) and Na evaporate: ~650 K and
~970 K, respectively (Wasson 1985).

CAIs contain almost no volatile elements. The ambient nebular tem-
perature for CAISs is constrained to be around 1400-1500 K.

2. Duration of the Heating Event. The melting interval for chon-
drules was originally postulated to have lasted for several hours (Hewins
1989; Lofgren 1996) but more recent experiments have restricted this time
to less than a few minutes in order to facilitate retention of moderately
volatile elements such as Na and S. Experiments conducted at a range
of pressures and oxygen fugacities have shown that if heating from low
ambient nebular temperatures was slow, more than a few minutes, or if
melting at peak 7 was longer than several minutes, chondrules would not
retain these volatile elements (Radomsky and Hewins 1990; Yu et al. 1996;
Hewins et al. 1997; Connolly et al. 1998; Yu and Hewins 1998).
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Another independent constraint on the duration of chondrule melting
is the presence of relict grains that were not in contact with melt for a
long enough time to dissolve. Survival of relict grains in chondrules is a
function of the integrated 7'/t close to peak temperatures, and it constrains
the maximum time that appreciable melt was present to tens of seconds to
several minutes (Connolly et al. 1994; Greenwood and Hess 1996; Hewins
and Connolly 1996).

3. Peak Temperatures. Estimates of peak melting temperatures are
obtained by comparisons between chondrule simulation experiments, the
calculated equilibrium liquidus temperatures of chondrules (temperatures
of complete melting) and chondrule textures (Hewins and Radomsky
1990; Lofgren 1996; Connolly et al. 1998). The total range of estimated
peak temperatures of chondrule formation is from ~1800 to 2200 K. Piv-
otal to these estimates is the production of barred olivine textures (Hewins
and Radomsky 1990), which, if no external seeds interacted during for-
mation, require very precise melting and cooling conditions (Lofgren and
Lanier 1990; Radomsky and Hewins 1990). The peak T for a given com-
position cannot be estimated precisely because of the importance of kinetic
factors such as the duration of the heating interval and the precursor grain
size.

For molten CAls, T/t paths determined from experiments are signif-
icantly different from those determined for chondrules (Fig. 4). Based on
growth characteristics of melilite, the dominant silicate mineral in Type
B CAls, the maximum melting temperature is inferred to be ~1700 K
with a duration of several hours (Stolper 1982; Stolper and Paque 1986;
Beckett et al. 1988; Paque and Lofgren 1993). However, initial melting
conditions similar to those experienced by chondrules have not yet been
fully tested on CAI compositions, and the possibility of similar heating
cycles for melted CAls and chondrules should not be eliminated (Paque
1995). Although Type B CAIs appear to contain several generations of
spinel (Meeker 1995; Connolly and Burnett 1998), dissolution times have
not been estimated.

Any heating mechanism that heats particles in good thermal contact
with the nebular gas might be expected to produce a narrow range of peak
temperatures. This is because, at nebular pressures, molecular hydrogen
dissociates at temperatures comparable to chondrule and CAI peak tem-
peratures, e.g. 1700-2000 K at 10~* atm (Liepmann and Roshko 1957;
Scott et al. 1996; Wasson 1996). The large energy per unit mass required
to dissociate hydrogen makes it an excellent “thermostat” for both the gas
and any solid materials in good thermal contact with it.

4. Cooling. Variations in cooling rate affect the textures and mineral
chemistries of chondrules and CAls, as well as bulk compositions, if evap-
oration occurred during this interval. In general, chondrules cooled much
quicker than CAls: Approximate linear cooling rates are 50-1000°hr for
chondrules and 2-50°/hr for CAls (Lofgren and Russell 1986; Stolper and
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Paque 1986; Radomsky and Hewins 1990; Jones and Lofgren 1993; Lof-
gren 1996; Hewins et al. 1997). These cooling rates are relevant to the
temperature range in which a significant proportion of the object is molten
(~1600-2000 K for chondrules). Preservation of chemically zoned min-
eral grains and the presence of glass not only are indicators of rapid cooling
but also argue that cooling continued down to low ambient temperatures
and that no significant reheating or annealing occurred. Small values of the
integrated T/t for a reheating or annealing event (e.g., 1200 K for a few
seconds or 800 K for a few hours) would be difficult to detect. However,
longer durations or a higher temperature would result in homogenization
of zoning by solid-state diffusion, and glass would crystallize (devitrify)
(Connolly and Hewins 1992; Jones and Lofgren 1993; DeHart and Lof-
gren 1996). Wasson (1996) proposed that observed chondrule textures are
produced by multiple low-temperature annealing events on largely glassy
precursors, but chondrule textures have not been reproduced experimen-
tally in this manner.

Although most chondrule and CAI analog experiments have deter-
mined linear cooling rates, it is more likely that cooling curves in any nat-
ural process would be nonlinear (Yu et al. 1996; Yu and Hewins 1998).
Microstructures in plagioclase and pyroxene in some chondrules record
cooling rates of tens of degrees per hour in the temperature range 1450—
1600 K (Weinbruch and Miiller 1995). Typical nonlinear cooling curves
may be like the one illustrated in Fig. 4.

Cooling rates of chondrules and CAls are slower than would be ex-
pected from simple radiative heat loss to the surrounding ambient nebular
gas, implying that some type of heat-buffering effect accompanied their
formation. This is commonly attributed to high dust/gas ratios relative to
a gas of solar composition, which insulates the formation regions (Wood
1984; Grossman 1988; Sahagian and Hewins 1992). Alternatively, ther-
mal buffering could also have been achieved through a hot, compressed
gas (as in the shock wave model: see section III.B.2). The estimated cool-
ing rates, as well as short times at peak temperatures, are inconsistent with
models that require heating of large volumes of dusty clouds (e.g., >100
km in size), which would not allow sufficiently rapid cooling (Sahagian
and Hewins 1992; Boss and Graham 1993; Wasson 1996). This concern
further supports the interpretation that chondrule formation was a fairly
localized process.

H. Oxygen Fugacity and Pressure of Ambient Nebular Gas

Chondrules and CAls provide limited information about the surrounding
gas during the formation interval. During the short heating times for chon-
drules, there would be only limited exchange of material between chon-
drules and gas, even at high temperatures, and the chondrules would not
necessarily achieve equilibrium with the gas. Evidence for such limited in-
teractions comes from the fact that O isotopic compositions of some chon-
drules that have undergone more intense heating and melting (e.g., barred
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olivine chondrules) indicate a higher degree of equilibration with the gas
than those of porphyritic chondrules do (Clayton et al. 1983).

The oxidation states of chondrules vary greatly. If chondrule oxida-
tion states were controlled by the surrounding gas, FeO-poor chondrules
record conditions similar to that of a gas of solar composition, but FeO-rich
chondrules record much more oxidizing conditions. Increases in oxidation
states have been explained by the evaporation of fine dust in different con-
centrations. Alternatively, the degree of reduction of an individual chon-
drule may be controlled to a large extent by the abundance of reducing
phases, particularly C, in the precursor assemblage (Connolly et al. 1994;
Hewins 1997), and hence may record only limited information about the
surrounding gas.

Little is known about the oxidation state of CAls. Determinations of
the oxidation state of Ti in hibonite suggest that they formed under reduc-
ing conditions and that they could have equilibrated with a gas of solar
composition (Beckett et al. 1988).

Chondrules may also provide clues concerning the local gas pres-
sure within their formation region, although this constraint is very uncer-
tain. During condensation, liquids of chondrule compositions are stable
against evaporation only at pressures greater than ~10~> atm (Wood and
Hashimoto 1993; Ebel and Grossman 1997, 1998), significantly higher
than canonical values of ~107® atm. Synthetic chondrules lose most of
their Na within 10 minutes of melting at pressures of 107> atm (Yu and
Hewins 1998), so retention of Na in chondrules also implies an elevated
pressure. Local pressures of 1073 atm may be obtained by enhancing the
dust/gas ratio to 100-1000 times that of a gas of solar composition. Alter-
natively, chondrules and CAls could have formed in a region of the nebula
that was at a higher total pressure.

I. Multiple Heating and Recycling

At least 25% of chondrules provide evidence that they have experienced
multiple heating events (e.g., Rubin and Krot 1996). This evidence in-
cludes the presence of (1) coarse-grained rims, (2) compound chondrules,
which consist of two or more chondrules joined together (Fig. 5a), and
(3) relict grains (Fig. 5c). Coarse-grained, or igneous, rims have been in-
terpreted as partially melted dusty mantles on primary chondrules (Rubin
and Krot 1996). Although many compound chondrules may be produced
by collisions of partially molten objects, certain types consist of a primary
chondrule that is entirely entrained in a larger secondary chondrule. The
secondary chondrule is considered to have formed by heating and melting
of fine-grained dust that had accreted onto the surface of the primary (Was-
son et al. 1995). Relict grains have chemistries, textures, and O isotopic
compositions that indicate that they are recycled from a previous gener-
ation of chondrules (Jones 1996; Jones and Danielson 1997; Jones et al.
1998). Hence, disruptive collisions occurred commonly between heating
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events. An estimate of the number density of chondrules in the chondrule-
forming region is of the order of 1 X 10~3 cm™3 (Wasson 1993).

Many Type B CAls contain a thin, multilayered rim, commonly re-
ferred to as a Wark-Lovering rim, which probably formed when the CAls
were rapidly melted and quickly cooled after the object had crystallized
(MacPherson et al. 1988; Davis and MacPherson 1996). Multiple heating
events may also be necessary to reproduce spinel rims (Paque et al. 1998).
There is still some question as to whether CAls contain relict grains. Some
studies suggest that relict grains occur (Meeker 1995; Paque 1990; Con-
nolly and Burnett 1998).

J. Fine-grained Rims

Many chondrules have fine-grained rims, consisting of a complex mix-
ture of silicate, metal, and sulfide material that is similar in composition
to the chondrite matrix (the fine-grained material that occurs interstitially
to chondrules, CAls, etc.). This material is interpreted as dust that ad-
hered to the chondrules between the intervals of chondrule formation and
accretion and escaped the heating process that formed chondrules. There
is considerable variability in rim thicknesses between different chondrite
groups, although within individual chondrite groups chondrule rim thick-
nesses are more uniform. Thick rims (up to ~20% of the chondrule di-
ameter) are observed on chondrules in CM and CV chondrites, whereas
in ordinary and enstatite chondrites rims are very narrow or nonexistent.
Rim thicknesses generally show a positive correlation with chondrule di-
ameters (Metzler et al. 1992; Paque and Cuzzi 1997), and this correlation
has been used to argue for chondrule formation at sites local to the par-
ent bodies (Morfill et al. 1998). Some Type B CAls also have fine-grained
accretionary rims.

K. Magnetism

Chondrules preserve a record of magnetic fields of variable strength that
were present during their formation (e.g., Sugiura et al. 1979; Sugiura
and Strangway 1982; Nagata and Funaki 1981; Morden and Collinson
1992). The magnetic component, which is randomly oriented, was prob-
ably acquired when chondrules cooled through the Curie temperature of
their magnetic minerals. The field strengths recorded are fairly strong, be-
tween 0.1-0.7 mT (~1-10 G). CAIs do not contain magnetic minerals,
so the magnetic properties of the environment in which they formed is
unknown.

L. Timing of Chondrule and CAI Formation

One of the most fundamental questions about chondrules and CAls is the
timing of the formation events. There are two questions to consider: when
chondrule formation occurred relative to CAI formation, and the absolute
age of chondrules and CAI relative to the history of the solar system.
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The question of the relative ages of CAls and chondrules does not
have a straightforward answer, because the ideal chronometer does not
exist. The 26Al chronometer sheds some light, but there are problems with
interpreting the data. Details are discussed by MacPherson et al. (1995)
and the chapter by Wadhwa and Russell, this volume. One problem with
the 2Al data is that most of the chondrules in which abundances have been
measured are the relatively rare Al-rich variety. A simple interpretation of
the 26Al data is that CAIs are the oldest processed material in the solar sys-
tem and that chondrules were formed at least 2 Myr later than most CAls.
The problem of mixing material formed 2 Myr apart into the same chon-
drite parent body constitutes a severe challenge to many nebular models
as well as chondrule/CAI formation models.

Other short-lived radioisotopes that have been measured in both chon-
drules and CAIs include >>Mn and 'I (see Swindle et al. 1996 and the
chapter by Wadhwa and Russell, this volume). Instead of dating chondrule
and CAI formation events themselves, both systems may record secondary
events that postdate formation times and occurred either in the nebula or
on parent bodies. The results are not very systematic but are generally
consistent with the notion that most secondary activities were over within
about 10 Myr of CAI formation.

The problem with absolute age dating of CAls and chondrules is that
most action happened within the first 0.01 Gyr (i.e. 0.2%) of the 4.5-Gyr
history of the solar system. To establish a chronology of events in such
a short interval so long ago taxes conventional radionuclide dating tech-
niques to their limit. So far only the 2>3U/?’Pb system has been applied to
CALI and chondrule dating successfully with time resolution approaching
1 Myr. The Pb-Pb age of CAls most often quoted is 4.566 Gyr (Allegre
et al. 1995), which is slightly higher than the earlier results of Chen
and Wasserburg (1981), 4.559 Gyr. No suitable minerals for U/Pb dating
occur as crystallization products of chondrule melts. However, phosphate
minerals that occur in chondrites as a secondary product of thermal meta-
morphism are suitable and can be used to define lower limits for chon-
drule formation ages. The oldest chondritic phosphate ages have been
determined in H4 meteorites (Gopel et al. 1994) and are only 3-5 Myr
younger than the Allende CAI age.

All chronometers point to chondrule and CAI formation very early,
within about 10 Myr of initial CAI formation. This timescale is compa-
rable to the lifetime of the nebula (Podosek and Cassen 1994). Because
many planetary processes that have been suggested for chondrule forma-
tion would also be expected to persist later in solar system history, even
up to the present day, this evidence suggests that chondrules and CAls
formed in the solar nebula.

M. Chondrule and CAI Formation: The Same Process?

One question that arises from the above discussion is whether molten CAls
and chondrules were formed by the same process. Despite the obvious
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differences in precursor mineral compositions, several other properties dis-
tinguish the two processes: CAI formation apparently occurred in a signif-
icantly earlier epoch than chondrule formation, and CAls appear to have
undergone slightly different thermal histories, including slower cooling
rates, compared with chondrules. At present it is not possible to distin-
guish between two possibilities: (1) a single process that was operative
over a period of several million years in the solar nebula and was suffi-
ciently variable in nature to incorporate the constraints of both types of
objects, or (2) different processes for CAI and chondrule formation. This
question is left open in the following discussion.

III. THEORETICAL MODELS FOR CHONDRULE
AND CAI FORMATION

A. Models We Dismiss

Many diverse heating mechanisms for chondrules have been proposed
over the last century, but no single model is clearly preferable to all others.
Most models have not addressed formation of CAls specifically. The status
of a variety of models was summarized by Boss (1996). In this section we
briefly discuss the predictions of some of the models that we consider to
be less viable. Each of these has one or more serious inconsistencies with
the observational constraints summarized in Table I.

One model that has been investigated repeatedly is the impact model.
In this scenario, chondrules are spheres of melt produced in impacts be-
tween planetesimals at relative velocities of 5 km s~!' or more, possi-
bly analogous to crystalline spherules observed in the lunar regolith (e.g.,
Symes et al. 1998). Several difficulties with this mechanism have been
discussed by Taylor et al. (1983). This model produces the observed re-
stricted range of chondrule peak temperatures only by coincidence, and
it is inconsistent with multiple episodes of chondrule recycling. Although
recent models (Hood 1998; Weidenschilling et al. 1998) support planetes-
imal velocities sufficient for impact melting, impact melt production rates
on asteroids are extremely small (Keil et al. 1997). The preponderance of
chondrules in common meteorites argues for a more efficient process.

A related model is one in which chondrules are produced as droplets
formed in the collision of molten kilometer-sized planetesimals (Sanders
1996). This model has many of the same difficulties as the impact melt
hypothesis, with the additional challenges of preserving chondritic com-
positions and maintaining relict grains in melt for the very long timescales
associated with kilometer-sized bodies.

Another potential chondrule formation model is ablation of molten
droplets from meteors entering transient protoplanet atmospheres, from
high-speed planetesimals traversing the nebula, or from planetesimals
caught in the young Sun’s bipolar outflow jets (Liffman 1992). Support
for the requisite high velocities was cited above. A difficulty with this
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model is a droplet’s predicted cooling time once free of its parent body.
The cooling time should be similar to the drag heat pulse durations of the
shock wave model: tens of seconds rather than minutes to hours. Chondrule
recycling is also difficult to imagine in the context of this model.

Chondrules may also have been heated in a locally hot inner proto-
planetary nebula. This model is difficult to reconcile with cold precursors,
short heating and cooling times, variations among chondrules from differ-
ent parts of the nebula, elevated pressures, and variable oxygen fugacities.

It has been suggested that chondrules were heated by periodic activity
on or near the young Sun, analogous to FU Ori outbursts (e.g., Huss 1988;
Bell et al. 1995, and the chapter by Bell et al., this volume). The observed
outbursts, however, last very much longer than the allowed range of chon-
drule heating and cooling times: Outbursts have peak durations of months
followed by decades-long declines.

Chondrules could also be interstellar precursors thermally processed
in the accretion shock, the discontinuity where infalling molecular cloud
material struck the protoplanetary disk (Wood 1984; Ruzmaikina and Ip
1996). This scenario has difficulty explaining locally variable chondrule
compositions. It also is inconsistent with chondrule recycling, because
each chondrule could only encounter the shock exactly once.

B. More Viable Models

We consider three models to be more viable for chondrule and CAI for-
mation: lightning, the shock wave model, and the x-wind model. All of
these models describe processes that only occur in the nebula, so they
all automatically conform to the constraint of occurring only on nebular
timescales.

1. Lightning. The popularity of lightning as a chondrule formation
mechanism has waxed and waned for some time (e.g., Cameron 1966;
Whipple 1966; Love et al. 1995; Horanyi et al. 1995; Horanyi and Robert-
son 1996; Pilipp et al. 1998; Gibbard et al. 1997; Desch and Cuzzi 1999).
In a terrestrial thunderstorm, hailstones that have grown to millimeter size
and begun falling under the influence of gravity collide with 100-um ice
crystals, which are too small to fall efficiently. In each collision, ~10°
electrons are preferentially transferred to the ice crystal (e.g., Keith and
Saunders 1989). The continuing rainout of positively charged hailstones
leads to a growing large-scale separation of charge and an increasing ver-
tical electric field. When the field reaches a critical threshold value (~10°
V m™1), the electrical resistance of the air breaks down and current, in the
form of a lightning bolt, flows to cancel the charge separation.

Lightning in the asteroidal region of the protoplanetary nebula is en-
visioned to operate analogously. Here, gas turbulence, gas convection,
or vertical (i.e., perpendicular to the midplane) solar gravity produces
size-segregated motions of chondritic-composition particles, which are
assumed to transfer charge as do ice particles in earthly thunderclouds.
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Large-scale charge separation builds until the nebular gas breaks down.
Reports of lightning in terrestrial volcanic plumes and dust storms (with
diverse particle properties) and in outer planet atmospheres (with compo-
sitions similar to the protoplanetary nebula) support the idea of nebular
lightning. So do observations of “red sprites” and “blue jets” (e.g., Sent-
man et al. 1995), discharges observed in the clear air above active terres-
trial thunderstorms, some of which are seen at altitudes where the pressure
(~1077 bar) is comparable to that of the nebula.

Lightning is attractive as a chondrule formation mechanism, because
it is consistent with most of the observed characteristics of chondrules.
Lightning works in cold environments. The formulation of Morfill et al.
(1993) suggests that durations of nebular discharges should be ~100 s,
much longer than those of terrestrial lightning bolts and consistent with
chondrule peak heating times. Discharge temperatures could have been
buffered by hydrogen dissociation. The spatial scale of nebular discharges
is not well constrained and could have been large enough to produce the
observed chondrule cooling rates. Lightning can work locally and repeat-
edly and can produce magnetic fields that might explain the remanent
magnetism of chondrules. Fine dust caught in lightning bolts would have
been more strongly heated than millimeter-sized chondrule precursors (be-
cause of the former’s greater ratio of cross-sectional area to mass). The
dust might have evaporated, recondensing immediately after the discharge
along with volatiles boiled from neighboring chondrules. The gas pressure
within the hot discharge channel would be higher than in the surrounding
nebula.

Despite its good agreement with the observations, concerns about the
model’s physical feasibility have kept lightning from being broadly ac-
cepted as the source of chondrules. Some lightning models (e.g., Desch
and Cuzzi 1999) suggest discharge durations of milliseconds (as in ter-
restrial lightning), which are difficult to reconcile with chondrule textures
(e.g., Brownlee et al. 1983) and cooling times. The electrical conductiv-
ity of the nebula may have been high enough to “short-circuit” large-scale
charge separation, effectively preventing nebular lightning (e.g., Gibbard
et al. 1997). If lightning did occur, its energy flux may have been too
small to melt silicates (e.g., Love et al. 1995). Some models of nebular
turbulence provide too little energy to produce the inferred preponderance
of chondrules (e.g., Weidenschilling 1996, 1997). Many of these diffi-
culties, however, remain in dispute (e.g., Desch and Cuzzi 1999). Better
understanding of terrestrial lightning and of the nebula’s electrical proper-
ties will be needed to judge finally whether nebular lightning could have
formed chondrules.

2. Shock Wave Model. The idea that chondrule and CAI materials
were processed within the protoplanetary nebula by a shock wave has been
discussed for more than 30 years (Wood 1962; Stolper and Paque 1986;
Hood and Horanyi 1991, 1993; Boss 1996; Cassen 1996; Hood and Kring
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1996; Connolly and Love 1998; Hood 1998; Weidenschilling et al. 1998).
Shock waves have recently gained favor with the meteorite community as
a potential chondrule/CAI-forming mechanism (Boss 1996). As discussed
below, the predictions of the model agree well with observations of chon-
drules and their host meteorites.

One of the biggest problems for the shock wave model is deter-
mining how the hypothetical shocks were produced. There is no current
observational evidence for producing powerful, reliable, repeatable, and
astrophysically realistic shocks. Several recent suggestions, largely theo-
retical, include clumpy accretion to the nebula (Boss and Graham 1993),
outbursts from the protosun analogous to FU Orionis events (Boss 1996),
spiral arm instabilities in the disk (Morfill et al. 1993; Wood 1996), and
eccentric planetesimals moving at hypersonic speeds through the proto-
planetary disk (Hood 1998; Weidenschilling et al. 1998). Although the
lateral size and distance traveled by shock waves may have almost any
values, their spatial scales must be limited to events that can produce the
localized processes indicated by the observational constraints for chon-
drule formation.

A shock wave is a sharp discontinuity between hot, compressed, high-
speed gas (moving faster than the local speed of sound) and cooler, less
dense, slower-moving gas. The nebular shock wave model envisions neb-
ula gas that is overrun by a shock wave and becomes abruptly heated,
compressed, and accelerated. The kind of shock is assumed to be a thin,
flat surface (a plane) that moved through an initially cool, quiet (turbulent
velocities of ~50 m s™! or less, Cuzzi et al. 1996) region of the nebula
composed dominantly of H, gas and silicate dust. For simplicity the shock
is assumed to be normal (i.e., traveling in a direction perpendicular to its
front surface).

Given the Mach number of the shock and the ideal gas equation of
state, analytical relations govern the postshock density, pressure, velocity,
and temperature in the gas, as illustrated in Fig. 6 (Hood and Horanyi
1993; Cassen 1996; Hood and Kring 1996; Scott et al. 1996; Connolly
and Love 1998). Temperature and density increase moderately behind the
shock wave, while pressure increases significantly. For example in a Mach
5 shock, pressure increases by a factor of 29, density by a factor of 5, and
temperature by a factor of 5.8 (Fig. 6).

The major hurdle to overcome with the shock wave model is show-
ing rigorously that such a mechanism could have melted chondrule and
CAIl precursors. As was determined by Hood and Horanyi (1993) and dis-
cussed by Cassen (1996) and Connolly and Love (1998), a solid particle
that is overrun by a shock suddenly finds itself in a blast of wind moving
at several km s™!. At this time the particle begins to heat due to friction
with the postshock gas, which is forcing the particle to match speeds with
the gas. Heating by thermal radiation from hot neighboring particles also
occurs. In addition, particles can be heated radiatively and conductively
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Figure 6. Post- to pre-shock pressure, temperature, and gas density ratios as a
function of shock strength expressed in Mach number M . Shocks of M 3 to 8
are thought to be capable of forming chondrules. An M 5 shock increases the
density by a factor of 5, the temperature by a factor of 5.8, and the pressure by
a factor of 29.

by the hot postshock gas until cooling begins or a postshock rarefaction
wave follows.

During the heating process, the flux of kinetic energy absorbed by a
particle (drag) must at least balance the radiative loss of heat from that
particle if melting is to be achieved. At the melting point, this relation
can be expressed by the equation 1p,V3ma? > 4ma’oT,,, where V is
the velocity of the particle relative to the postshock gas, a is the particle
radius, Ty is the particle temperature, and p; is the density of shocked
gas (Cassen 1996). Initially the heating is mainly due to drag or friction,
which will begin to approximate zero once the particle has achieved the
speed of the shock. In theory, frictional heating occurs only for a finite
distance and time, which is related to the stopping distance of a particle,
expressed as lyop = dppp/2ps, Where d, is the particle diameter, p, is the
particle density, and py is the postshock gas density. Inserting typical val-
ues into the above relations yields drag heat pulse durations of a few tens
of seconds. Chondrule formation via shocks in an optically thin medium,
however, cannot prevent the solidification of the molten chondrules within
seconds (Cassen 1996; Hood and Horanyi 1993). For drag heating alone
to produce cooling rates comparable to those of chondrules, shock waves
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with unreasonable speeds (~Mach 60) are required (F. Shu, personal com-
munication, 1998).

The petrologic and geochemical constraints on chondrule formation
require, however, that chondrules formed within the presence of other
chondrules and fine-grained silicate dust. The mass density of chondrules
and other dust particles may have exceeded that of the gas before chon-
drules were heated and may have provided an opaque “blanket” that
slowed radiative heat loss rates to values comparable to those experi-
mentally determined for chondrules (e.g., Hood and Kring 1996). In this
optically thick scenario, shock waves of Mach 3 to 8 (a physically realis-
tic range) produce peak temperatures and cooling rates that match those
of chondrules (Cassen 1996; Hood and Horanyi 1993; Hood and Kring
1996). It should be pointed out, however, that a full analysis of cooling
within an optically thick medium composed of different-sized particles
has yet to be performed.

Because of space limitation, it is impossible for us to describe in de-
tail the comparison between the predictions of the shock wave model and
the meteorite evidence. Connolly and Love (1998) and Hood and Kring
(1996) showed that the predictions of the model agree well with the petro-
logic and geochemical constraints on chondrule formation. Although the
predictions of the shock wave model for chondrule formation also agree
with many observations and constraints on the formation of igneous CAls,
the longer cooling times required for CAls are difficult to reconcile with
the model. Below we highlight some of the more important issues on form-
ing chondrules by the nebular shock wave model.

The first constraint we examine is the intensity and duration of particle
heating. Nebular shocks of Mach 3 to 8 can heat initially cold chondrules
(as mandated by the petrologic observations discussed above) to melting
temperatures for times consistent with those determined experimentally.
Shock wave heating is also virtually instantaneous; particles are heated to
their centers on timescales limited by their size and thermal diffusivities,
~1 s for 1-mm silicate spheres (Love and Brownlee 1991), satisfying the
need to melt chondrules quickly to prevent the loss of volatile phases or
elements. In addition to melting, postshock cooling rates similar to those
experienced by chondrules have been determined (Hood and Kring 1996).
A potential weakness of the shock wave model is that if shock waves
stronger than Mach 8 occurred, they might have heated chondrules to tem-
peratures above their experimentally derived formation temperatures. This
weakness may be offset by hydrogen dissociation (see section II), which
absorbs orders of magnitude more energy than simple caloric heating
(Wasson 1996), and may be effective in limiting chondrule peak tempera-
tures to the observed range even in shock waves substantially stronger
than Mach 8.

An important petrological test of the shock wave model is the fact that
chondrules have been recycled. Because shock waves need not be singu-
lar or identical events, they can provide the multiple heating episodes of
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varying intensity indicated by the texture and chemistry of some chon-
drules. Collisions within shock waves would also have broken up chon-
drules, assisting in the recycling process and potentially producing their
observed fine-grained accretion rims.

3. X-wind Model. The suggestion that chondrules and CAIs may
have an astrophysical origin has stimulated the study of solid material
in relation to the observed phenomena of young sunlike stars. Well-
documented physical processes in young, low-mass stars may contribute
to the formation of chondrules and CAls. Sorby (1877) first proposed that
melting of chondrule precursors occurred near the surface of the Sun and
those molten spheroids were later flown outwards in solar flares. Her-
big (1977) proposed that the enhanced stellar radiation in an FU Orionis
outburst melts chondrule or CAI precursors, and the ensuing mass loss
drags the grains to interplanetary space. Energetic events occurring in the
vicinity of young stars, such as jets and outflows, have motivated more
modern investigations (e.g. Skinner 1990a,b; Liffman 1992; Liffman and
Brown 1996). The x-wind model (see the chapter in this volume by Shu et
al.) has the potential to meet the astrophysical criteria to be a jet-bearing
wind that drives the molecular outflow, and is therefore worthy of more
detailed discussions for its meteoritic connections.

The x-wind arises as a result of the interaction between a disk and a
strongly magnetized central star in the early evolution of a sunlike star.
The stellar magnetosphere truncates the surrounding accretion disk at an
inner edge of radius Ry as the gas presses onto the magnetic fields. A frac-
tion of the accreting mass blows open the magnetic field lines to form the
x-wind, and the rest funnels onto the star on the closed field lines that con-
nect the star and the disk. Making a star of 1 M requires a total mass of
between 0.33 and 0.5 Mg to be lost in the x-wind. A detailed treatment
and a schematic drawing of the x-wind environment are presented in the
chapter by Shu et al., this volume.

In the steady state, the stellar dipole rotates at the same Keplerian an-
gular speed as the inner edge of the disk at Ry. On the other hand, in the
time-dependent x-wind environment the edge of the disk fluctuates about
the equilibrium position as the magnetosphere undergoes cycles, analo-
gous to the solar example (Shu et al. 1997). In the high states of the mag-
netic cycles, the magnetosphere is relatively stronger than the accretion
gas flow, and the inner edge of the disk is pushed outward until a balance
is found, at which point the star rotates faster than the inner edge of the
disk. In the low states the disk can intrude further inward, and the inner
edge rotates faster than the star. Violent magnetic reconnections can occur,
releasing the wrapped-up magnetic fields accumulated by inequalities in
rotation rates, on sites of magnetic reversals (Linker and Mikic 1995). In
addition to the soft X-rays produced steadily from the coronal fields, flares
contribute many more hard X-rays, UV radiations, and MeV-energy cos-
mic ray particles powered by the magnetic energy release (see the chapters
by Shu et al. and Glassgold et al., this volume).
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At the truncation point Ry of the disk, only gas will be stopped by the
magnetosphere, while rock/dust continues spiraling in until the evapora-
tion point of the most refractory material. Millimeter- to centimeter-sized
molten droplets may have dropped out from the funnel gas on the way
to the star. These rocks make a ring of particles under the funnel flows,
known as the reconnection ring. The extension of the dust/rock disk in-
ward of the gas disk is supported by the observations that some classical
T Tauri stars require the inner edges of optically thick dust disks to be as
close as 0.5Ry (Meyer et al. 1997). If left alone, the ring of particles would
eventually spiral inward through the equatorial plane and accrete onto the
Sun as vapor.

We now outline the theoretical framework of the x-wind model for
forming chondritic meteorites (Shu et al. 1996, 1997). A continuous flow
of gas and dust accretes through the disk. The disk is self-shielded from
the direct rays of the protosun and is relatively cool. The dust component
becomes the precursors of chondrules and CAls. When the accreting ma-
terial meets the magnetosphere at the x-point, the gas is launched from the
inner edge, Ry, as the x-wind. Precursors are also lifted with the gas into
the wind by strong gas-grain coupling in the x-region. Out of the shade
of the disk, they are immediately exposed to full sunlight. In the proto-
solar radiation field, if heated to temperatures above ~1700 K lasting for
several hours to days, molten CAls form and cool in the wind, in radiative
equilibrium with the sunlight as the spheroids move further from the proto-
sun. However, the prolonged high temperatures of the mean radiation field
would have evaporated all chondrule components. In the steady state, the
production of chondrules may need subsolar heating on the rotating dust-
balls to reach local high melting temperatures when the mean radiation
field becomes weaker. In the time-dependent x-wind model, chondrules
may be irradiated by flares during the high states of the magnetic cycles
when the x-region is further from the Sun. They are flash-heated by en-
hanced luminosity in all wavelengths, on a timescale of minutes to hours,
to temperatures approaching 2200 K. The cooled and solidified particles
are thrown into space by the wind like stones from a sling. Large particles
fall back into the disk not far from the launch point, whereas small parti-
cles remain well coupled to the gas and are carried to interstellar space.
Intermediate-sized particles are well enough coupled to the x-wind that
they fall back to the disk at interplanetary distances, where they then ac-
cumulate along with the ambient dust grains in the nebular disk to form
the parent bodies of chondritic meteorites.

To quantify the scenario outlined, we refer to two sets of fiducial nu-
merical examples that correspond to typical evolutionary stages of low-
mass star formation. The first set represents the embedded stage, when
the young star is still deeply embedded inside its infalling envelope of gas
and dust; the second one represents the revealed stage, when the outflow-
ing wind has reversed the infall over almost all solid angles and revealed
the star and the disk as optical and infrared objects (Shu et al. 1987).
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As the system evolves, as a result of stronger dynamo action, reduced
accretion rates, or both, the magnetic fields become relatively stronger,
and Ry gradually recedes. The parameters are listed in Tables 1 and 2
of Shu et al. (1997). The embedded stage (mass of protostar, M, = 1 X
1033 g; stellar radius, R, = 2.1 X 10" cm; Ry = 4R,; mass loss rate at
x-wind outflow, M,, = 3 X 10'° g s71) lasts for about 2 X 103 yr, and the
revealed stage (M, = 1.6 X 10 g; R, = 2.1 X 10! cm; Ry = 5.3R,;
M,, = 2 X 10'® gs~!) for about 3 X 10° yr, in rough agreement with the
observational lifetimes of the young stellar objects.

CAlIs can form in the steady-state x-wind environment. The surface-
averaged temperature of a millimeter-sized sphere can be estimated from
the general radiation equilibrium condition with the contributions from the
direct and the diffuse radiation. The diffuse radiation field can be estimated
as half of a blackbody from the underlying disk characterized by the disk
temperature T at the x-point. When Ry is very small, no solid material can
survive. As Ry increases, the temperature around the launch point falls and
the most refractory material starts to survive. Peak temperatures reached
in the fiducial embedded and revealed cases are 1800 K and 1300 K for
Ty equal to 1200 K and 800 K, respectively. The first value is high enough
to melt CAls and some chondrules. Lifted molten droplets will stay near
liquidus temperatures for an interval of a few days, when the radial dis-
tances of the CAls increase from about 1 Ry to 1.5 Ry. The inferred cooling
rates along the trajectories in a direct radiation field are >3 K hr™! in the
embedded phase and >2 K hr~! in the revealed phase.

For chondrules, we need a fluctuating system (Shu et al. 1997). In
varying magnetic cycles, the high states and the low states of the star-
disk system can create significantly different thermal environments corre-
sponding to the same average states discussed in the previous paragraph.
In the embedded phase the disk temperature has a range of 750 K < Ty <
1600 K, and in the revealed phase the range is 500 K < Ty < 1100 K. The
peak temperature oscillates between 1300 K and 2200 K in the embedded
phase and between 950 K and 1600 K in the revealed phase. In the low
magnetic and average states, Tx is high enough to drive off moderately
volatile elements from chondrule precursors. When launched, the rocks
remain near peak temperatures for days. On the other hand, in the high
states of the revealed phase, Tx (500 K) is low enough to retain volatiles
in the chondrule precursors. During flight, the peak temperature reached
is insufficient to melt the magnesium-iron silicates completely. The pro-
duction of chondrules may peak slightly towards the high states, although
it would be mixed with the production of CAls in the low states.

Observations of young stellar objects show that typical X-ray flares
rise in a short time and decay on a timescale of up to few hours (chapter
by Glassgold et al., this volume). Flare heating can result in doubling or
tripling of the base temperatures because of a favorable geometry that does
not involve very oblique rays (from the helmet streamers) and is close
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to chondrule precursors (in the reconnection ring). In the embedded state,
tripling of T results in a temperature rise to 2250 K, and cooling to 1300 K
in an hour equals a cooling rate of 950 k hr™!. In the revealed state, the
peak temperature is 1500 K, and the cooling rate is 550 k hr~!. Near the x-
region both in and out of the disk, the particle density is high, and collisions
of (partially) molten chondrule droplets may occur fairly frequently. After
launch in the wind, chondrules would acquire magnetization, recording
magnetic fields with intensities of 0.09-0.3 mT. This scenario is consistent
with several of the observational constraints for chondrules.

For prolonged flares or an extended heating environment in the recon-
nection ring, the protochondrules may vaporize, and the constituent atoms
will condense as rims onto preexisting CAls. These CAlIs would have al-
ready undergone at least one launch cycle, when they were formed, and
subsequently dropped back down into the midplane. This process may oc-
cur many times before the particles are relaunched by an encroaching x-
wind, resulting in accumulation of the thick layered mantles seen in many
CAls. Many flares in the right range of strengths may also reheat chon-
drule material, accounting for recycling observations.

The aerodynamic drag provides a size sorting mechanism for both
chondrules and CAls. The x-wind sprays particles according to the inverse
product of densities and radii. The sizes of the solidified spheroids that re-
turn to the disk in the region of the asteroid belt can be calculated. Particle
diameters are 3.0 and 0.14 mm from the high states and 4.9 and 0.22 mm
from the low states, for the embedded phase and revealed phase, respec-
tively. Within the same average evolutionary stage, subsequent (and rapid)
inclusion of CAls and chondrules in larger (sub)planetary bodies will pre-
serve the narrow size distribution. The x-wind theory specifically predicts
that small chondrules and CAls should exist in comets.

The x-wind environment has the potential of reviving the explanation
of producing meteoritic-level 2Al by young solar cosmic ray bombard-
ment (Lee et al. 1998; but see also the chapter by Goswami and Vanhala,
this volume). The proton and « particle fluence sufficient to synthesize
41Ca and *Mn at levels corresponding to those observed in chondrites
fails, by one to two orders of magnitude, to produce enough 2°Al. However,
impulsive flares arising from the reconnection ring accelerate numerous
3He nuclei to MeV energy per nucleon, and this process may yield an en-
hanced abundance of 2°Al. Producing 2°Al within the solar system would
remove the difficulties of having to form CAls a few million years earlier
than chondrules.

The general framework of the x-wind model addresses several of the
observational constraints for CAls and chondrules. However, some impor-
tant and essential constraints still remain to be examined in the context of
the model. These include the O isotopic compositions of chondrules and
CAlIs as well as the proportion of material in a chondrite that would be
derived from dust that had not been processed through the x-wind.
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IV. DISCRIMINATORY TESTS

We now turn our attention to suggesting some discriminatory tests that
would be helpful in evaluating the viable models. One such test requires
understanding the relationship between chondrule size and the degree of
heating experienced. Although chondrule recycling might complicate this
matter somewhat, if every heating event produces the same size depen-
dence, the sum of many such events should also. In shock wave models,
larger chondrules are predicted to be heated more strongly than smaller
ones; in lightning and x-wind models, smaller ones are heated more; and
in most other models there is no predicted correlation between size and
heating intensity. Lightning and x-winds heat material with radiation,
light, or ion bombardment. The heat input is proportional to the cross-
sectional area, but the energy required to heat and melt is proportional
to the particle’s volume. In contrast, in a shock wave, larger particles
take longer to come up to speed with the postshock gas than smaller ones,
thus experiencing a longer drag-heat pulse duration and a higher inte-
grated T'/t.

A second discriminatory test that would be useful in evaluating forma-
tion models is the relationship between the abundances of opaque minerals
(metal and sulfides) in chondrules and the degree of heating experienced.
In a model that heats chondrules with light (lightning, x-wind), heating ef-
fects should be strongest in objects rich in opaque minerals because these
would absorb more light than transparent materials (silicates). In models
such as the shock wave model, there would be no expected correlation be-
tween opaque abundance and degree of heating, although particles with
high opaque abundance would be denser and have longer stopping dis-
tances (and thus heating durations) than particles of similar diameter that
were poor in opaques.

Unfortunately, these two potentially valuable constraints are difficult
to evaluate from the chondrule record. It is hard to create a semiquanti-
tative scale for the degree of heating experienced by an individual chon-
drule, because the unique texture and composition presently observed is
a function of the grain size of precursor material, bulk composition, peak
T relative to the liquidus, the influence of fine-grained dust as nucleation
seeds, and many other variables. One type of chondrule that may provide
an opportunity to examine these questions is the so-called agglomeratic
olivine (AO) or dark-zoned (DZ) chondrules (Weisberg and Prinz 1996;
Zanda et al. 1996). These chondrules are very fine-grained and have not
been melted extensively, but their bulk compositions span a wide range
from FeO-poor to FeO-rich. The problem of determining initial opaque
abundances is complicated by the possibilities of volatilization and cen-
trifugal loss of metal beads during formation. Nevertheless, an attempt to
address these parameters would be a profitable exercise for future research
efforts.
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V. SUMMARY

Despite several significant advances in our understanding of chondrules
and CAlIs and in our theoretical models, the puzzle of providing a viable
and acceptable model for formation of these objects is still not resolved.
The authors of this paper do not all agree on some of the points presented,
and it is clear that the debate about heating mechanisms will continue
for some time. Lightning matches observational constraints for chondrule
formation well, but there are still some concerns about the feasibility of
lightning in the nebula. Shock wave models are well developed and are
consistent with many of the observational constraints, but the source(s) of
the shock waves needs to be defined. The x-wind model has the advantage
of being an observed phenomenon in disks, and it addresses many of the
constraints for CAI formation. However, it needs to be considerably better
developed (by addressing more of the observational constraints) if it is to
be considered a viable model for chondrule formation. Other models fail to
satisfy observational constraints in one or more critical aspects and must
therefore be considered to be flawed in their current formulations.
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