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Ch ndrules and calcium- and aluminum-rich inclusi ns (CAIs) are small pieces
f r ck that pr bably f rmed in the s lar nebula when fine-grained dustballs were

melted and crystallized in sh rt-lived heating and c ling events. Many different
m dels have been pr p sed t explain the heat s urce f r these events. Studies
f the mineral gical, c mp siti nal, and is t pic pr perties f ch ndrules and

CAIs pr vide imp rtant bservati nal c nstraints that any viable m del must
explain. Several m dels may be dismissed, at least in their current f rmula-
ti ns, because they are unable t meet fundamental c nstraints. We examine
three currently p pular m dels f r ch ndrule and CAI f rmati n in m re detail:
nebular lightning, the sh ck wave m del, and the x-wind m del. N ne f the
m dels is entirely satisfact ry, and the rigin f ch ndrules and CAIs remains
enigmatic.
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Ch ndrules are nearly r und, submillimeter-sized bjects c nsisting
mainly f Mg-Fe silicates. They appear t have s lidified by the quick
c ling f melt dr plets in the early s lar system. They are the d mi-
nant c mp nent in the m st c mm n and primitive classes f mete rites,
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Figure 1. Texture f an unequilibrated rdinary ch ndrite (Ragland, LL3),
sh wing ch ndrules (light) and fine-grained silicate-rich matrix which sh ws
as black. In this transmitted-light image, metal and sulfide minerals are paque
and are als black. The ch ndrule in the center has a well-defined, fine-grained
rim. Ph t is 3 mm acr ss.
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the ch ndrites, ccupying as much as 80% f the t tal v lume (Fig. 1).
A sec nd gr up f similar, but less abundant, bjects is the Ca-Al-rich
inclusi ns (CAIs), which c nsist mainly f Ca-Al silicates and xides.
Because ch ndrites are c nsidered t be the building bl cks f the ter-
restrial planets, the f rmati n f ch ndrules (and CAIs) is an imp rtant
epis de in the f rmati n f ur s lar system (Hewins et al. 1996). M st re-
searchers agree that s lid precurs rs f ch ndrules and CAIs were melted
during rapid heating events that lasted f r intervals f the rder f min-
utes; then the m lten dr plets c led rapidly, ver intervals f h urs t
days. S me ch ndrules and CAIs appear t have g ne thr ugh this cycle
m re than nce. H wever, m st questi ns c ncerning the rigin f ch n-
drules and CAIs still lack definitive answers. The m st fundamental ques-
ti n is, Where and h w did the heating take place? M st researchers fav r
an envir nment in which ch ndrules and CAIs were free-fl ating bjects
within the s lar nebula, but s me still prefer planetary surface envir n-
ments. Wherever they f rmed, there is n agreement n the m st viable
heating mechanism.

In the last decade, substantial pr gress t ward s lving the riddle f
ch ndrule and CAI rigins has been made. The impr ved understanding f
the f rmati n hist ry f sunlike stars and their accreti n disks means that
ch ndrule f rmati n can be addressed in a m re rig r us astr physical
framew rk. There have als been maj r advances in micr beam tech-
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niques that perf rm analyses f the chemical and is t pic c mp si-
ti ns f ch ndrule c nstituents n a scale f tens f micr meters r less. A
third impetus has c me fr m m re s phisticated simulati n experiments
that have expl red the effect f different parameters such as crystalliza-
ti n seeds, chemistry, and thermal hist ry n the f rmati n f ch ndrule
textures, c mp siti ns, and phase relati nships.

In this chapter we first distill a set f c nstraints f r ch ndrule and
CAI f rmati n m dels fr m simulati n experiments, petr graphic exami-
nati n, and analyses. Then we briefly discuss why many pr p sed

¨m dels, at least in their m st naıve f rm, can be dismissed, because they
vi late s me f the m st critical bservati nal c nstraints. Finally, we
expl re in m re detail the three m dels we c nsider t be m st viable:
lightning, the nebula sh ck m del, and the x-wind m del. We suggest ad-
diti nal petr graphic inf rmati n that c uld p tentially be used as discrim-
inat ry tests f r these m dels.

In Table I, we summarize the c nstraints f r the ch ndrule and CAI f r-
mati n m dels described bel w and the bservati ns that supp rt them.
The interpretati n f s me bservati ns is m re ambigu us than thers,
and we have indicated th se that are n t generally accepted.

N te that there are several different types f CAIs. Types B and C
CAIs are c arse-grained and crystallized fr m melt dr plets (Fig. 2). Other
types f CAIs are fine-grained and have irregular shapes. In this chapter
we discuss nly the f rmati n f m lten (igne us) CAIs; this restricti n is
implied in m st f the discussi n where we use the term CAI.

Ch ndrule pr perties sh uld be regarded in the c ntext f the ch ndritic
r cks in which they are bserved. In brief, there are three main classes f
ch ndrites: rdinary (O), carb nace us (C), and enstatite (E). Within these
classes there are 12 well-established gr ups. In additi n, there are tw less
well-established gr ups, Rumuruti-like (R) and Kakangari-like (K) (see
Table II). The gr ups are characterized by pr perties such as sizes and
abundances f vari us c mp nents (ch ndrules, CAIs, matrix, etc.), bulk
chemistry, and O is t pic c mp siti n (e.g., Brearley and J nes 1998), and
the variati n between the gr ups indicates that each ne f rmed in a l cal-
ized regi n. Each ch ndrite gr up may represent a sample as restricted as
a single parent b dy fr m the aster id belt.

Ch ndrules are the m st abundant c mp nent f m st types f ch ndrites
(up t 80 v l%: Table II), pr viding evidence that ch ndrule f rmati n af-
fected a large pr p rti n f the material that accreted at 2–4 AU. We infer
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Observati nal C nstraints f r Ch ndrule and CAI F rmati n M dels

C nstraint Supp rting bservati ns

Essential c nstraints f r which a m del must acc unt:

High efficiency High ch ndrule abundances
Nebular timescales nly Is t pic dating
L w ambient temperature Presence f v latiles
Sh rt heating time (minutes) Retenti n f v latiles; preservati n

f relict grains; experimental
repr ducti n f textures

Peak temperatures 2000 K Experimental repr ducti n f textures
Sh rt c ling time (h urs) Experimental repr ducti n f

textures; z ning in minerals; presence
f glass

L calized pr cess Limited size range in each ch ndrite
gr up; differences in O is t pic
c mp siti n

Multiple epis des; recycling Relict grains; c mp und ch ndrules;
igne us rims

Magnetic field Remanent magnetizati n

C nstraints n t firmly accepted by mete riticists:

Ch ndrule f rmati n 2 Myr Sh rt-lived radi is t pe data
after CAI f rmati n

Elevated gas pressure Stability f m lten ch ndrule
Variable nebular xidati n states Variable xidati n states f

ch ndrules

Well-defined bservati ns f r which a heating m del d es n t necessarily need
t acc unt:

Size s rting Restricted size range in each
ch ndrite gr up

Presence f dust that escapes Fine-grained rims
heating

TABLE I
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that the ch ndrule-f rming pr cess was c mm n and efficient, alth ugh
the high abundance f ch ndrules is als c nsistent with an additi nal pr -
cess that selectively c ncentrates millimeter-sized particles in ch ndritic
parent b dies. In c mparis n, CAIs are far less abundant. Igne us CAIs
ccur alm st exclusively in CV ch ndrites, in which Type B CAIs c nsti-

tute 3 v l% and Type C CAIs are very rare. Ch ndrule abundances are
rep rted differently by different auth rs, because f s me lack f agree-
ment ab ut defining what c nstitutes a ch ndrule. Ch ndrules are usu-
ally rec gnizable as having at least s me pr perties derived fr m a dr plet
rigin, such as partially r unded utlines, the presence f glass, and tex-
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Figure 2. A Type B CAI fr m the CV3 mete rite Le ville (inclusi n 3537–2).
This bject is appr ximately 8 mm acr ss and is c mp sed largely f melilite
and pyr xene with min r am unts f spinel and an rthite. The ch ndrite matrix
is black.
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tures indicating crystallizati n fr m melts (igne us textures). In additi n
t ch ndrules, many ch ndrite gr ups als c ntain a v lumetrically signif-
icant p pulati n f is lated grains and mineral fragments (usually livine
and pyr xene), which, in many cases, are inferred t be br ken pieces f
ch ndrules. Mineral fragments are included in the ch ndrule abundance
data f r the vari us ch ndrite gr ups in Table II.

Ch ndrules fr m all ch ndrite gr ups sh w a very restricted size range.
Mean diameters range between 0.2 and 1.0 mm in all kn wn ch n-
drite gr ups, with the excepti n f CH ch ndrites (Table II). The highly
reduced CH ch ndrites are an extra rdinary ch ndrite gr up in many re-
spects; there is s me d ubt that they are true ch ndrites f rmed in the
s lar nebula (Wass n and Kallemeyn 1990). The actual spread in ch n-
drule sizes is wide, fr m “micr ch ndrules” ( 40 m) (Kr t and Rubin
1996; Kr t et al. 1997) t extra rdinarily large nes, up t 5 cm acr ss
(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 t the submillimeter size range r the presence f a c ncentrati n
mechanism f r this size range that may be independent f the heating
mechanism. P ssible size selecti n mechanisms include turbulent eddies
(Cuzzi et al. 1996; Paque and Cuzzi 1997) and aer dynamic c upling
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D. Chondrule and CAI Compositions
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f gas and dust. Metallic particles als sh w restricted size ranges in
individual ch ndrite gr ups, and silicate and metal particle size distri-
buti ns may be c nsistent with aer dynamic s rting (e.g., Skinner and
Leenh uts 1993). Ch ndrules in individual ch ndrites sh w l gn rmal
size-frequency distributi ns, and the mean ch ndrule diameter is very well
defined f r each ch ndrite gr up. The mean ch ndrule size f r each
gr up must be bserved empirically and is n t related t any ther chem-
ical r physical pr perties. If a size-s rting mechanism was perative, it
must have been l calized and efficient. S rting may have taken place
bef re, during, r after ch ndrule f rmati n.

F r CAIs, size data have n t been quantified very clearly, but the
largest (up t 2.5 cm in size: Clarke et al. 1970) are f und in the CV
ch ndrites, which als have the largest ch ndrules; CO, CM, and rdinary
ch ndrites c ntain smaller CAIs ( 1 mm).

M st ch ndrules are ferr magnesian ch ndrules, d minated by Fe, Mg,
Si, and O. There is c nsiderable c mp siti nal variati n, particularly in
terms f FeO/MgO rati s and SiO c ntents (e.g., Gr ssman et al. 1988).
FeO-p r ch ndrules are reduced and c ntain metallic Fe as well as FeO-
bearing silicate minerals, whereas FeO-rich ch ndrules are m re xidized
and c ntain nly min r metallic Fe. Within each f these types, higher
SiO c ntents lead t crystallizati n f a higher rati f pyr xene rela-
tive t livine. M st ferr magnesian ch ndrules als c ntain glass. There
are arguments that all ferr magnesian ch ndrule c mp siti ns can be de-
rived fr m FeO-rich material by a c mbinati n f evap rative l ss and
l ss f metal beads during pr l nged melting events (e.g., Sears et al.
1996). H wever, the sider phile (“metal-l ving”) element and ther frac-
ti nati ns bserved in ch ndrules cann t be explained entirely by such a
pr cess (Gr ssman et al. 1988; Gr ssman 1996). Als , this scenari is in-
c nsistent with the very sh rt heating times that ch ndrules experienced
(see secti n II.G bel w).

Aluminum-rich (Al-rich) ch ndrules c nstitute 5% f all ch n-
drules and ccur in m st ch ndrite types. C mp siti nally, they span the
gap between ferr magnesian ch ndrules and CAIs, but their relati n-
ship t b th these ther types f bjects is n t well underst d (Bisch ff
and Keil 1984; MacPhers n and Russell 1997). They typically c ntain
plagi clase feldspar, pyr xene, livine, and glass.

Igne us CAIs are classified int tw types, B and C, that have dif-
ferent pr p rti ns f the minerals melilite, spinel, pyr xene, and an rthite
feldspar. Unlike ch ndrules, n ne f these CAIs c ntain any appreciable
quantities f glass. The minerals are described as refract ry, meaning that
they are am ng the first minerals predicted t c ndense, under equilib-
rium c nditi ns, fr m a c ling gas f s lar c mp siti n, and am ng the
last minerals t evap rate n heating. Alth ugh refract ry during c nden-
sati n, CAIs have melting temperatures l wer than many ch ndrules. The
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E. Oxygen Isotopic Compositions of CAIs and Chondrules
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Figure 3. Oxygen is t pic c mp siti ns f ch ndrules and CAIs fr m rdinary
and carb nace us ch ndrites. Reprinted with permissi n fr m K. D. McKeegan
et al. (1998), 280:414–418. C pyright (1998) American Ass ciati n
f r the Advancement f Science. O and O refer t deviati ns
per th usand, relative t standard mean cean water (SMOW). Data f r ch n-
drules fr m rdinary ch ndrites (cr sses) lie ab ve the terrestrial fracti nati n
line (TF), whereas data f r ch ndrules fr m carb nace us ch ndrites (circles)
lie bel w TF (see inset). Data f r wh le CAIs fr m carb nace us ch ndrites
( pen triangles) fall al ng a line f sl pe 1, kn wn as the carb nace us ch n-
drite anhydr us minerals (CCAM) line. Recent data f r CAIs fr m rdinary
ch ndrites (filled symb ls) lie n the same line.
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differences between Type B and C CAIs pr bably reflect differences in
precurs r assemblages rather than a genetic relati nship between the tw
types.

Oxygen is t pic variati ns are widespread in the s lar system. In an xy-
gen three-is t pe diagram (Fig. 3), different c nstituents f unequilibrated
ch ndrites all have their wn xygen is t pic variati n patterns. The anhy-
dr us (water-free) minerals (AM) in carb nace us ch ndrites (CC) p pu-
late a line with a sl pe f 1 (CCAM line). These data may be interpreted
as a mixture f tw r m re distinct c mp nents with different xygen
is t pic c mp siti ns, such as a nucle synthetic c mp nent fr m super-
n vae ( O-rich) and the nebular gas ( O-p r; Clayt n et al. 1973). Al-
ternatively, the data may als be explained as a mass-independent is t pic
fracti nati n effect (Thiemens 1996).

Ch ndrules fr m different mete rite gr ups have limited ranges and
pl t in different parts f the O is t pe diagram, suggesting different f r-
mati n sites r times f r ch ndrules in different ch ndrite gr ups (Clayt n
et al. 1983; Clayt n 1993). Oxygen is t pic c mp siti ns f ch ndrules
all lie relatively cl se t the terrestrial fracti nati n line (TF), alth ugh

� �



F. Chondrule and CAI Precursors

G. Thermal Histories of Chondrules and CAIs
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measurable c mp siti nal spreads are bserved. In c ntrast, xygen is -
t pic c mp siti ns f CAIs sh w a much wider spread al ng the CCAM
line. McKeegan et al. (1998) have sh wn that xygen is t pic c mp si-
ti ns f the rare CAIs in rdinary ch ndrites pl t near the same sl pe 1
line as the CAIs in carb nace us ch ndrites. A p ssible interpretati n f
this result seems t be that all CAIs fr m different gr ups f mete rites
share a c mm n rigin.

The immediate precurs r material f ch ndrules pr bably c nsisted f in-
dividual dustballs, each ne having a unique c mp siti n. C mp nents f
the dustball are th ught t be fine-grained. In p rphyritic ch ndrules, relict
grains tens f micr ns in size are preserved (see subsecti n II.G), while
the maj rity f ch ndrule precurs r material melted. This suggests that
m st f the h st ch ndrule precurs r material was relatively fine-grained.
Alth ugh there is n c nstraint n a l wer limit f r precurs r grain size,
p rphyritic textures require preservati n f crystal nuclei fr m the precur-
s r dust, which pr bably requires initial grain sizes in the range f mi-
cr meters (see secti n II.G).

Thermal hist ries f ch ndrules and CAIs are a functi n f f ur imp rtant
features: ambient temperature, peak temperatures f melting, durati n f
melting, and c ling rates. An understanding f these variables has been
achieved thr ugh a c mparis n f the textures, mineral chemistries (in-
cluding elemental z nati n within crystals), and bulk c mp siti ns f the
natural bjects with synthetic anal gs pr duced in the lab rat ry. We use
the expressi n “integrated / ” when we describe the temperature and the
durati n f a heating pr cess. This is an imp rtant parameter, because, f r
kinetically driven pr cesses, the effect f heating t a high peak f r a
sh rt time can be equivalent t that f heating t a l wer f r a l nger
time. The thermal hist ries we describe bel w are summarized in Fig. 4.

Earlier experiments designed t c nstrain thermal hist ries f ch n-
drules emphasized the effect f c ling rate t pr duce variati ns in tex-
ture. H wever, it is n w apparent that ne key t interpreting ch ndrule
and CAI textures is the number f crystal nuclei present in the melt as
it begins t c l (e.g., L fgren 1996). F r example, radiating and barred
textures are pr duced fr m melts with few nuclei remaining, whereas p r-
phyritic textures are the pr duct f a melt in which many nuclei survived
(Fig. 5). One s urce f crystal nuclei is inc mplete melting f precurs r
dust grains. When this is the case, all ther parameters being equal, p r-
phyritic textures represent a lesser degree f heating (l wer integrated / )
than barred textures. It is als p ssible, h wever, that ch ndrules c llided
with dust grains while they were m lten and that these “seed” grains c n-
tr lled the texture, especially if n nuclei derived fr m precurs r dust sur-
vived melting (C nn lly and Hewins 1995).
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Figure 4. Schematic thermal hist ries f r ch ndrules (s lid lines) and igne us
CAIs (dashed line). C ling rates in kelvins per h ur are indicated. Inferred
thermal hist ries f r CAIs have m re extended times at peak temperatures and
l wer c ling rates than th se f r ch ndrules.

Figure 5. Textures f ch ndrules and experimental anal gs. All the images are
back-scattered electr n images, in which phases with higher average at mic
numbers appear brighter. (a) A c mp und ch ndrule fr m the Semark na (LL3)
rdinary ch ndrite, c nsisting f a pair f barred livine ch ndrules. The dark

gray grains are el ngate livine crystals, and the light gray interstitial material
is glassy mes stasis. B th ch ndrules have abundant metal blebs (white) ar und
their rims.
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Figure 5. (b) Synthetic barred livine ch ndrule sh wing a similar texture t (a).
This texture can be pr duced in flash-melting experiments, in which the peak
temperature is maintained f r nly sec nds t minutes.

Figure 5. (c) FeO-p r (type IA) p rphyritic livine ch ndrule fr m the Se-
mark na (LL3) rdinary ch ndrite. Olivine grains are dark gray and sh w
straight crystal faces; mes stasis glass is light gray. Metal (white) ccurs in
tw ass ciati ns: as larger blebs ccurring thr ugh ut the livine and mes sta-
sis, and as h sts f small blebs in the interi rs f “dusty” livine grains. The
small blebs were pr duced by reducti n f m re FeO-rich relict livine grains
that were inc rp rated int the h st ch ndrule precurs r assemblage and es-
caped melting.
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Figure 5. (d) Synthetic FeO-p r ch ndrule sh wing a similar texture t (c).
This experiment c ntained carb n in its starting material, which, up n heating,
reduced the FeO in the unmelted silicate grains t Fe metal. Scale bars in (a),
(b), and (c) are 100 micr ns, in (d) is 10 micr ns.
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The presence f m derately v la-
tile elements such as Na and S within ch ndrules, assuming that they were
inherited fr m their precurs rs, pr vides a c nstraint n the premelting
ambient nebular gas temperature within the regi n f ch ndrule f rmati n
(Gr ssman 1988; Wass n 1996; Zanda et al. 1996; C nn lly and L ve
1998; Rubin et al. 1999). This temperature must have been bel w that
at which S (usually in the f rm f FeS) and Na evap rate: 650 K and

970 K, respectively (Wass n 1985).
CAIs c ntain alm st n v latile elements. The ambient nebular tem-

perature f r CAIs is c nstrained t be ar und 1400–1500 K.
The melting interval f r ch n-

drules was riginally p stulated t have lasted f r several h urs (Hewins
1989; L fgren 1996) but m re recent experiments have restricted this time
t less than a few minutes in rder t facilitate retenti n f m derately
v latile elements such as Na and S. Experiments c nducted at a range
f pressures and xygen fugacities have sh wn that if heating fr m l w

ambient nebular temperatures was sl w, m re than a few minutes, r if
melting at peak was l nger than several minutes, ch ndrules w uld n t
retain these v latile elements (Rad msky and Hewins 1990; Yu et al. 1996;
Hewins et al. 1997; C nn lly et al. 1998; Yu and Hewins 1998).
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An ther independent c nstraint n the durati n f ch ndrule melting
is the presence f relict grains that were n t in c ntact with melt f r a
l ng en ugh time t diss lve. Survival f relict grains in ch ndrules is a
functi n f the integrated / cl se t peak temperatures, and it c nstrains
the maximum time that appreciable melt was present t tens f sec nds t
several minutes (C nn lly et al. 1994; Greenw d and Hess 1996; Hewins
and C nn lly 1996).

Estimates f peak melting temperatures are
btained by c mparis ns between ch ndrule simulati n experiments, the

calculated equilibrium liquidus temperatures f ch ndrules (temperatures
f c mplete melting) and ch ndrule textures (Hewins and Rad msky

1990; L fgren 1996; C nn lly et al. 1998). The t tal range f estimated
peak temperatures f ch ndrule f rmati n is fr m 1800 t 2200 K. Piv-
tal t these estimates is the pr ducti n f barred livine textures (Hewins

and Rad msky 1990), which, if n external seeds interacted during f r-
mati n, require very precise melting and c ling c nditi ns (L fgren and
Lanier 1990; Rad msky and Hewins 1990). The peak f r a given c m-
p siti n cann t be estimated precisely because f the imp rtance f kinetic
fact rs such as the durati n f the heating interval and the precurs r grain
size.

F r m lten CAIs, / paths determined fr m experiments are signif-
icantly different fr m th se determined f r ch ndrules (Fig. 4). Based n
gr wth characteristics f melilite, the d minant silicate mineral in Type
B CAIs, the maximum melting temperature is inferred t be 1700 K
with a durati n f several h urs (St lper 1982; St lper and Paque 1986;
Beckett et al. 1988; Paque and L fgren 1993). H wever, initial melting
c nditi ns similar t th se experienced by ch ndrules have n t yet been
fully tested n CAI c mp siti ns, and the p ssibility f similar heating
cycles f r melted CAIs and ch ndrules sh uld n t be eliminated (Paque
1995). Alth ugh Type B CAIs appear t c ntain several generati ns f
spinel (Meeker 1995; C nn lly and Burnett 1998), diss luti n times have
n t been estimated.

Any heating mechanism that heats particles in g d thermal c ntact
with the nebular gas might be expected t pr duce a narr w range f peak
temperatures. This is because, at nebular pressures, m lecular hydr gen
diss ciates at temperatures c mparable t ch ndrule and CAI peak tem-
peratures, e.g. 1700–2000 K at 10 atm (Liepmann and R shk 1957;
Sc tt et al. 1996; Wass n 1996). The large energy per unit mass required
t diss ciate hydr gen makes it an excellent “therm stat” f r b th the gas
and any s lid materials in g d thermal c ntact with it.

Variati ns in c ling rate affect the textures and mineral
chemistries f ch ndrules and CAIs, as well as bulk c mp siti ns, if evap-
rati n ccurred during this interval. In general, ch ndrules c led much

quicker than CAIs: Appr ximate linear c ling rates are 50–1000 /hr f r
ch ndrules and 2–50 /hr f r CAIs (L fgren and Russell 1986; St lper and
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Paque 1986; Rad msky and Hewins 1990; J nes and L fgren 1993; L f-
gren 1996; Hewins et al. 1997). These c ling rates are relevant t the
temperature range in which a significant pr p rti n f the bject is m lten
( 1600–2000 K f r ch ndrules). Preservati n f chemically z ned min-
eral grains and the presence f glass n t nly are indicat rs f rapid c ling
but als argue that c ling c ntinued d wn t l w ambient temperatures
and that n significant reheating r annealing ccurred. Small values f the
integrated / f r a reheating r annealing event (e.g., 1200 K f r a few
sec nds r 800 K f r a few h urs) w uld be difficult t detect. H wever,
l nger durati ns r a higher temperature w uld result in h m genizati n
f z ning by s lid-state diffusi n, and glass w uld crystallize (devitrify)

(C nn lly and Hewins 1992; J nes and L fgren 1993; DeHart and L f-
gren 1996). Wass n (1996) pr p sed that bserved ch ndrule textures are
pr duced by multiple l w-temperature annealing events n largely glassy
precurs rs, but ch ndrule textures have n t been repr duced experimen-
tally in this manner.

Alth ugh m st ch ndrule and CAI anal g experiments have deter-
mined linear c ling rates, it is m re likely that c ling curves in any nat-
ural pr cess w uld be n nlinear (Yu et al. 1996; Yu and Hewins 1998).
Micr structures in plagi clase and pyr xene in s me ch ndrules rec rd
c ling rates f tens f degrees per h ur in the temperature range 1450–
1600 K (Weinbruch and Muller 1995). Typical n nlinear c ling curves¨
may be like the ne illustrated in Fig. 4.

C ling rates f ch ndrules and CAIs are sl wer than w uld be ex-
pected fr m simple radiative heat l ss t the surr unding ambient nebular
gas, implying that s me type f heat-buffering effect acc mpanied their
f rmati n. This is c mm nly attributed t high dust/gas rati s relative t
a gas f s lar c mp siti n, which insulates the f rmati n regi ns (W d
1984; Gr ssman 1988; Sahagian and Hewins 1992). Alternatively, ther-
mal buffering c uld als have been achieved thr ugh a h t, c mpressed
gas (as in the sh ck wave m del: see secti n III.B.2). The estimated c l-
ing rates, as well as sh rt times at peak temperatures, are inc nsistent with
m dels that require heating f large v lumes f dusty cl uds (e.g., 100
km in size), which w uld n t all w sufficiently rapid c ling (Sahagian
and Hewins 1992; B ss and Graham 1993; Wass n 1996). This c ncern
further supp rts the interpretati n that ch ndrule f rmati n was a fairly
l calized pr cess.

Ch ndrules and CAIs pr vide limited inf rmati n ab ut the surr unding
gas during the f rmati n interval. During the sh rt heating times f r ch n-
drules, there w uld be nly limited exchange f material between ch n-
drules and gas, even at high temperatures, and the ch ndrules w uld n t
necessarily achieve equilibrium with the gas. Evidence f r such limited in-
teracti ns c mes fr m the fact that O is t pic c mp siti ns f s me ch n-
drules that have underg ne m re intense heating and melting (e.g., barred
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livine ch ndrules) indicate a higher degree f equilibrati n with the gas
than th se f p rphyritic ch ndrules d (Clayt n et al. 1983).

The xidati n states f ch ndrules vary greatly. If ch ndrule xida-
ti n states were c ntr lled by the surr unding gas, FeO-p r ch ndrules
rec rd c nditi ns similar t that f a gas f s lar c mp siti n, but FeO-rich
ch ndrules rec rd much m re xidizing c nditi ns. Increases in xidati n
states have been explained by the evap rati n f fine dust in different c n-
centrati ns. Alternatively, the degree f reducti n f an individual ch n-
drule may be c ntr lled t a large extent by the abundance f reducing
phases, particularly C, in the precurs r assemblage (C nn lly et al. 1994;
Hewins 1997), and hence may rec rd nly limited inf rmati n ab ut the
surr unding gas.

Little is kn wn ab ut the xidati n state f CAIs. Determinati ns f
the xidati n state f Ti in hib nite suggest that they f rmed under reduc-
ing c nditi ns and that they c uld have equilibrated with a gas f s lar
c mp siti n (Beckett et al. 1988).

Ch ndrules may als pr vide clues c ncerning the l cal gas pres-
sure within their f rmati n regi n, alth ugh this c nstraint is very uncer-
tain. During c ndensati n, liquids f ch ndrule c mp siti ns are stable
against evap rati n nly at pressures greater than 10 atm (W d and
Hashim t 1993; Ebel and Gr ssman 1997, 1998), significantly higher
than can nical values f 10 atm. Synthetic ch ndrules l se m st f
their Na within 10 minutes f melting at pressures f 10 atm (Yu and
Hewins 1998), s retenti n f Na in ch ndrules als implies an elevated
pressure. L cal pressures f 10 atm may be btained by enhancing the
dust/gas rati t 100–1000 times that f a gas f s lar c mp siti n. Alter-
natively, ch ndrules and CAIs c uld have f rmed in a regi n f the nebula
that was at a higher t tal pressure.

At least 25% f ch ndrules pr vide evidence that they have experienced
multiple heating events (e.g., Rubin and Kr t 1996). This evidence in-
cludes the presence f (1) c arse-grained rims, (2) c mp und ch ndrules,
which c nsist f tw r m re ch ndrules j ined t gether (Fig. 5a), and
(3) relict grains (Fig. 5c). C arse-grained, r igne us, rims have been in-
terpreted as partially melted dusty mantles n primary ch ndrules (Rubin
and Kr t 1996). Alth ugh many c mp und ch ndrules may be pr duced
by c llisi ns f partially m lten bjects, certain types c nsist f a primary
ch ndrule that is entirely entrained in a larger sec ndary ch ndrule. The
sec ndary ch ndrule is c nsidered t have f rmed by heating and melting
f fine-grained dust that had accreted nt the surface f the primary (Was-

s n et al. 1995). Relict grains have chemistries, textures, and O is t pic
c mp siti ns that indicate that they are recycled fr m a previ us gener-
ati n f ch ndrules (J nes 1996; J nes and Daniels n 1997; J nes et al.
1998). Hence, disruptive c llisi ns ccurred c mm nly between heating
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events. An estimate f the number density f ch ndrules in the ch ndrule-
f rming regi n is f the rder f 1 10 cm (Wass n 1993).

Many Type B CAIs c ntain a thin, multilayered rim, c mm nly re-
ferred t as a Wark-L vering rim, which pr bably f rmed when the CAIs
were rapidly melted and quickly c led after the bject had crystallized
(MacPhers n et al. 1988; Davis and MacPhers n 1996). Multiple heating
events may als be necessary t repr duce spinel rims (Paque et al. 1998).
There is still s me questi n as t whether CAIs c ntain relict grains. S me
studies suggest that relict grains ccur (Meeker 1995; Paque 1990; C n-
n lly and Burnett 1998).

Many ch ndrules have fine-grained rims, c nsisting f a c mplex mix-
ture f silicate, metal, and sulfide material that is similar in c mp siti n
t the ch ndrite matrix (the fine-grained material that ccurs interstitially
t ch ndrules, CAIs, etc.). This material is interpreted as dust that ad-
hered t the ch ndrules between the intervals f ch ndrule f rmati n and
accreti n and escaped the heating pr cess that f rmed ch ndrules. There
is c nsiderable variability in rim thicknesses between different ch ndrite
gr ups, alth ugh within individual ch ndrite gr ups ch ndrule rim thick-
nesses are m re unif rm. Thick rims (up t 20% f the ch ndrule di-
ameter) are bserved n ch ndrules in CM and CV ch ndrites, whereas
in rdinary and enstatite ch ndrites rims are very narr w r n nexistent.
Rim thicknesses generally sh w a p sitive c rrelati n with ch ndrule di-
ameters (Metzler et al. 1992; Paque and Cuzzi 1997), and this c rrelati n
has been used t argue f r ch ndrule f rmati n at sites l cal t the par-
ent b dies (M rfill et al. 1998). S me Type B CAIs als have fine-grained
accreti nary rims.

Ch ndrules preserve a rec rd f magnetic fields f variable strength that
were present during their f rmati n (e.g., Sugiura et al. 1979; Sugiura
and Strangway 1982; Nagata and Funaki 1981; M rden and C llins n
1992). The magnetic c mp nent, which is rand mly riented, was pr b-
ably acquired when ch ndrules c led thr ugh the Curie temperature f
their magnetic minerals. The field strengths rec rded are fairly str ng, be-
tween 0.1–0.7 mT ( 1–10 G). CAIs d n t c ntain magnetic minerals,
s the magnetic pr perties f the envir nment in which they f rmed is
unkn wn.

One f the m st fundamental questi ns ab ut ch ndrules and CAIs is the
timing f the f rmati n events. There are tw questi ns t c nsider: when
ch ndrule f rmati n ccurred relative t CAI f rmati n, and the abs lute
age f ch ndrules and CAI relative t the hist ry f the s lar system.



26

26

26

53 129

235 207

M. Chondrule and CAI Formation: The Same Process?

FORMATION OF CHONDRULES AND CAIs 943

o o o o o o
o o o o o

o o o o
o

o o
o o o

o o
o o o

o o o
o o o o o

o o o o
o o o o
o o o o o o

o o o
o o o o o

o o o o o
o o o
o o o o o o

o o o o
o o o o

o o o
o o o o o o o o
o o o o o o o

o o o o
o o o o

o o o o
o

o o
o o o o o o o

o o o o o
o o o o o

o o o o o
o o o

o
o o o o o o o

o o o o o
o o o o

o o o o
o o o o o o

o o
o o

o o o o o
o o o o o

The questi n f the relative ages f CAIs and ch ndrules d es n t
have a straightf rward answer, because the ideal chr n meter d es n t
exist. The Al chr n meter sheds s me light, but there are pr blems with
interpreting the data. Details are discussed by MacPhers n et al. (1995)
and the chapter by Wadhwa and Russell, this v lume. One pr blem with
the Al data is that m st f the ch ndrules in which abundances have been
measured are the relatively rare Al-rich variety. A simple interpretati n f
the Al data is that CAIs are the ldest pr cessed material in the s lar sys-
tem and that ch ndrules were f rmed at least 2 Myr later than m st CAIs.
The pr blem f mixing material f rmed 2 Myr apart int the same ch n-
drite parent b dy c nstitutes a severe challenge t many nebular m dels
as well as ch ndrule/CAI f rmati n m dels.

Other sh rt-lived radi is t pes that have been measured in b th ch n-
drules and CAIs include Mn and I (see Swindle et al. 1996 and the
chapter by Wadhwa and Russell, this v lume). Instead f dating ch ndrule
and CAI f rmati n events themselves, b th systems may rec rd sec ndary
events that p stdate f rmati n times and ccurred either in the nebula r
n parent b dies. The results are n t very systematic but are generally

c nsistent with the n ti n that m st sec ndary activities were ver within
ab ut 10 Myr f CAI f rmati n.

The pr blem with abs lute age dating f CAIs and ch ndrules is that
m st acti n happened within the first 0.01 Gyr (i.e. 0.2%) f the 4.5-Gyr
hist ry f the s lar system. T establish a chr n l gy f events in such
a sh rt interval s l ng ag taxes c nventi nal radi nuclide dating tech-
niques t their limit. S far nly the U/ Pb system has been applied t
CAI and ch ndrule dating successfully with time res luti n appr aching

`1 Myr. The Pb-Pb age f CAIs m st ften qu ted is 4.566 Gyr (Allegre
et al. 1995), which is slightly higher than the earlier results f Chen
and Wasserburg (1981), 4.559 Gyr. N suitable minerals f r U/Pb dating
ccur as crystallizati n pr ducts f ch ndrule melts. H wever, ph sphate

minerals that ccur in ch ndrites as a sec ndary pr duct f thermal meta-
m rphism are suitable and can be used t define l wer limits f r ch n-
drule f rmati n ages. The ldest ch ndritic ph sphate ages have been

¨determined in H4 mete rites (G pel et al. 1994) and are nly 3–5 Myr
y unger than the Allende CAI age.

All chr n meters p int t ch ndrule and CAI f rmati n very early,
within ab ut 10 Myr f initial CAI f rmati n. This timescale is c mpa-
rable t the lifetime f the nebula (P d sek and Cassen 1994). Because
many planetary pr cesses that have been suggested f r ch ndrule f rma-
ti n w uld als be expected t persist later in s lar system hist ry, even
up t the present day, this evidence suggests that ch ndrules and CAIs
f rmed in the s lar nebula.

One questi n that arises fr m the ab ve discussi n is whether m lten CAIs
and ch ndrules were f rmed by the same pr cess. Despite the bvi us
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differences in precurs r mineral c mp siti ns, several ther pr perties dis-
tinguish the tw pr cesses: CAI f rmati n apparently ccurred in a signif-
icantly earlier ep ch than ch ndrule f rmati n, and CAIs appear t have
underg ne slightly different thermal hist ries, including sl wer c ling
rates, c mpared with ch ndrules. At present it is n t p ssible t distin-
guish between tw p ssibilities: (1) a single pr cess that was perative
ver a peri d f several milli n years in the s lar nebula and was suffi-

ciently variable in nature t inc rp rate the c nstraints f b th types f
bjects, r (2) different pr cesses f r CAI and ch ndrule f rmati n. This

questi n is left pen in the f ll wing discussi n.

Many diverse heating mechanisms f r ch ndrules have been pr p sed
ver the last century, but n single m del is clearly preferable t all thers.

M st m dels have n t addressed f rmati n f CAIs specifically. The status
f a variety f m dels was summarized by B ss (1996). In this secti n we

briefly discuss the predicti ns f s me f the m dels that we c nsider t
be less viable. Each f these has ne r m re seri us inc nsistencies with
the bservati nal c nstraints summarized in Table I.

One m del that has been investigated repeatedly is the impact m del.
In this scenari , ch ndrules are spheres f melt pr duced in impacts be-
tween planetesimals at relative vel cities f 5 km s r m re, p ssi-
bly anal g us t crystalline spherules bserved in the lunar reg lith (e.g.,
Symes et al. 1998). Several difficulties with this mechanism have been
discussed by Tayl r et al. (1983). This m del pr duces the bserved re-
stricted range f ch ndrule peak temperatures nly by c incidence, and
it is inc nsistent with multiple epis des f ch ndrule recycling. Alth ugh
recent m dels (H d 1998; Weidenschilling et al. 1998) supp rt planetes-
imal vel cities sufficient f r impact melting, impact melt pr ducti n rates
n aster ids are extremely small (Keil et al. 1997). The prep nderance f

ch ndrules in c mm n mete rites argues f r a m re efficient pr cess.
A related m del is ne in which ch ndrules are pr duced as dr plets

f rmed in the c llisi n f m lten kil meter-sized planetesimals (Sanders
1996). This m del has many f the same difficulties as the impact melt
hyp thesis, with the additi nal challenges f preserving ch ndritic c m-
p siti ns and maintaining relict grains in melt f r the very l ng timescales
ass ciated with kil meter-sized b dies.

An ther p tential ch ndrule f rmati n m del is ablati n f m lten
dr plets fr m mete rs entering transient pr t planet atm spheres, fr m
high-speed planetesimals traversing the nebula, r fr m planetesimals
caught in the y ung Sun’s bip lar utfl w jets (Liffman 1992). Supp rt
f r the requisite high vel cities was cited ab ve. A difficulty with this
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1. Lightning.
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m del is a dr plet’s predicted c ling time nce free f its parent b dy.
The c ling time sh uld be similar t the drag heat pulse durati ns f the
sh ck wave m del: tens f sec nds rather than minutes t h urs. Ch ndrule
recycling is als difficult t imagine in the c ntext f this m del.

Ch ndrules may als have been heated in a l cally h t inner pr t -
planetary nebula. This m del is difficult t rec ncile with c ld precurs rs,
sh rt heating and c ling times, variati ns am ng ch ndrules fr m differ-
ent parts f the nebula, elevated pressures, and variable xygen fugacities.

It has been suggested that ch ndrules were heated by peri dic activity
n r near the y ung Sun, anal g us t FU Ori utbursts (e.g., Huss 1988;

Bell et al. 1995, and the chapter by Bell et al., this v lume). The bserved
utbursts, h wever, last very much l nger than the all wed range f ch n-

drule heating and c ling times: Outbursts have peak durati ns f m nths
f ll wed by decades-l ng declines.

Ch ndrules c uld als be interstellar precurs rs thermally pr cessed
in the accreti n sh ck, the disc ntinuity where infalling m lecular cl ud
material struck the pr t planetary disk (W d 1984; Ruzmaikina and Ip
1996). This scenari has difficulty explaining l cally variable ch ndrule
c mp siti ns. It als is inc nsistent with ch ndrule recycling, because
each ch ndrule c uld nly enc unter the sh ck exactly nce.

We c nsider three m dels t be m re viable f r ch ndrule and CAI f r-
mati n: lightning, the sh ck wave m del, and the x-wind m del. All f
these m dels describe pr cesses that nly ccur in the nebula, s they
all aut matically c nf rm t the c nstraint f ccurring nly n nebular
timescales.

The p pularity f lightning as a ch ndrule f rmati n
mechanism has waxed and waned f r s me time (e.g., Camer n 1966;
Whipple 1966; L ve et al. 1995; H ranyi et al. 1995; H ranyi and R bert-
s n 1996; Pilipp et al. 1998; Gibbard et al. 1997; Desch and Cuzzi 1999).
In a terrestrial thunderst rm, hailst nes that have gr wn t millimeter size
and begun falling under the influence f gravity c llide with 100- m ice
crystals, which are t small t fall efficiently. In each c llisi n, 10
electr ns are preferentially transferred t the ice crystal (e.g., Keith and
Saunders 1989). The c ntinuing rain ut f p sitively charged hailst nes
leads t a gr wing large-scale separati n f charge and an increasing ver-
tical electric field. When the field reaches a critical thresh ld value ( 10
V m ), the electrical resistance f the air breaks d wn and current, in the
f rm f a lightning b lt, fl ws t cancel the charge separati n.

Lightning in the aster idal regi n f the pr t planetary nebula is en-
visi ned t perate anal g usly. Here, gas turbulence, gas c nvecti n,
r vertical (i.e., perpendicular t the midplane) s lar gravity pr duces

size-segregated m ti ns f ch ndritic-c mp siti n particles, which are
assumed t transfer charge as d ice particles in earthly thundercl uds.
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v2. Shock Wa e Model.
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Large-scale charge separati n builds until the nebular gas breaks d wn.
Rep rts f lightning in terrestrial v lcanic plumes and dust st rms (with
diverse particle pr perties) and in uter planet atm spheres (with c mp -
siti ns similar t the pr t planetary nebula) supp rt the idea f nebular
lightning. S d bservati ns f “red sprites” and “blue jets” (e.g., Sent-
man et al. 1995), discharges bserved in the clear air ab ve active terres-
trial thunderst rms, s me f which are seen at altitudes where the pressure
( 10 bar) is c mparable t that f the nebula.

Lightning is attractive as a ch ndrule f rmati n mechanism, because
it is c nsistent with m st f the bserved characteristics f ch ndrules.
Lightning w rks in c ld envir nments. The f rmulati n f M rfill et al.
(1993) suggests that durati ns f nebular discharges sh uld be 100 s,
much l nger than th se f terrestrial lightning b lts and c nsistent with
ch ndrule peak heating times. Discharge temperatures c uld have been
buffered by hydr gen diss ciati n. The spatial scale f nebular discharges
is n t well c nstrained and c uld have been large en ugh t pr duce the
bserved ch ndrule c ling rates. Lightning can w rk l cally and repeat-

edly and can pr duce magnetic fields that might explain the remanent
magnetism f ch ndrules. Fine dust caught in lightning b lts w uld have
been m re str ngly heated than millimeter-sized ch ndrule precurs rs (be-
cause f the f rmer’s greater rati f cr ss-secti nal area t mass). The
dust might have evap rated, rec ndensing immediately after the discharge
al ng with v latiles b iled fr m neighb ring ch ndrules. The gas pressure
within the h t discharge channel w uld be higher than in the surr unding
nebula.

Despite its g d agreement with the bservati ns, c ncerns ab ut the
m del’s physical feasibility have kept lightning fr m being br adly ac-
cepted as the s urce f ch ndrules. S me lightning m dels (e.g., Desch
and Cuzzi 1999) suggest discharge durati ns f millisec nds (as in ter-
restrial lightning), which are difficult t rec ncile with ch ndrule textures
(e.g., Br wnlee et al. 1983) and c ling times. The electrical c nductiv-
ity f the nebula may have been high en ugh t “sh rt-circuit” large-scale
charge separati n, effectively preventing nebular lightning (e.g., Gibbard
et al. 1997). If lightning did ccur, its energy flux may have been t
small t melt silicates (e.g., L ve et al. 1995). S me m dels f nebular
turbulence pr vide t little energy t pr duce the inferred prep nderance
f ch ndrules (e.g., Weidenschilling 1996, 1997). Many f these diffi-

culties, h wever, remain in dispute (e.g., Desch and Cuzzi 1999). Better
understanding f terrestrial lightning and f the nebula’s electrical pr per-
ties will be needed t judge finally whether nebular lightning c uld have
f rmed ch ndrules.

The idea that ch ndrule and CAI materials
were pr cessed within the pr t planetary nebula by a sh ck wave has been
discussed f r m re than 30 years (W d 1962; St lper and Paque 1986;
H d and H ranyi 1991, 1993; B ss 1996; Cassen 1996; H d and Kring
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1996; C nn lly and L ve 1998; H d 1998; Weidenschilling et al. 1998).
Sh ck waves have recently gained fav r with the mete rite c mmunity as
a p tential ch ndrule/CAI-f rming mechanism (B ss 1996). As discussed
bel w, the predicti ns f the m del agree well with bservati ns f ch n-
drules and their h st mete rites.

One f the biggest pr blems f r the sh ck wave m del is deter-
mining h w the hyp thetical sh cks were pr duced. There is n current
bservati nal evidence f r pr ducing p werful, reliable, repeatable, and

astr physically realistic sh cks. Several recent suggesti ns, largely the -
retical, include clumpy accreti n t the nebula (B ss and Graham 1993),
utbursts fr m the pr t sun anal g us t FU Ori nis events (B ss 1996),

spiral arm instabilities in the disk (M rfill et al. 1993; W d 1996), and
eccentric planetesimals m ving at hypers nic speeds thr ugh the pr t -
planetary disk (H d 1998; Weidenschilling et al. 1998). Alth ugh the
lateral size and distance traveled by sh ck waves may have alm st any
values, their spatial scales must be limited t events that can pr duce the
l calized pr cesses indicated by the bservati nal c nstraints f r ch n-
drule f rmati n.

A sh ck wave is a sharp disc ntinuity between h t, c mpressed, high-
speed gas (m ving faster than the l cal speed f s und) and c ler, less
dense, sl wer-m ving gas. The nebular sh ck wave m del envisi ns neb-
ula gas that is verrun by a sh ck wave and bec mes abruptly heated,
c mpressed, and accelerated. The kind f sh ck is assumed t be a thin,
flat surface (a plane) that m ved thr ugh an initially c l, quiet (turbulent
vel cities f 50 m s r less, Cuzzi et al. 1996) regi n f the nebula
c mp sed d minantly f H gas and silicate dust. F r simplicity the sh ck
is assumed t be n rmal (i.e., traveling in a directi n perpendicular t its
fr nt surface).

Given the Mach number f the sh ck and the ideal gas equati n f
state, analytical relati ns g vern the p stsh ck density, pressure, vel city,
and temperature in the gas, as illustrated in Fig. 6 (H d and H ranyi
1993; Cassen 1996; H d and Kring 1996; Sc tt et al. 1996; C nn lly
and L ve 1998). Temperature and density increase m derately behind the
sh ck wave, while pressure increases significantly. F r example in a Mach
5 sh ck, pressure increases by a fact r f 29, density by a fact r f 5, and
temperature by a fact r f 5.8 (Fig. 6).

The maj r hurdle t verc me with the sh ck wave m del is sh w-
ing rig r usly that such a mechanism c uld have melted ch ndrule and
CAI precurs rs. As was determined by H d and H ranyi (1993) and dis-
cussed by Cassen (1996) and C nn lly and L ve (1998), a s lid particle
that is verrun by a sh ck suddenly finds itself in a blast f wind m ving
at several km s . At this time the particle begins t heat due t fricti n
with the p stsh ck gas, which is f rcing the particle t match speeds with
the gas. Heating by thermal radiati n fr m h t neighb ring particles als
ccurs. In additi n, particles can be heated radiatively and c nductively
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Figure 6. P st- t pre-sh ck pressure, temperature, and gas density rati s as a
functi n f sh ck strength expressed in Mach number . Sh cks f 3 t 8
are th ught t be capable f f rming ch ndrules. An 5 sh ck increases the
density by a fact r f 5, the temperature by a fact r f 5.8, and the pressure by
a fact r f 29.
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by the h t p stsh ck gas until c ling begins r a p stsh ck rarefacti n
wave f ll ws.

During the heating pr cess, the flux f kinetic energy abs rbed by a
particle (drag) must at least balance the radiative l ss f heat fr m that
particle if melting is t be achieved. At the melting p int, this relati n
can be expressed by the equati n 4 , where is
the vel city f the particle relative t the p stsh ck gas, is the particle
radius, is the particle temperature, and is the density f sh cked
gas (Cassen 1996). Initially the heating is mainly due t drag r fricti n,
which will begin t appr ximate zer nce the particle has achieved the
speed f the sh ck. In the ry, fricti nal heating ccurs nly f r a finite
distance and time, which is related t the st pping distance f a particle,
expressed as /2 , where is the particle diameter, is the
particle density, and is the p stsh ck gas density. Inserting typical val-
ues int the ab ve relati ns yields drag heat pulse durati ns f a few tens
f sec nds. Ch ndrule f rmati n via sh cks in an ptically thin medium,

h wever, cann t prevent the s lidificati n f the m lten ch ndrules within
sec nds (Cassen 1996; H d and H ranyi 1993). F r drag heating al ne
t pr duce c ling rates c mparable t th se f ch ndrules, sh ck waves

s

s

p p s p p

s
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with unreas nable speeds ( Mach 60) are required (F. Shu, pers nal c m-
municati n, 1998).

The petr l gic and ge chemical c nstraints n ch ndrule f rmati n
require, h wever, that ch ndrules f rmed within the presence f ther
ch ndrules and fine-grained silicate dust. The mass density f ch ndrules
and ther dust particles may have exceeded that f the gas bef re ch n-
drules were heated and may have pr vided an paque “blanket” that
sl wed radiative heat l ss rates t values c mparable t th se experi-
mentally determined f r ch ndrules (e.g., H d and Kring 1996). In this
ptically thick scenari , sh ck waves f Mach 3 t 8 (a physically realis-

tic range) pr duce peak temperatures and c ling rates that match th se
f ch ndrules (Cassen 1996; H d and H ranyi 1993; H d and Kring

1996). It sh uld be p inted ut, h wever, that a full analysis f c ling
within an ptically thick medium c mp sed f different-sized particles
has yet t be perf rmed.

Because f space limitati n, it is imp ssible f r us t describe in de-
tail the c mparis n between the predicti ns f the sh ck wave m del and
the mete rite evidence. C nn lly and L ve (1998) and H d and Kring
(1996) sh wed that the predicti ns f the m del agree well with the petr -
l gic and ge chemical c nstraints n ch ndrule f rmati n. Alth ugh the
predicti ns f the sh ck wave m del f r ch ndrule f rmati n als agree
with many bservati ns and c nstraints n the f rmati n f igne us CAIs,
the l nger c ling times required f r CAIs are difficult t rec ncile with
the m del. Bel w we highlight s me f the m re imp rtant issues n f rm-
ing ch ndrules by the nebular sh ck wave m del.

The first c nstraint we examine is the intensity and durati n f particle
heating. Nebular sh cks f Mach 3 t 8 can heat initially c ld ch ndrules
(as mandated by the petr l gic bservati ns discussed ab ve) t melting
temperatures f r times c nsistent with th se determined experimentally.
Sh ck wave heating is als virtually instantane us; particles are heated t
their centers n timescales limited by their size and thermal diffusivities,

1 s f r 1-mm silicate spheres (L ve and Br wnlee 1991), satisfying the
need t melt ch ndrules quickly t prevent the l ss f v latile phases r
elements. In additi n t melting, p stsh ck c ling rates similar t th se
experienced by ch ndrules have been determined (H d and Kring 1996).
A p tential weakness f the sh ck wave m del is that if sh ck waves
str nger than Mach 8 ccurred, they might have heated ch ndrules t tem-
peratures ab ve their experimentally derived f rmati n temperatures. This
weakness may be ffset by hydr gen diss ciati n (see secti n II), which
abs rbs rders f magnitude m re energy than simple cal ric heating
(Wass n 1996), and may be effective in limiting ch ndrule peak tempera-
tures t the bserved range even in sh ck waves substantially str nger
than Mach 8.

An imp rtant petr l gical test f the sh ck wave m del is the fact that
ch ndrules have been recycled. Because sh ck waves need n t be singu-
lar r identical events, they can pr vide the multiple heating epis des f
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3. X-wind Model.
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varying intensity indicated by the texture and chemistry f s me ch n-
drules. C llisi ns within sh ck waves w uld als have br ken up ch n-
drules, assisting in the recycling pr cess and p tentially pr ducing their
bserved fine-grained accreti n rims.

The suggesti n that ch ndrules and CAIs may
have an astr physical rigin has stimulated the study f s lid material
in relati n t the bserved phen mena f y ung sunlike stars. Well-
d cumented physical pr cesses in y ung, l w-mass stars may c ntribute
t the f rmati n f ch ndrules and CAIs. S rby (1877) first pr p sed that
melting f ch ndrule precurs rs ccurred near the surface f the Sun and
th se m lten spher ids were later fl wn utwards in s lar flares. Her-
big (1977) pr p sed that the enhanced stellar radiati n in an FU Ori nis
utburst melts ch ndrule r CAI precurs rs, and the ensuing mass l ss

drags the grains t interplanetary space. Energetic events ccurring in the
vicinity f y ung stars, such as jets and utfl ws, have m tivated m re
m dern investigati ns (e.g. Skinner 1990 , ; Liffman 1992; Liffman and
Br wn 1996). The x-wind m del (see the chapter in this v lume by Shu et
al.) has the p tential t meet the astr physical criteria t be a jet-bearing
wind that drives the m lecular utfl w, and is theref re w rthy f m re
detailed discussi ns f r its mete ritic c nnecti ns.

The x-wind arises as a result f the interacti n between a disk and a
str ngly magnetized central star in the early ev luti n f a sunlike star.
The stellar magnet sphere truncates the surr unding accreti n disk at an
inner edge f radius as the gas presses nt the magnetic fields. A frac-
ti n f the accreting mass bl ws pen the magnetic field lines t f rm the
x-wind, and the rest funnels nt the star n the cl sed field lines that c n-
nect the star and the disk. Making a star f 1 M requires a t tal mass f
between 0.33 and 0 5 M t be l st in the x-wind. A detailed treatment
and a schematic drawing f the x-wind envir nment are presented in the
chapter by Shu et al., this v lume.

In the steady state, the stellar dip le r tates at the same Keplerian an-
gular speed as the inner edge f the disk at . On the ther hand, in the
time-dependent x-wind envir nment the edge f the disk fluctuates ab ut
the equilibrium p siti n as the magnet sphere underg es cycles, anal -
g us t the s lar example (Shu et al. 1997). In the high states f the mag-
netic cycles, the magnet sphere is relatively str nger than the accreti n
gas fl w, and the inner edge f the disk is pushed utward until a balance
is f und, at which p int the star r tates faster than the inner edge f the
disk. In the l w states the disk can intrude further inward, and the inner
edge r tates faster than the star. Vi lent magnetic rec nnecti ns can ccur,
releasing the wrapped-up magnetic fields accumulated by inequalities in
r tati n rates, n sites f magnetic reversals (Linker and Mikic 1995). In
additi n t the s ft X-rays pr duced steadily fr m the c r nal fields, flares
c ntribute many m re hard X-rays, UV radiati ns, and MeV-energy c s-
mic ray particles p wered by the magnetic energy release (see the chapters
by Shu et al. and Glassg ld et al., this v lume).
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At the truncati n p int f the disk, nly gas will be st pped by the
magnet sphere, while r ck/dust c ntinues spiraling in until the evap ra-
ti n p int f the m st refract ry material. Millimeter- t centimeter-sized
m lten dr plets may have dr pped ut fr m the funnel gas n the way
t the star. These r cks make a ring f particles under the funnel fl ws,
kn wn as the rec nnecti n ring. The extensi n f the dust/r ck disk in-
ward f the gas disk is supp rted by the bservati ns that s me classical
T Tauri stars require the inner edges f ptically thick dust disks t be as
cl se as 0.5 (Meyer et al. 1997). If left al ne, the ring f particles w uld
eventually spiral inward thr ugh the equat rial plane and accrete nt the
Sun as vap r.

We n w utline the the retical framew rk f the x-wind m del f r
f rming ch ndritic mete rites (Shu et al. 1996, 1997). A c ntinu us fl w
f gas and dust accretes thr ugh the disk. The disk is self-shielded fr m

the direct rays f the pr t sun and is relatively c l. The dust c mp nent
bec mes the precurs rs f ch ndrules and CAIs. When the accreting ma-
terial meets the magnet sphere at the x-p int, the gas is launched fr m the
inner edge, , as the x-wind. Precurs rs are als lifted with the gas int
the wind by str ng gas-grain c upling in the x-regi n. Out f the shade
f the disk, they are immediately exp sed t full sunlight. In the pr t -

s lar radiati n field, if heated t temperatures ab ve 1700 K lasting f r
several h urs t days, m lten CAIs f rm and c l in the wind, in radiative
equilibrium with the sunlight as the spher ids m ve further fr m the pr t -
sun. H wever, the pr l nged high temperatures f the mean radiati n field
w uld have evap rated all ch ndrule c mp nents. In the steady state, the
pr ducti n f ch ndrules may need subs lar heating n the r tating dust-
balls t reach l cal high melting temperatures when the mean radiati n
field bec mes weaker. In the time-dependent x-wind m del, ch ndrules
may be irradiated by flares during the high states f the magnetic cycles
when the x-regi n is further fr m the Sun. They are flash-heated by en-
hanced lumin sity in all wavelengths, n a timescale f minutes t h urs,
t temperatures appr aching 2200 K. The c led and s lidified particles
are thr wn int space by the wind like st nes fr m a sling. Large particles
fall back int the disk n t far fr m the launch p int, whereas small parti-
cles remain well c upled t the gas and are carried t interstellar space.
Intermediate-sized particles are well en ugh c upled t the x-wind that
they fall back t the disk at interplanetary distances, where they then ac-
cumulate al ng with the ambient dust grains in the nebular disk t f rm
the parent b dies f ch ndritic mete rites.

T quantify the scenari utlined, we refer t tw sets f fiducial nu-
merical examples that c rresp nd t typical ev luti nary stages f l w-
mass star f rmati n. The first set represents the embedded stage, when
the y ung star is still deeply embedded inside its infalling envel pe f gas
and dust; the sec nd ne represents the revealed stage, when the utfl w-
ing wind has reversed the infall ver alm st all s lid angles and revealed
the star and the disk as ptical and infrared bjects (Shu et al. 1987).
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As the system ev lves, as a result f str nger dynam acti n, reduced
accreti n rates, r b th, the magnetic fields bec me relatively str nger,
and gradually recedes. The parameters are listed in Tables 1 and 2
f Shu et al. (1997). The embedded stage (mass f pr t star, 1

10 g; stellar radius, 2 1 10 cm; 4 ; mass l ss rate at
x-wind utfl w, 3 10 g s ) lasts f r ab ut 2 10 yr, and the
revealed stage ( 1 6 10 g; 2 1 10 cm; 5 3 ;

2 10 g s ) f r ab ut 3 10 yr, in r ugh agreement with the
bservati nal lifetimes f the y ung stellar bjects.

CAIs can f rm in the steady-state x-wind envir nment. The surface-
averaged temperature f a millimeter-sized sphere can be estimated fr m
the general radiati n equilibrium c nditi n with the c ntributi ns fr m the
direct and the diffuse radiati n. The diffuse radiati n field can be estimated
as half f a blackb dy fr m the underlying disk characterized by the disk
temperature at the x-p int. When is very small, n s lid material can
survive. As increases, the temperature ar und the launch p int falls and
the m st refract ry material starts t survive. Peak temperatures reached
in the fiducial embedded and revealed cases are 1800 K and 1300 K f r

equal t 1200 K and 800 K, respectively. The first value is high en ugh
t melt CAIs and s me ch ndrules. Lifted m lten dr plets will stay near
liquidus temperatures f r an interval f a few days, when the radial dis-
tances f the CAIs increase fr m ab ut 1 t 1.5 . The inferred c ling
rates al ng the traject ries in a direct radiati n field are 3 K hr in the
embedded phase and 2 K hr in the revealed phase.

F r ch ndrules, we need a fluctuating system (Shu et al. 1997). In
varying magnetic cycles, the high states and the l w states f the star-
disk system can create significantly different thermal envir nments c rre-
sp nding t the same average states discussed in the previ us paragraph.
In the embedded phase the disk temperature has a range f 750 K
1600 K, and in the revealed phase the range is 500 K 1100 K. The
peak temperature scillates between 1300 K and 2200 K in the embedded
phase and between 950 K and 1600 K in the revealed phase. In the l w
magnetic and average states, is high en ugh t drive ff m derately
v latile elements fr m ch ndrule precurs rs. When launched, the r cks
remain near peak temperatures f r days. On the ther hand, in the high
states f the revealed phase, (500 K) is l w en ugh t retain v latiles
in the ch ndrule precurs rs. During flight, the peak temperature reached
is insufficient t melt the magnesium-ir n silicates c mpletely. The pr -
ducti n f ch ndrules may peak slightly t wards the high states, alth ugh
it w uld be mixed with the pr ducti n f CAIs in the l w states.

Observati ns f y ung stellar bjects sh w that typical X-ray flares
rise in a sh rt time and decay n a timescale f up t few h urs (chapter
by Glassg ld et al., this v lume). Flare heating can result in d ubling r
tripling f the base temperatures because f a fav rable ge metry that d es
n t inv lve very blique rays (fr m the helmet streamers) and is cl se

w

w
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t ch ndrule precurs rs (in the rec nnecti n ring). In the embedded state,
tripling f results in a temperature rise t 2250 K, and c ling t 1300 K
in an h ur equals a c ling rate f 950 k hr . In the revealed state, the
peak temperature is 1500 K, and the c ling rate is 550 k hr . Near the x-
regi n b th in and ut f the disk, the particle density is high, and c llisi ns
f (partially) m lten ch ndrule dr plets may ccur fairly frequently. After

launch in the wind, ch ndrules w uld acquire magnetizati n, rec rding
magnetic fields with intensities f 0.09–0.3 mT. This scenari is c nsistent
with several f the bservati nal c nstraints f r ch ndrules.

F r pr l nged flares r an extended heating envir nment in the rec n-
necti n ring, the pr t ch ndrules may vap rize, and the c nstituent at ms
will c ndense as rims nt preexisting CAIs. These CAIs w uld have al-
ready underg ne at least ne launch cycle, when they were f rmed, and
subsequently dr pped back d wn int the midplane. This pr cess may c-
cur many times bef re the particles are relaunched by an encr aching x-
wind, resulting in accumulati n f the thick layered mantles seen in many
CAIs. Many flares in the right range f strengths may als reheat ch n-
drule material, acc unting f r recycling bservati ns.

The aer dynamic drag pr vides a size s rting mechanism f r b th
ch ndrules and CAIs. The x-wind sprays particles acc rding t the inverse
pr duct f densities and radii. The sizes f the s lidified spher ids that re-
turn t the disk in the regi n f the aster id belt can be calculated. Particle
diameters are 3.0 and 0.14 mm fr m the high states and 4.9 and 0.22 mm
fr m the l w states, f r the embedded phase and revealed phase, respec-
tively. Within the same average ev luti nary stage, subsequent (and rapid)
inclusi n f CAIs and ch ndrules in larger (sub)planetary b dies will pre-
serve the narr w size distributi n. The x-wind the ry specifically predicts
that small ch ndrules and CAIs sh uld exist in c mets.

The x-wind envir nment has the p tential f reviving the explanati n
f pr ducing mete ritic-level Al by y ung s lar c smic ray b mbard-

ment (Lee et al. 1998; but see als the chapter by G swami and Vanhala,
this v lume). The pr t n and particle fluence sufficient t synthesize

Ca and Mn at levels c rresp nding t th se bserved in ch ndrites
fails, by ne t tw rders f magnitude, t pr duce en ugh Al. H wever,
impulsive flares arising fr m the rec nnecti n ring accelerate numer us
He nuclei t MeV energy per nucle n, and this pr cess may yield an en-

hanced abundance f Al. Pr ducing Al within the s lar system w uld
rem ve the difficulties f having t f rm CAIs a few milli n years earlier
than ch ndrules.

The general framew rk f the x-wind m del addresses several f the
bservati nal c nstraints f r CAIs and ch ndrules. H wever, s me imp r-

tant and essential c nstraints still remain t be examined in the c ntext f
the m del. These include the O is t pic c mp siti ns f ch ndrules and
CAIs as well as the pr p rti n f material in a ch ndrite that w uld be
derived fr m dust that had n t been pr cessed thr ugh the x-wind.
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We n w turn ur attenti n t suggesting s me discriminat ry tests that
w uld be helpful in evaluating the viable m dels. One such test requires
understanding the relati nship between ch ndrule size and the degree f
heating experienced. Alth ugh ch ndrule recycling might c mplicate this
matter s mewhat, if every heating event pr duces the same size depen-
dence, the sum f many such events sh uld als . In sh ck wave m dels,
larger ch ndrules are predicted t be heated m re str ngly than smaller
nes; in lightning and x-wind m dels, smaller nes are heated m re; and

in m st ther m dels there is n predicted c rrelati n between size and
heating intensity. Lightning and x-winds heat material with radiati n,
light, r i n b mbardment. The heat input is pr p rti nal t the cr ss-
secti nal area, but the energy required t heat and melt is pr p rti nal
t the particle’s v lume. In c ntrast, in a sh ck wave, larger particles
take l nger t c me up t speed with the p stsh ck gas than smaller nes,
thus experiencing a l nger drag-heat pulse durati n and a higher inte-
grated / .

A sec nd discriminat ry test that w uld be useful in evaluating f rma-
ti n m dels is the relati nship between the abundances f paque minerals
(metal and sulfides) in ch ndrules and the degree f heating experienced.
In a m del that heats ch ndrules with light (lightning, x-wind), heating ef-
fects sh uld be str ngest in bjects rich in paque minerals because these
w uld abs rb m re light than transparent materials (silicates). In m dels
such as the sh ck wave m del, there w uld be n expected c rrelati n be-
tween paque abundance and degree f heating, alth ugh particles with
high paque abundance w uld be denser and have l nger st pping dis-
tances (and thus heating durati ns) than particles f similar diameter that
were p r in paques.

Unf rtunately, these tw p tentially valuable c nstraints are difficult
t evaluate fr m the ch ndrule rec rd. It is hard t create a semiquanti-
tative scale f r the degree f heating experienced by an individual ch n-
drule, because the unique texture and c mp siti n presently bserved is
a functi n f the grain size f precurs r material, bulk c mp siti n, peak

relative t the liquidus, the influence f fine-grained dust as nucleati n
seeds, and many ther variables. One type f ch ndrule that may pr vide
an pp rtunity t examine these questi ns is the s -called aggl meratic
livine (AO) r dark-z ned (DZ) ch ndrules (Weisberg and Prinz 1996;

Zanda et al. 1996). These ch ndrules are very fine-grained and have n t
been melted extensively, but their bulk c mp siti ns span a wide range
fr m FeO-p r t FeO-rich. The pr blem f determining initial paque
abundances is c mplicated by the p ssibilities f v latilizati n and cen-
trifugal l ss f metal beads during f rmati n. Nevertheless, an attempt t
address these parameters w uld be a pr fitable exercise f r future research
eff rts.
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Despite several significant advances in ur understanding f ch ndrules
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lightning in the nebula. Sh ck wave m dels are well devel ped and are
c nsistent with many f the bservati nal c nstraints, but the s urce(s) f
the sh ck waves needs t be defined. The x-wind m del has the advantage
f being an bserved phen men n in disks, and it addresses many f the
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be c nsidered a viable m del f r ch ndrule f rmati n. Other m dels fail t
satisfy bservati nal c nstraints in ne r m re critical aspects and must
theref re be c nsidered t be flawed in their current f rmulati ns.

We are m st grateful t Jeff Cuzzi and J hn Was-
s n f r th ughtful and c nstructive reviews f this manuscript. This w rk
was partially funded (R. H. J.) by the Institute f Mete ritics, University f
New Mexic , and NASA grant MRA-97-282 (J. J. Papike, PI). H. C. C.’s
c ntributi n was supp rted by NASA grant NAG5-4319 (D. S. Burnett,
PI), and H. S.’s c ntributi n by NASA grant NAG5-4851.



o o o
o o o

o o o
o o o

o o o
o

o o o o

o o o o o o
o o

o o

o o o o o o
o o o

o o
o o o

o o o o

o o o o o
o o o o o o

o o
o o o o o o o o o

o o
o o

o o o o
o o

o o o o o o
o o o

o o o o o o
o o o o o

o
o o o o o o o o o

o o o
o o o

o o o o o o o

o o o o
o o o o

o o o
o o o o o

o o

o o o
o o o o

o o

o o o o

o o o
o

o o o o o
o o

956 R. H. JONES ET AL.

Brearley, A. J., and J nes, R. H. 1998. Ch ndritic mete rites. In
Reviews in Mineral gy V l. 36, ed. J. J. Papike (Washingt n D.C.:

Mineral gical S ciety f America), pp. 3-1–3-398.
Br wnlee, D. E., Bates, B., and Beauchamp, R. H. 1983. Mete r ablati n spheres

as ch ndrule anal gs. In ed. E. A. King (H us-
t n: Lunar and Planetary Institute), pp. 10–25.

Camer n, A. G. W. 1966. The accumulati n f ch ndritic material.
1:93–96.

Cassen, P. 1996. Overview f m dels f the s lar nebula: P tential ch ndrule-
f rming envir nments. In ed. R. H.
Hewins, R. H. J nes, and E. R. D. Sc tt (Cambridge: Cambridge University
Press), pp. 21–28.

Chen, J. H., and Wasserburg, G. J. 1981. The is t pic c mp siti n f uranium and
lead in Allende inclusi ns and mete ritic ph sphates.
52:1–15.

Clarke, R. S., Jar sewich, E., Nelen, J., G mez, M., and Hyde, J. R. 1970. The
Allende, Mexic , mete rite sh wer. 5:53pp.

Clayt n, R. N. 1993. Oxygen is t pes in mete rites.
21:115–149.

Clayt n, R. N., Gr ssman, L., and Mayeda, T. K. 1973. A c mp nent f primitive
nuclear c mp siti n in carb nace us ch ndrites. 182:485–488.

Clayt n, R. N., Onuma, N., Ikeda, Y., Mayeda, T. K., Hutche n, I., Olsen, E. J.,
and M lini-Velsk , C. 1983. Oxygen is t pic c mp siti ns f ch ndrules in
Allende and rdinary ch ndrites. In ed. E. A.
King (H ust n: Lunar and Planetary Institute), pp. 37–43.

C nn lly, H. C., Jr., and Burnett, D. S. 1998. Min r element distributi ns in and
am ng spinels fr m type B CAIs. 29:Abstract 1487.

C nn lly, H. C., Jr., and Hewins, R. H. 1992. Ch ndrule m dificati n as a p ssible
indicat r f rim-f rming mechanisms. 23:239–240.

C nn lly, H. C., Jr., and Hewins, R. H. 1995. Ch ndrules as pr ducts f dust c l-
lisi ns with t tally m lten dr plets within a dust-rich nebular envir nment:
An experimental investigati n. 59:3231–3246.

C nn lly, H. C., Jr., and L ve, S. G. 1998. The f rmati n f ch ndrules: Petr l gic
tests f the sh ck wave m del. 280:62–67.

C nn lly, H. C., Jr., Hewins, R. H., Ash, R. D., Zanda, B., L fgren, G. E., and
B ur t-Denise, M. 1994. Carb n and the f rmati n f reduced ch ndrules.

371:136–139.
C nn lly, H. C., Jr., J nes, B. D., and Hewins, R. H. 1998. The flash melting f

ch ndrules: An experimental investigati n int the melting hist ry and phys-
ical nature f ch ndrule precurs rs. in press.

Cuzzi, J. N., D br v lskis, A. R., and H gan, R. C. 1996. Turbulence, ch ndrules,
and planetesimals. In ed. R. H.
Hewins, R. H. J nes, and E. R. D. Sc tt (Cambridge: Cambridge University
Press), pp. 35–43.

Davis, A. M., and MacPhers n, G. J. 1996. Thermal pr cessing in the s lar nebu-
lar: C nstraints fr m refract ry inclusi ns. In

ed. R. H. Hewins, R. H. J nes, and E. R. D. Sc tt (Cambridge:
Cambridge University Press), pp. 71–76.

DeHart, J. M., and L fgren, G. E. 1996. Experimental studies f gr up A1 ch n-
drules. 60:2233–2242.

Desch, S. J., and Cuzzi, J. N. 1999. The generati n f lightning in the s lar nebula.
in revisi n.

Ebel, D. S., and Gr ssman, L. 1997. Direct c ndensati n f ferr magnesian liquids
fr m c smic gases. 28:317–318.

Planetary Ma-
terials,

Chondrules and their Origins,

Earth Planet.
Sci. Lett.

Chondrules and the Protoplanetary Disk,

Earth Planet. Sci. Lett.

Smithsonian Contrib. Earth Sci.
Ann. Re . Earth Planet. Sci.

Science

Chondrules and Their Origins,

Lunar Planet. Sci.

Lunar Planet. Sci.

Geochim. Cosmochim. Acta

Science

Nature

Geochim. Cosmochim. Acta,

Chondrules and the Protoplanetary Disk,

Chondrules and the Protoplan-
etary Disk,

Geochim. Cosmochim. Acta

Icarus,

Lunar Planet. Sci.

�

v



o o o o
o o o o

o o

o o o
o o o

o o o
o o o

oo o o o
o o o

o o

o o o o o
o o o

o o o o o o
o o o o

o o

o o o
o

o o o
o o o

o o o o

o
o o o

o
o o

o o o o o
o o

o o

o o o
o o o o o o o o o o

oo o o o o
o o

oo o o o o
o

oo o o o o o
o o o o

oo o o
o

o
o o o o o o

o o
o o

o o o o o
o

FORMATION OF CHONDRULES AND CAIs 957

Ebel, D. S., and Gr ssman, L. 1998. Effect f dust enrichment n s lid and liq-
uid c mp siti ns in equilibrium with c smic gases. In

Abstract 1421 (H ust n: Lunar and Planetary
Institute), CD-ROM.

Gibbard, S. G., Levy, E. H., and M rfill, G. E. 1997. On the p ssibility f lightning
in the pr t s lar nebula. 130:517–533.

¨ ` `G pel, C., Manhes, G., and Allegre, C. J. 1994. U-Pb systematics f ph sphates
fr m equilibrated rdinary ch ndrites. 121:153–
171.

Greenw d, J. P., and Hess, P. C. 1996. C ngruent melting kinetics: C nstraints n
ch ndrule f rmati n. In ed. R. H.
Hewins, R. H. J nes, and E. R. D. Sc tt (Cambridge: Cambridge University
Press), pp. 205–211.

Gr ssman, J. N. 1988. F rmati n f ch ndrules. In
ed. J. F. Kerridge and M. S. Matthews (Tucs n: University f Ariz na

Press), pp. 680–696.
Gr ssman, J. N. 1996. Chemical fracti nati ns f ch ndrites: Signatures f events

bef re ch ndrule f rmati n. In ed.
R. H. Hewins, R. H. J nes, and E. R. D. Sc tt (Cambridge: Cambridge Uni-
versity Press), pp. 243–253.

Gr ssman, J. N., Rubin, A. E., Nagahara, H., and King, E. A. 1988. Pr perties f
ch ndrules. In ed. J. F. Kerridge and
M. S. Matthews (Tucs n: University f Ariz na Press), pp. 619–659.

Herbig, G. 1977. Eruptive phen mena in early stellar ev luti n.
217:693–715.

Hewins, R. H. 1989. The ev luti n f ch ndrules.
2:200–220.

Hewins, R. H. 1997. Ch ndrules. 25:61–83.
Hewins, R. H., and C nn lly, H. C., Jr. 1996. Peak temperatures f flash-melted

ch ndrules. In ed. R. H. Hewins,
R. H. J nes, and E. R. D. Sc tt (Cambridge: Cambridge University Press),
pp. 197–204.

Hewins, R. H., and Rad msky, P. M. 1990. Temperature c nditi ns f r ch ndrule
f rmati n. 25:309–318.

Hewins, R. H., J nes, R. H., and Sc tt, E. R. D. 1996.
(Cambridge: Cambridge University Press).

Hewins, R. H., Yu, Y., Zanda, B., and B ur t-Denise, M. 1997. D nebular frac-
ti nati ns, evap rative l sses, r b th, influence ch ndrule c mp siti ns?

10:275–298.
H d, L. L. 1998. Thermal pr cessing f ch ndrule precurs rs in planetesimal

b w sh cks. 33:97–107.
H d, L. L., and H ranyi, M. 1991. Gas dynamic heating f ch ndrule precurs r

grains in the s lar nebula. 93:259–269.
H d, L. L., and H ranyi, M. 1993. The nebular sh ck wave m del f r ch ndrule

f rmati n: One-dimensi nal calculati ns. 106:179–189.
H d, L. L., and Kring, D. A. 1996. M dels f r multiple heating mechanisms. In

ed. R. H. Hewins, R. H. J nes, and
E. R. D. Sc tt (Cambridge: Cambridge University Press), pp. 265–276.

H ranyi, M., and R berts n, S. 1996. Ch ndrule f rmati n in lightning dis-
charges: Status f the ry and experiments. In

ed. R. H. Hewins, R. H. J nes, and E. R. D. Sc tt (Cambridge:
Cambridge University Press), pp. 303–310.

H ranyi, M., M rfill, G., G ertz, C. K., and Levy, E. H. 1995. Ch ndrule f rma-
ti n in lightning discharges. 81:174–185.

Lunar and Planetary
Science Conference XXIX,

Icarus

Earth Planet. Sci. Lett.

Chondrules and the Protoplanetary Disk,

Meteorites and the Early Solar
System,

Chondrules and the Protoplanetary Disk,

Meteorites and the Early Solar System,

Astrophys. J.

Proc. Nat. Inst. Polar Res.
Symp. Antarctic Meteorites

Ann. Re . Earth Planet. Sci.

Chondrules and the Protoplanetary Disk,

Meteoritics
Chondrules and the Proto-

planetary Disk

Antarctic Meteorite Res.

Meteorit. Planet. Sci.

Icarus

Icarus

Chondrules and the Protoplanetary Disk,

Chondrules and the Protoplan-
etary Disk,

Icarus

�

v



o o o o o o

o o o o o
o

o o o o o o
o

o o o o o o
o o o o

o o o o o
o o o o o

o o
o o o o o o

o o

o

o o o o o
o o o o

o o

o o o o
o o o o o o o

o o o
o o o

o o o

o o o o o

o o o o o o
o o

o o

o o o o

o o o o o
o

o
o o o

o o
o o o o

o o o o o o

o o o o o
o o o

o o o
o o

o o o
o o o

958 R. H. JONES ET AL.

Huss, G. R. 1988. The r le f interstellar dust in the f rmati n f the s lar system.
40:165–211.

J nes, R. H. 1996. FeO-rich, p rphyritic livine ch ndrules in unequilibrated r-
dinary ch ndrites. 60:3115–3138.

J nes, R. H., and Daniels n, L. R. 1997. A ch ndrule rigin f r dusty relict livine
in unequilibrated ch ndrites. 32:753–760.

J nes, R. H., and L fgren, G. E. 1993. A c mparis n f FeO-rich p rphyritic
livine ch ndrules in unequilibrated ch ndrites and experimental anal gues.

28:213–221.
J nes, R. H., Saxt n, J. M., Ly n, I. C., and Turner, G. 1998. Oxygen is t pe

analyses f ch ndrule and is lated livine grains in the CO3 ch ndrite,
ALHA77307. In Abstract

1795 (H ust n: Lunar and Planetary Institute), CD-ROM.
¨Keil, K., St ffler, D., L ve, S. G., and Sc tt, E. R. D. 1997. C nstraints n the r le

f impact heating and melting in aster ids. 32:349–
363.

Keith, W. D., and Saunders, C. P. R. 1989. Charge transfer during multiple large
ice crystal interacti ns with a riming target. 94:13013–
13106.

Kr t, A. N., and Rubin, A. E. 1996. Micr ch ndrule-bearing ch ndrule rims: C n-
straints n ch ndrule f rmati n. In
ed. R. H. Hewins, R. H. J nes, and E. R. D. Sc tt (Cambridge: Cambridge
University Press), pp. 181–184.

Kr t, A. N., Rubin, A. E., Keil, K., and Wass n, J. T. 1997. Micr ch ndrules
in rdinary ch ndrites: Implicati ns f r ch ndrule f rmati n.

61:463–473.
Lee, T., Shu, F. H., Shang, H., Glassg ld, A. E., and Rehm, K. E. 1998. Pr t stellar

c smic rays and extinct radi activities in mete rites. 506:898–
912.

Liepmann, H. W., and R shk , A. 1957. (New Y rk:
Wiley).

Liffman, K. 1992. The f rmati n f ch ndrules by ablati n. 100:608–
619.

Liffman, K., and Br wn, M. J. I. 1996. The pr t stellar jet m del f ch ndrule
f rmati n. In ed. R. H. Hewins,
R. H. J nes, and E. R. D. Sc tt (Cambridge: Cambridge University Press),
pp. 285–302.

Linker, J. A., and Mikic, Z. 1995. Disrupti n f a helmet streamer by ph t spheric
shear. 438:L45–L48.

L fgren, G. E. 1996. A dynamic crystallizati n m del f r ch ndrule melts. In
ed. R. H. Hewins, R. H. J nes, and

E. R. D. Sc tt (Cambridge: Cambridge University Press), pp. 187–196.
L fgren, G. E., and Lanier, A. 1990. Dynamic crystallizati n study f barred

livine ch ndrules. 54:3537–3551.
L fgren, G. E., and Russell, W. J. 1986. Dynamic crystallizati n f ch ndrule

melts f p rphyritic and radial pyr xene c mp siti n.
50:1715–1726.

L ve, S. G., and Br wnlee, D. E. 1991. Heating and thermal transf rmati n f
micr mete rites entering the Earth’s atm sphere. 89:26–43.

L ve, S. G., Keil, K., and Sc tt, E. R. D. 1995. Electrical discharge heating f
ch ndrules in the s lar nebula. 115:97–108.

MacPhers n, G. J., and Russell, S. S. 1997. Origin f aluminum-rich ch ndrules:
C nstraints fr m maj r element chemistry.
32:A83.

Earth Moon Planets

Geochim. Cosmochim. Acta

Meteorit. Planet. Sci.

Meteoritics

Lunar and Planetary Science Conference XXIX,

Meteorit. Planet. Sci.

J. Geophys. Res.

Chondrules and the Protoplanetary Disk,

Geochim. Cos-
mochim. Acta

Astrophys. J.

Elements of Gasdynamics

Icarus

Chondrules and the Protoplanetary Disk,

Astrophys. J. Lett.

Chondrules and the Protoplanetary Disk,

Geochim. Cosmochim. Acta

Geochim. Cosmochim.
Acta

Icarus

Icarus

Meteorit. Planet. Sci. Suppl.

�



o o
o o o

o o
o
o o o

o

o
o o o o o

o o o o
o o o o o o o o

o o o

o o o
o o o o

o o

o o o o o o
o o o

o o o o
o o o o o o

o o o

o o o
o o o o o

o o o o
o o o

o o

o o
o o o o o o

o o
o o o

o o o o o
o o

o o
o o o o o

o o

o o o
o o o o

o o o o o o o
o o o

o o
o o o

o o o o o o o
o o o

FORMATION OF CHONDRULES AND CAIs 959

MacPhers n, G. J., Wark, D. A., and Armstr ng, J. T. 1988. Primitive material
surviving in ch ndrites: Refract ry inclusi ns. In

ed. J. F. Kerridge and M. S. Matthews (Tucs n: University f
Ariz na Press), pp. 746–807.

MacPhers n, G. J., Davis, A. M., and Zinner, E. K. 1995. The distributi n f
aluminum-26 in the early s lar system—A reappraisal. 30:365–
386.

McKeegan, K. D., Leshin, L. A., Russell, S. S., and MacPhers n, G. J. 1998. Oxy-
gen is t pic abundances in calcium-aluminum-rich inclusi ns fr m rdinary
ch ndrites: Implicati ns f r nebular heter geneity. 280:414–418.

Meeker, G. P. 1995. C nstraints n f rmati n pr cesses f tw c arse-grained
calcium-aluminum-rich inclusi ns: A study f mantles, islands and c res.

30:71–84.
¨Metzler, K., Bisch ff, A., and St ffler, D. 1992. Accreti nary dust mantles in CM

ch ndrites: Evidence f r s lar nebula pr cesses.
56:2873–2897.

Meyer, M. R., Calvet, N., and Hillenbrand, L. A. 1997. Intrinsic near-infrared ex-
cesses f T Tauri stars: Understanding the classical T Tauri star l cus.

114:288–300.
M rden, S. J., and C llins n, D. W. 1992. The implicati ns f the magnetism f

rdinary ch ndrite mete rites. 109:185–204.
M rfill, G., Spruit, H., and Levy, E. H. 1993. Physical pr cesses and c nditi ns

ass ciated with the f rmati n f pr t planetary disks. In
ed. E. H. Levy and J. I. Lunine (Tucs n: The University f Ariz na

Press), pp. 939–978.
M rfill, G., Durisen, R. H., and Turner, G. W. 1998. An accreti n rim c nstraint

n ch ndrule f rmati n the ries. 134:180–184.
Nagata, T., and Funaki, M. 1981. The c mp siti n f natural remanent magnetiza-

ti n f an Antarctic ch ndrite, ALHA76009 (L6). 12:747–
748.

Paque, J. M. 1990. Relict grains in a Ca-Al-rich inclusi n fr m Allende.
21:932–933.

Paque, J. M. 1995. Effect f residence time at maximum temperature n the tex-
ture and phase c mp siti ns f a type B Ca-Al-rich inclusi n anal g.

26:1099–1100.
Paque, J. M., and Cuzzi, J. N. 1997. Physical characteristics f ch ndrules

and rims, and aer dynamic s rting in the s lar nebula.
28:1071–1072.

Paque, J. M., and L fgren, G. E. 1993. C mparis n f experimental studies n
ch ndrule and Ca-Al-rich inclusi ns. 22:1025–1026.

Paque, J. M., Le, L., and L fgren, G. E. 1998. Experimentally pr duced spinel
rims n Ca-Al-rich inclusi n bulk c mp siti ns. In

Abstract 1221 (H ust n: Lunar and Planetary In-
stitute), CD-ROM.

Pilipp, W., Hartquist, T. W., M rfill, G. E., and Levy, E. H. 1998. Ch ndrule f r-
mati n by lightning in the pr t s lar nebula? 331:121–
146.

P d sek, F. A., and Cassen, P. 1994. The retical, bservati nal, and is t pic esti-
mates f the lifetime f the s lar nebula. 29:6–25.

Prinz, M., Weisberg, M. K., and Nehru, C. E. 1988. Gunl ck, a new type 3 rdinary
ch ndrite with a g lfball-sized ch ndrule. 23:297.

Rad msky, P. M., and Hewins, R. H. 1990. F rmati n c nditi ns f pyr xene-
livine and magnesian livine ch ndrules.

54:3475–3490.

Meteorites and the Early
Solar System,

Meteoritics

Science

Meteoritics

Geochim. Cosmochim. Acta

Astron.
J.

Earth Planet. Sci. Lett.

Protostars and Plan-
ets III,

Icarus

Lunar Planet. Sci.

Lunar
Planet. Sci.

Lunar
Planet. Sci.

Lunar Planet. Sci.

Lunar Planet. Sci.

Lunar and Planetary Sci-
ence Conference XXIX,

Astron. Astrophys.

Meteoritics

Meteoritics

Geochim. Cosmochim. Acta

�



o o o
o o

o o o o
o o o o o o o

o o o o
o

o o

o o o

o o o o o

o o

o o o o o o o
o o o

o o

o o
o o o

o o

o o o
o

o o o o o
o o

o o o o o

o
o o o

o o o o o o
o o o

o o o o o o
o o o o o o o

o
o o o

o o o

o o o o
o o o o o

o o o
o o o oo

o o o o o
o o o o

o o o
o o o o

960 R. H. JONES ET AL.

Rubin, A. E., and Kr t, A. N. 1996. Multiple heating f ch ndrules. In
ed. R. H. Hewins, R. H. J nes and E. R. D. Sc tt

(Cambridge: Cambridge University Press), pp. 173–180.
Rubin, A. E., Sailer, A. L., and Wass n. 1999. Tr ilite in the ch ndrules f unequi-

librated rdinary ch ndrites: Implicati ns f r ch ndrule f rmati n.
in review.

Ruzmaikina, T. V., and Ip, W. H. 1996. Ch ndrule f rmati n in the accreti nal
sh ck. In ed. R. H. Hewins, R. H.
J nes, and E. R. D. Sc tt (Cambridge: Cambridge University Press), pp. 277–
284.

Sahagian, D. L., and Hewins, R. H. 1992. The size f ch ndrule-f rming events.
23:1197–1198.

Sanders, I. S. 1996. A ch ndrule-f rming scenari inv lving m lten planetesi-
mals. In ed. R. H. Hewins, R. H.
J nes, and E. R. D. Sc tt (Cambridge: Cambridge University Press), pp. 327–
334.

Sc tt, E. R. D., L ve, S. G., and Kr t, A. N. 1996. F rmati n f ch ndrules and
ch ndrites in the pr t planetary nebula. In

ed. R. H. Hewins, R. H. J nes, and E. R. D. Sc tt (Cambridge:
Cambridge University Press), pp. 87–96.

Sears, D. W. G., Huang, S., and Ben it, P. H. 1996. Open-system behavi r during
ch ndrule f rmati n. In ed. R. H.
Hewins, R. H. J nes, and E. R. D. Sc tt (Cambridge: Cambridge University
Press), pp. 221–231.

Sentman, D. D., Wesc tt, E. M., Osb rne, D. L., Hampt n, D. L., and Heavner,
M. J. 1995. Preliminary results fr m the Sprites94 aircraft campaign: 1. Red
sprites. 22:2105–2108.

Shu, F. H., Adams, F. C., and Lizan , S. 1987. Star f rmati n in m lecular cl uds:
Observati n and the ry. 25:23–81.

Shu, F. H., Shang, H., and Lee, T. 1996. T ward an astr physical the ry f ch n-
drites. 271:1545–1552.

Shu, F. H., Shang, H., Glassg ld, A. E., and Lee, T. 1997. X-rays and fluctuating
X-winds fr m pr t stars. 277:1475–1479.

Skinner, W. R. 1990 . Bip lar utfl ws and a new m del f the early s lar system.
Part I: Overview and implicati ns f the m del. 21:1166–
1167.

Skinner, W. R. 1990 . Bip lar utfl ws and a new m del f the early s lar system.
Part II: The rigins f ch ndrules, is t pic an malies, and chemical fracti n-
ati ns. 21:1168–1169.

Skinner, W. R., and Leenh uts, J. M. 1993. Size distributi ns and aer dynamic
equivalence f metal ch ndrules and silicate ch ndrules in Acfer 059.

24:1315–1316.
S rby, H. C. 1877. On the structure and rigin f mete rites. 15:495–498.
St lper, E. 1982. Crystallizati n sequences f Ca-Al-rich inclusi ns fr m Allende:

An experimental study. 46:2159–2180.
St lper, E., and Paque, J. M. 1986. Crystallizati n sequences f Ca-Al-rich inclu-

si ns fr m Allende: The effects f c ling rate and maximum temperature.
50:1785–1806.

Sugiura, N., and Strangway, D. W. 1982. Magnetic pr perties f l w-petr l gic
grade n n-carb nace us ch ndrites.

25 (special issue):260–
280.

Sugiura, N., Lan ix, M., and Strangway, D. W. 1979. Magnetic fields f the s lar
nebula as rec rded in ch ndrules fr m the Allende mete rite.

20:342–349.

Chondrules
and the Protoplanetary Disk,

Geochim.
Cosmochim. Acta,

Chondrules and the Protoplanetary Disk,

Lunar Planet. Sci.

Chondrules and the Protoplanetary Disk,

Chondrules and the Protoplan-
etary Disk,

Chondrules and the Protoplanetary Disk,

Geophys. Res. Lett.

Ann. Re . Astron. Astrophys.

Science

Science
a

Lunar Planet. Sci.

b

Lunar Planet. Sci.

Lunar
Planet. Sci.

Nature

Geochim. Cosmochim. Acta

Geochim. Cosmochim. Acta

Proceedings of the Se enth Symposium
on Antarctic Meteorites. Mem. Natl. Inst. Polar Res.

Phys. Earth
Planet. Interiors

v

v



o o
o o o o o o

o o o
o o

o
o o o o o

o o o
o o o o o

o o o o

o o o o
o o

o o

o o

o o o o o
o o o o

o
o

o o
o o o

o o o o o

o o o o o

o o o o o
o o

oo o o o
o o

o o oo o o
o o o o o o

o o o
o o

o o

o o o
o o o o o o

o o o o

oo o o o

oo o o o o o o
o

oo o o o

oo o o o

o o o
o o o o

FORMATION OF CHONDRULES AND CAIs 961

Swindle, T. D., Davis, A. M., H henberg, C. M., MacPhers n, G. J., and Nyquist,
L. E. 1996. F rmati n times f ch ndrules and Ca-Al-rich inclusi ns: C n-
straints fr m sh rt-lived radi nuclides. In

ed. R. H. Hewins, R. H. J nes, and E. R. D. Sc tt (Cambridge:
Cambridge University Press), pp. 77–86.

Symes, S. J., Sears, D. W. G., Akridge, D. G., Huang, S., and Ben it, P. H. 1998.
The crystalline lunar spheres: Their f rmati n and implicati n f r the rigin
f mete ritic ch ndrules. 33:13–30.

Tayl r, G. J., Sc tt, E. R. D., and Keil, K. 1983. C smic setting f r ch ndrule
f rmati n. In ed. E. A. King (H ust n: Lunar
and Planetary Institute), pp. 262–278.

Thiemens, M. H. 1996. Mass-independent is t pic effects in ch ndrites: The r le
f chemical pr cesses. In ed. R. H.

Hewins, R. H. J nes, and E. R. D. Sc tt (Cambridge: Cambridge University
Press), pp. 107–118.

Wass n, J. T. 1985. (New Y rk: W.H.
Freeman).

Wass n, J. T. 1993. C nstraints n ch ndrule rigins. 28:14–28.
Wass n, J. T. 1996. Ch ndrule f rmati n: Energetics and length scales. In

ed. R. H. Hewins, R. H. J nes, and
E. R. D. Sc tt (Cambridge: Cambridge University Press), pp. 45–54.

Wass n, J. T., and Kallemeyn, G. W. 1990. Allan Hills 85085: A subch ndritic
mete rite f mixed nebula and reg lithic heritage.
101:148–161.

Wass n, J. T., Kr t, A. N., Lee, M. S., and Rubin, A. E. 1995. C mp und ch n-
drules. 59:1847–1869.

Weidenschilling, S. J. 1996. Pr ducti n f ch ndrules by lightning in the s lar
nebula. 27:1397–1398.

Weidenschilling, S. J. 1997. Pr ducti n f ch ndrules by lightning in the s lar
nebula? N t s easy! 27:1515–1516.

Weidenschilling, S. J., Marzari, F., and H d, L. L. 1998. The rigin f ch ndrules
at j vian res nances. 279:681–684.

Weinbruch, S., and Muller, F. W. 1995. C nstraints n the c ling rates f ch n-¨
drules fr m the micr structure f clin pyr xene and plagi clase.

59:3221–3230.
Weisberg, M. K., and Prinz, M. 1996. Aggl meratic ch ndrules, ch ndrule pre-

curs rs and inc mplete melting. In
ed. R. H. Hewins, R. H. J nes, and E. R. D. Sc tt (Cambridge: Cambridge
University Press), pp. 119–127.

Weisberg, M. K., Prinz, M., and Nehru, C. E. 1988. Macr ch ndrules in rdinary
ch ndrites: C nstraints n ch ndrule f rming pr cesses. 23:309–
310.

Whipple, F. L. 1966. Ch ndrules: Suggesti n c ncerning the rigin.
153:54–56.

W d, J. A. 1962. Ch ndrules and the rigins f the terrestrial planets.
194:127–130.

W d, J. A. 1984. On the f rmati n f mete ritic ch ndrules by aer dynamic drag
heating in the s lar nebula. 70:11–26.

W d, J. A. 1996. Pr cessing f ch ndritic and planetary material in spiral density
waves in the nebula. 31:641–646.

W d, J. A., and Hashim t , A. 1993. Mineral equilibrium in fracti nated nebular
systems. 57:2377–2388.

Yu, Y., and Hewins, R. H. 1998. Transient heating and ch ndrule f rmati n: Ev-
idence fr m s dium l ss in flash heating simulati n experiments.

62:159–172.

Chondrules and the Protoplane-
tary Disk,

Meteorit. Planet. Sci.

Chondrules and Their Origins,

Chondrules and the Protoplanetary Disk,

Meteorites: Classification and Properties

Meteoritics
Chon-

drules and the Protoplanetary Disk,

Earth Planet. Sci. Lett.

Geochim. Cosmochim. Acta

Lunar Planet. Sci.

Lunar Planet. Sci.

Science

Geochim.
Cosmochim. Acta

Chondrules and the Protoplanetary Disk,

Meteoritics

Science

Nature

Earth Planet. Sci. Lett.

Meteorit. Planet. Sci.

Geochim. Cosmochim. Acta

Geochim.
Cosmochim. Acta



o o
oo

o o

o o o o
o

o o
o o

962 R. H. JONES ET AL.

Yu, Y., Hewins, R. H., and Zanda, B. 1996. S dium and sulfur in ch ndrules:
Heating time and c ling curves. In
ed. R. H. Hewins, R. H. J nes, and E. R. D. Sc tt (Cambridge: Cambridge
University Press), pp. 213–220.

Zanda, B., Yu, Y., B ur t-Denise, M., and Hewins, R. H. 1996. The hist ry f
metal and sulfide in ch ndrites. In

LPI Technical Rep rt N 97–02, Part
1 (H ust n: Lunar and Planetary Institute), pp. 68–70.

Chondrules and the Protoplanetary Disk,

Workshop on Parent-Body and Nebular
Modification of Chondritic Materials,


