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Electromagnetic Heating in the Early Solar 
Nebula and the Formation of Chondrules 
Don D. Eisenhour,* Tyrone L. Daulton, Peter R. Buseck 

Certain opaque inclusions within primitive meteorites exhibit textures that suggest chon- 
drules formed during intense, short-duration radiative heating episodes in the early solar 
system. Experimental support for this interpretation is provided by the textures produced 
when chondrule-like assemblages are heated with visible laser light. Computer simula- 
tions of radiative heating provide additional evidence for the role of electromagnetic 
energy in heating nebular solids by offering an explanation for the size distributions of 
chondrules and the presence of dusty chondrule rims. Nebular lightning and magnetic 
reconnection flares are possible sources of electromagnetic energy for these transient 
heating events. 

Chondrites, which account for -85% of 
the meteorites that fall to Earth. are char- 
acterized by the presence of chondrules, 
millimeter-sized silicate-rich obiects whose 
textures and spherical shapes suggest that 
they cooled rapidly from molten droplets 
floating freely in space (1-3). A growing 
body of evidence suggests that chondrules 
formed within the solar nebula from preex- 
isting aggregates of dust (2). However, a 
consensus is lacking as to what was respon- 
sible for melting these aggregates, leaving 
an  important gap in our knowledge of the 
processes at work during the earliest stages 
of the solar svstem's formation. Current the- 
ories include frictional heating of dust dur- 
ing infall into the solar nebula (4, 5), radi- 
ative heating during a T-Tauri phase of the 
sun (6),,,and heating through collisions with 
energetic particles produced in electrostatic 
discharges (lightning) (7-10) or magnetic 
reconnection flares (10-12). In this re- 
Dort, textural evidence within chondrules 

is described that suggests visible and near- 
infrared radiation played a n  important 
role in chondrule formation. Computer 
simulations demonstrate how the size dis- 
tributions of chondrules and dusty chon- 
drule rims can be explained as products of 
radiative heating. 

Chondrules mainly consist of olivine 
[(Mg,Fe),Si04] and pyroxene [(Mg,Fe)- 
SiO,], which absorb little energy in the 
visible and near-infrared region of the electro- 
magnetic (EM) spectrum (-0.4 to 10 pm). 
In contrast, opaque inclusions of troilite 
(FeS), pentlandite [(Ni,Fe)gS,], magnetite 
(Fe,O,), and Ni-, Fe-rich metal within 
chondrules readily absorb energy i n  this 
frequency range. The opaque minerals in 
some chondrules occur as unique, fluffy as- 
semblages (Fig. 1A). These fluffy opaque 
inclusions (FOIs) are typically -10 to 50 
u,m in diameter and consist of clusters of 
individual troilite or pentlandite grains with 
interstitial olivine or Dvroxene. Rarer exam- 

& .  & ,  

ples include magnetite or Ni-, Fe-rich metal 
D. D. Elsenhour, Department of Geology, Box 871404, 
Arizona State University, Tempe, AZ 85287, USA. as the opaque phase. Compositionally, FOIs 
T. L. Daulton, Department of Geology, Box 871404, and are nearly identical to compact opaque 
Department of Physics, Box 871504, Arizona State Uni- mineral inclusions within chondrules (Fig. 
versity, Tempe, AZ 85287, USA. 
P. R. Buseck, Department of Geology, Box 871404, and 1B). They differ only in that the enclosing 
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university, Tempe, AZ 85287, USA. mixed with the opaque phase, rather than 
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Heating chondrule-like assemblages with 
a visible-wavelength laser produces objects 
remarkably similar to natural FOIs. Olivine- 
and pyroxene-rich assemblages ( 14) con- 
taining compact inclusions of troilite, pent- 
landite, and Ni-, Fe-rich metal (Fig. 1B) 
were placed in an argon atmosphere and 
irradiated with a 10-W argon-ion laser. We 
varied the incident flux at the sample from 
10' to lo8 W m-2 by defocusing the beam 
and varied the exposure times from 0.01 to 
300 s by altering the translation rate of the 
sample. Two visible wavelengths (488 and 
514 nm) were used to induce heating. 

Textures similar to those exhibited by 
FOIs in chondrules were produced (Fig. 1C) 
for exposure times of 5 to 300 s at fluxes 
between lo6 and lo7 W m-2 (15). FOIs 
were produced when the incident flux was 
sufficient to produce localized melt pockets 
around opaque inclusions. When cooled, 
these Dockets of immiscible silicate + 
opaque melt failed to produce single com- 
pact opaque inclusions, but instead formed 
dispersed opaque assemblages that were 
chemically similar to, but texturally distinct 
from, the initial assemblages. The resem- 
blance between naturally occurring and ex- 
perimentally produced FOIs suggests that 
radiative heating may have been important 
in chondrule formation. 

To model chondrule formation by ra- 
diative heating, we used the absorption 
properties of olivine to approximate the 
mean characteristics of chondrules and 
prechondrule aggregates; all chondrules 
and aggregates were assumed to be com- 
pact and spherical. These assumptions are 
well suited to chondrules, individual 
grains, and compact grain aggregates con- 
taining relatively few opaque mineral in- 
clusions. Fluffy aggregates and objects 
rich in opaque minerals can be evaluated 
by considering deviations from these ideal 
objects. Planck mean absorption cross 
sections Q(a,T) were used to express the 
radiative absorption and emission effi- 
ciencies of grains as a function of radius a 
and temperature T (Fig. 2). Calculations 
of Q(a,T) were performed according t a  
the data and ~rocedures outlined in (1 6 ) .  . , 

The thermal histories of grains were de- 
termined from values of Q(a,T) by assum- 
ing a blackbody spectral distribution for the 
radiation responsible for heating (17). A 
log-norrnal pulse shape was used to repre- 
sent the radiation's blackbody temperature 

where a is the Stefan-Boltzmann constant; 
a is the grain radius; p is the mass density of 
the grain; Cp is the heat capacity for olivine 
(19); T, = T,(t), T, = T,(t), and T,, 
are the grain, light pulse, and ambient 
background temperatures, respectively; Q is 
the Planck mean absorption cross section 
for olivine evaluated at T , T,, and Tb; and 
W relates the falloff in 8ux to distance r 
from the emitting source. The tenns con- 
taining Q(T,) and Q(Tb) represent contri- 
butions to the energy of a grain from the 
light pulse and ambient background radia- 
tion, respectively, and the term containing 
Q(T,) accounts for a grain's radiative ener- 
gy loss. Radiative cooling and the absorp- 
tion of background radiation are assumed to 

occur over the entire surface of grains, an 
area of 47ra2, whereas light-pulse heating is 
assumed to be from a plane wave and, there- 
fore, only occurs over .rra2. Peak grain tem- 
peratures for a series of grain sizes are shown 
in Fig. 3 (20). 

The maximum at -5 x lo4 pm (Fig. 3) 
represents the point at which thermal iner- 
tia begins to influence peak temperatures. 
For grains <5 x 104 pm in diameter 
(which includes all known chondrules), ra- 
diative equilibrium is approximately main- 
tained during heating. Consequently, peak 
temperatures for chondrule-sized grains can 
be determined by considering the asymptot- 
ic relationship of Eq. 1. Setting the quantity 
within square brackets in Eq. 1 to zero and 
evaluating at the peak pulse temperature, 
T,,,, we get a peak grain temperature 
Tg,- of 

- 
Tg,max - 

W(r)~,,,xQ(T*.max) + 4l;fQ(Tt,) 'I4 

4Q(Tg,,,) 1 
(2) 

The ability of light to preferentially heat 
nebular solids provides an explanation for 
several features exhibited by chondrules. 
Prominent among these is the lower limit to 
chondrule sizes. Chondrule diameters vary 
among the major chondrite groups, with 

-7 
1 2 3 4 

kg T(K)  

FQ. 2 Planck mean absorption cross sections 
qa ,  T)  for a range of olivine grain sizes. The cross 

as a function of time t, and grains were Fig. 1. Back-scattered electron images of (A) a sections represent the efficiency with which grains 
assumed to radiate into an isothermal back- FOI within a chondtule from the Karoonda CK4 absorb or emit Planck radiation as a function of 

ground. A pulse duration of 104 was tho- chondrite, (B) a compact opaque inclusion from temperature relative to a perfect blackbody. The 
the Allende CV3 chondrite ( t yp i i  of experimental maxima at 300 K and >20,000 K (arrows) corn- sen On the basis of deter- textures before laser heating), and (C) a FOI pro- spond to regions of strong absorption for olivine in 

mined chondrule rates of 0'010 to duced by heating a compact opaque inclusion in the infrared (-10 to 33 km) and ultraviolet (<0.4 
l°C s-' (I8); lo4 to a sku to just above its melting point with 514-nm pm) portions of the EM spectrum, respectively. 
rate of -O.l0c s-'. laser light (heating time, 30 s). Note the similarity The minimum at 3000 K corresponds to the trans- 

The thermal evolution of grains was between the natural KII in (A) and the laser-pro- parent window of olivine between -0.4 and 
evaluated from the relation duced FOI in (C). 10 km. 
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means ranging from -0.15 to 1.0 mm and 
minima between -0.03 and 0.25 mm (21 ). 
Althoueh there is some debate as to the " 
actual minimum chondrule size in any giv- 
en chondrite, sizes do not appear to trail off 
to zero (22). The lower cutoff to chondrule 
sizes is demonstrated by the fact that chon- 
drule distributions conform to a Weibull 
probability function with a nonzero size in- 
tercept (Fig. 4) (23). 

It is difficult to explain the lower limit to 
chondrule sizes by precursor dust-aggregate 
distributions. Models of dust agglomeration 
in turbulent nebular environments micallv r .  , 
predict an abundance of grains and grain 
aggregates smaller than minimum chon- 
drule sizes (Fig. 4). Sorting has been pro- 
posed to account for chondrule size distribu- 
tions (24), but there is little observational 
support for this explanation. If chondrule 
populations are products of sorting, then 
numerous meteorites containing comple- 
mentary populations of smaller or larger 
chondrules should be observed. This is not 
the case. Mean chondrule sizes varv with 
chondrite type, but each population is 
chemically and isotopically distinct, pre- 
cluding the possibility that all chondrules 
were derived from a single source. 

Radiative heating provides a possible so- 
lution; small grains and aggregates existed 
during chondrule formation but were not 
melted because of their inability to absorb 
light efficientlv. The lower size limit of 
L0.2 mm implied by the peak temperatures 
reached by grains (Fig. 3) agrees well with 
observed minimum chondrule sizes. Chang- 
es in the peak pulse temperature can affect 
both mean and minimum chondrule diam- 

log Grain diameter (urn) 

Fig. 8 Peak grain temperatures plotted as afunc- 
tion of size for heating at various distances from a 
light-producing source. Distances are represent- 
ed in terms of falloff in flux, f/fo, where fo is the 
radiative flux emitted at the source and f is the 
attenuated flux at a given distance. A log-normal 
pulse shape was used to simulate heating, with 
pulse duration defined as the amount of time that 
the pulse temperature exceeds l/e (37%) of its 
maximum temperature (T.,,). In this example, 
the pulse duration is lo4 s, T.,, is 3000 K, and 
the ambient background temperature is 400 K. 
The shaded region (T,) corresponds to the 
range of solidus temperatures for natural chon- 
drules. 

eters and may explain chondrule size varia- 
tions among chondrite groups. Assuming 
similar initial dust distributions, raising the 
peak pulse temperature by 20% shifts the 
minimum chondrule size downward by 
nearly an order of magnitude. 

The tail at the upper end of chondrule size 
distributions most likely reflects variations in 
initial dust-aggregate populations. Fmm Fig. 
3, it is apparent that the upper limit to chon- 
drule sizes cannot be attributed to thermal 
inertia. To truncate chondrule distributions 
in the millimeter size range, pulse durations 
on the order of 30 s would be required, which 
is much faster than can be reconciled with 
chondrule cooliig rates. However, agglorner- 
ation models predict a decrease in the abun- 
dance of aggregates with increasing size for 
chondrule-sized aggregates, just as is ohserved 
at the upper end of chondrule distributions 
(Fig. 4). If the upper end of chondrule distri- 
butions does reflect precursor aggregate sizes, 
then variations among chondrule distribu- 
tions should be valuable in guiding models of 
dust agglomeration withii regions of chon- 
drite formation. 

The formation of sintered dusty rims 
around chondrules (25) is also consistent 
with an environment dominated by radia- 
tive heating. Many chondrules exhibit 
dusty rims that are predominantly com- 
posed of silicate grains 1 1 0  pm in diame- 
ter. These rims commonly show evidence of 
heating, often to the point of melting. Ap- 
parently, dust either partially melted on 
contact with newly formed chondrulks or 

log Diameter (mm) 

Fig. 4. Size distributions of chondrules and neb- 
ular dust aggregates. The chondrule curve is a 
Weibull function tit to chondrule data from the 
Bjurbale L4 chondrite (23). Dotted curves repre- 
sent dust-aggregate distributions predicted in tur- 
bulent protoplanetary accretion disks: (a) "equilib- 
rium" distribution at 2 astronomical units (AU) re- 
sulting from balance between coagulation and 
disruption (27); @) distribution near the midplane 
at 1 AU after 10,000 years with a solids/gas ratio 
of -0.4 (28); (c) steady-state distribution reached 
at the outer edge of the disk with a constant influx 
of small (<I pm) grains (29). Note that radial die- 
tances vary considerably among these aggrega- 
tion models. For direct comparison with chon- 
drule sizes, dust-aggregate diameters hgve been 
adjusted to reflect chondrule densities. 

was reheated after accumulation. The lack 
of chondrules (10 pm in size, despite the 
prevalence of dust grains 5 10 pm available 
for rim formation, is problematic if all solids 
were heated equally. However, with radiative 
heating, dusty-rim formation through colli- 
sions between small, cooler grains and newly 
formed chondrules would be a natural product 
of the chondrule-forming process. 

Only chondrule-formation theories in- 
volving the sun as a heat source assume that 
dust was heated by EM radiation. However, 
nebula-wide heating out to a distance of -3 
to 5 astronomical units (the probable region 
of chondrule formation) during highly lu- 
minous solar events is difficult to reconcile 
with the localized heating implied by chon- 
drule cooling rates. Theories involving elec- 
trostatic discharges and magnetic reconnec- 
tion flares presume chondrule heating oc- 
curred primarily by collisions with energetic 
particles (10-12). Possibly, the contribu- 
tion of EM energy to the heating of dust has 
been underestimated in these theories. 

Numerical models of terrestrial lightning 
suggest that the majority (-70%) of the 
total input energy is dissipated in the form 
of EM radiation (26). A similar situation 
could exist for magnetic reconnection flares 
occurring high above the nebular midplane 
(12). Energetic particles cascading into 
denser regions of the nebula may dissipate 
energy in the form of EM radiation through 
the collisional ionization of neutral eas. In 
this case, chondrules would be h e a h  by 
the light produced in intense nebular au- 
roral displays. Additional work on the EM 
radiation released by magnetic and electro- 
static discharges within the early solar neb- 
ula is needed to properly evaluate these 
processes. 
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Saturation of Cubic Optical Nonlinearity in 
Long-Chain Polyene Oligomers 

lfor D. W. Samuel, Isabelle Ledoux, Christophe Dhenaut, 
Joseph Zyss,* Harold H. Fox, Richard R. Schrock, 

Robert J. Silbey 

Thescaling of the cubic nonlinearity y with chain length in polyenic molecules has received 
considerable theoretical attention. Earlier experimental investigations have been restrict- 
ed to oligomers with fewer than 20 double bonds because of problems associated with 
the synthesis and solubility of conjugated molecules. These synthetic difficulties have 
been overcome in the present study by the use of modern living polymerization tech- 
niques. Solution measurements of y as a function of chain length in long-chain (up to 240 
double bonds) model polyene oligomers are reported. A saturation of the increase of y 
with chain length is observed, and the onset of this saturation occurs for chain lengths 
considerably longer than predicted from theory. 

T h e  study of polyenes and their oligomers 
is important for nonlinear optics because 
these materials have large third-order non- 
linearities and because thev are used as 
model conjugated systems aAd as building 
blocks for nonlinear optical molecules (1, 
2). The magnitude of the cubic nonlinearity 
y and its scaling with the number of double 
bonds N have received considerable theo- 
retical attention (3-18). These theories 
range from simple tight-binding (or 
Huckel) models to fully correlated T-elec- 
tron models such as that of Pariser, Parr, 

and Pople (PPP). For small N, a power-law 
dependence y = kNm is found to approxi- 
mate the theoretical results in all models, 
with a between 3 and 6, depending on the 
model used and the calculation. For large N 
(thermodynamic limit), y becomes linear in 
N and y/N therefore becomes constant. 

T&s saturation is predicted to occur at 
different values of N in different models: 
Models such as Huckel that do not include 
electron correlation tend to predict satura- 
tion at rather large N (>50), whereas the- 
oretical models that include electron corre- 
lation predict saturation at smaller N 
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eters in the semiempirical Hamiltonian 
(that is, PPP) that are valid for small mol- 
ecules are also valid for large molecules. If 
this is not so, the calculations may be seri- 
ously in error. Experimental investigation 
has proved difficult as a result of difficulties 
with synthesis and the poor solubility of 
polyenic oligomers. This has restricted ear- 
lier studies to molecules with fewer than 20 
double bonds, and no saturation of y/N has 
been observed thus far (1 9-26). 

The controlled synthesis of long-chain 
conjugated oligomers has recently become 
possible as a result of progress in living 
polymerization techniques (27). We  report 
here measurements of y as a function of N 
in soluble long-chain model polyene oli- 
gomers with up to 240 double bonds (see 
Fig. 1). We  have observed a saturation of 
y/N in these very much longer polyenic 
systems. We  synthesized the molecules by 
cyclopolymerization in a living manner, us- 
ing a molybdenum alkylidene catalyst to 
give a polyenic backbone substituted with 
five- and six-membered rings. This proce- 
dure gives good control over the length of 
the resulting oligomers. Molecular weights 
were measured bv eel uermeation chroma- 

, u  . 
tography against polystyrene, and the poly- 
dispersity was typically 1.2, indicating a 
fairly narrow distribution of chain lengths. 
Full details of the ureuaration and charac- 

A A 

terization of these molecules are given else- 
where (27). 

T h e  third-order nonlinearity y was 
measured in tetrahydrofuran (THF) solu- 
tion by the Maker fringe method, and 
data analysis was ~er formed as ~ r e v i o u s l ~  
described (28). Excitation at 1.91 p m  was 
provided by a longitudinal monomode 
Q-switched Nd:yttrium-aluminum-garnet 




