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Toward an Astrophysical Theory
of Chondrites

Frank H. Shu,” Hsien Shang, Typhoon Lee

The chondrules, calcium-aluminum-rich inclusions (CAls), and rims in chondritic mete-
orites could be formed when solid bodies are lifted by the aerodynamic drag of a mag-
netocentrifugally driven wind out of the relative cool of a shaded disk close to the star into
the heat of direct sunlight. For reasonable self-consistent parameters of the bipolar
outflow, the base and peak temperatures reached by solid bodies resemble those needed
to melt CAls and chondrules. The process also yields a natural sorting mechanism that
explains the size distribution of CAls and chondrules, as well as their fine-grained and
coarse-grained rims. After reentry at great distances from the original launch radius, the
CAls, chondrules, and their rims would be compacted with the ambient nebular dust
comprising the matrices, forming the observed chondritic bodies.

The primary repository of information
concerning the early history of solids in our
own solar system resides in the meteorites,
of which the chondrites form the most com-
mon and most unaltered examples (1).
Chondrites are named after the quasi-spher-
ical, once-molten, millimeter-sized features
embedded within their matrices known as
chondrules. Chondrites are important astro-
physically because (i) they define the age of
the solar system (4.56 billion years, with a
spread of 107 years at most for the time of
solidification of their inclusions), (ii) of all
the meteorites, they most resemble the sun
in their composition of condensable heavy
elements, and (iii) they represent the first
steps in the process by which nebular dust is
transformed into the planets of the inner
solar system (2—4). Chondrites as a whole
were evidently assembled from the solids of
the nebular disk from which the sun itself
accreted 4.56 billion years ago. Consistent
with the astronomical evidence on young
stellar objects, these processes probably last-
ed only a few million years (5).

The component parts of chondrites—
chondrules, calcium-aluminum-—rich inclu-
sions (CAls), and their associated rims—
and the chemical and mineralogical rela-
tions that these structures bear to the ma-
trix material present enigmatic puzzles for
astrophysical models of the early solar neb-
ula (6). We may state the conundrum sim-
ply. The parent bodies of chondritic mete-
orites originate about 2.5 astronomical units
(AU) from the sun, near the 3:1 resonance
with Jupiter that throws collision fragments
of asteroids into Earth-crossing orbits (7).
On the other hand, the components of such
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meteorites show evidence of having under-
gone transient episodes of heating, lasting
from an hour or less for chondrules to tens
or hundreds of hours for CAls (8, 9). Peak
temperatures reached roughly 1500 to 2200
K, sufficient to melt these objects and va-
porize some of their constituents. Temper-
atures in excess of a few hundred kelvin and
heating or cooling times shorter than de-
cades characterize no conventional model
of the solar nebula at a distance of 2.5 AU
from the primitive sun, neither from theory
(10) nor from radio-interferometric obser-
vations most sensitive to the temperature of
submillimeter- to centimeter-sized objects
in the disks around young sunlike stars (11).

Chondrules occupy more than half of
the volume of many common chondrites
(I). Conservatively, 50% by mass of all
the magnesium-iron silicates that went
into planetesimals and planets experi-
enced chondrule-forming events (4). A
mass greater by a factor of about 100 could
be involved if the rest of the rocky solids
originally present in the solar system suf-
fered a similar fate before being accreted
by the sun. The mass-fraction of CAls is
smaller than that of chondrules by a factor
of about 20; nevertheless, CAls include a
major part of the most refractory of the
rock-bearing material in meteorites [prin-
cipally calcium-aluminum oxides and sili-
cates with melting temperatures ~1800 K
and vaporization temperatures =2000 K
(4)]. Thus, the formation of chondrules
and CAls must constitute a common out-
come of the processes that solids undergo
in nebular disk evolution.

Many hypotheses, such as collisions,
lightning, flares, and shocks, have been ad-
vanced to explain the extreme thermal
events experienced by chondrites (4). None
have gained general acceptance (12). We
adhere to the view that CAls, chondrules,
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and their rims originated at a distance of
about 0.06 AU (=~13R, where R, is the
radius of the sun) and were thrown out to
planetary distances, where they aggregated
with the ambient dust to form larger chon-
dritic bodies (13, 14). The driver for the
process was a bipolar outflow characteristic
of the most violent stages in the formation
of a sunlike star (15).
Magnetocentrifugally driven winds and
funnel flows. A detailed quantitative mod-
el has recently appeared for bipolar outflows
from and funnel flows onto newborn mag-
netized stars (16—19). In this model (Fig.
1), an accretion disk interacts with the
rotating magnetosphere of a young star with
the ideal unperturbed form of a pure dipole.
If the star has mass M., radius R., and
magnetic dipole moment ., and if the disk
mass accretion rate is MD, then the disk is
truncated at an inner radius (20)

pd o\

R, =@ | (1)
T \GMaM

where G is the universal gravitational con-
stant and @, is a dimensionless coefficient.
The disk inflow at rate M, divides at R
into a wind outflow (known as the x-wind)
at rate M, = fMp and a funnel inflow onto
the star at rate M, = (1 — f)MD. In the
model preferred by (18, 19), @, ~ 1 and f
~ 4. In steady state, the stellar spin rate
corotates with the inner disk edge

GM 1/2
- o

The formation of a sunlike star surrounded
by a planetary system occupies five sche-
matic stages [see figure 7 of (15)]. A bipolar
outflow is present in the third and fourth
stages, when the central star is still embed-
ded in its natal infalling envelope of gas and
dust and when the outflowing wind has
reversed the infall over almost all solid an-
gles and revealed the central star and sur-
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Fig. 1. Schematic diagram of the interaction of a
magnetized star and a surrounding accretion disk.
[Reprinted from (76))]
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rounding accretion disk as optical and near-
infrared objects. Parameters typical of the
embedded phase are M. = 0.5Mg, R. =
3Re, pe = 2 X 10°7 G em?® (corresponding
to B. =~ 2 X 10° G),and M, = 1 X 10% ¢
571 (=2 X 107% M, year™!). With these
values, we get R, = 12R, = 4R, M, = 3 X
10" g 57!, and 2@/Q.. = 6.8 days. For the
revealed phase, we might have M, =
0.8Mg, R. = 3Rg, p = 1 X 10°7 G cm®
(corresponding to B. ~ 1 X 10°> G), and
Mp = 6 X 108 g s7! (=1 X 1077 Mg
year !). In this case, R, = 16Rg, = 5.3R,,
M, =2 X 10" g s and 2m/Q. = 8.3
days. The last value corresponds well with
the typical spin period of T Tauri stars (21).
With a stellar mass accretion rate M, =
(2/3)Mp, it takes about 2 X 10° years to
build the 0.5M star to a 0.8Mg star, and
another 3 X 10% years to get from the
0.8M, star to a 1.0Mg, star, in rough agree-
ment with the empirical lifetimes of the
embedded and revealed stages.

Gas-solid coupling and aerodynamic
size-sorting. Small, solid bodies can be car-
ried out of the disk by the outflowing wind.
The calculations are most efficiently com-
puted in dimensionless form where

MW
R, Q;'and ——— (3)
. 4mR3Q,

are the units of length, time, and density
(16, 17). For a spherical protochondrule or
protoCAl of radius R_ and internal density
p., the relevant aerodynamic coupling con-
stant is

3CpM,,
o= (4)
16mQ.R%p R,

where Cy, is the drag coefficient (a dimen-
sionless number of order unity).

Small particles with o >> 1 are well
coupled to the gas and will be thrown into
interstellar space with finite escape speeds,
whereas large particles with o << 1 decouple
early from the x-wind and fall back to the
disk at a reentry radius not much bigger than
R.. Particles corresponding to o =~ 0.4 and
starting in the middle of the x-wind are
thrown to great, but not infinite, distances
before reentering the disk (Fig. 2). Particles
of the same size or larger (the same « or
smaller) will fall out of the flow close to the
launch radius R_ if they are initially lifted by
the weaker parts of the outflow. They will
then be carried back to the x-region as part
of the general disk accretion process, where
they have a one-third chance of attaching
onto another wind streamline that carries
them away from the star and a two-third
chance of being lifted by a funnel stream-
line that carries them into the star.

Particles that suffer sufficient radiative
heating by being lifted from the disk, where
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they are shaded from the starlight, and that
land near 2.5 AU are candidates for the
chondrules and CAls found in chondritic
meteorites. Our model predicts that chon-
drules and CAls should be sprayed over the
entire solar system and should be found
among sufficiently primitive solid materials
at all distances from the sun. Thus, comets
should also contain CAls and chondrules.
With o = 0.4 for the median streamline at
any epoch, C;; = 1, and p, = 3 g cm ™3, the
process in the two fiducial epochs aerody-
namically sorts for objects of diameters 2R,
equal to 3 mm and 0.2 mm. Combined with
variations of a factor of 2 about the median
streamline, the x-wind naturally sorts for
rocks of the observed range of sizes of CAls
and chondrules.

The base temperature. An optically
thick, purely absorptive, completely flat-
tened portion of a disk lying at a distance R
exposed to the oblique rays from a central
star of radius R. and luminosity L. has a
reprocessing temperature given by (22)

L. (R,
T, = 4nloR2 arcsin R

: R\ RZ 1729y 1/4
)0 o

where o is the Stefan-Boltzmann constant.
In deriving Eq. 5, we assumed that the
contribution from viscous heating is zero at
the inner disk edge.

The stellar luminosity L. during the em-
bedded phase arises mostly from the accre-
tion luminosity released by the funnel flow
as it impacts the star at hot spots located at
a mean colatitude 6, (19)

L _ 1 GM:L‘MD

hot — ( - f) T
X R 3R ;
+2Rismeh_TRx (6)

For the preferred model, sin 6, =~ 0.5 when
R./R, = 1/4. Together with the other fidu-
cial parameters, we then have L, = 3.6L,.
To this accretion luminosity we need to add
the nuclear luminosity of steady-state deu-
terium burning (23), which amounts to
about 0.8L, in the present case if we adopt
a D/H abundance (in mass) of 2 X 1072,
Thus, the self-consistent stellar luminosity
L. = 44L..

The luminosities of T Tauri stars arise
mostly from gravitational contraction at a
nearly fixed surface temperature T.. With
T. = 4000 K for the fiducial revealed
source, the resulting stellar luminosity is
4mR%20Tt = 2L Making a correction for
accretion and deuterium burning, we adopt

L. =25L
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Equation 5 now implies that tempera-
tures at the base are T, ~ 1200 and 800 K,
respectively, for the embedded and revealed
examples. These temperatures give the
starting value for the solids before they are
launched by the wind and may be too hot
for the partial retention of moderately vol-
atile elements by chondrules (24, 25). An
upper limit of 650 K for the precursors to
chondrules has been argued from the evi-
dence on FeS (26), but sulfide and metal in
chondrules may also be metamorphic in
origin (12). If so, upper limits to the base
temperature closer to 1000 K, from the
retention of Na and K, would be more
realistic.

The surface-averaged temperature of a
launched particle. The surface-averaged
temperature of a launched particle with size
appreciably larger than the wavelength of
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Fig. 2. (A) Meridional-plane view of the trajectories
followed by particles with gas-drag coupling con-
stanta = 0.1,0.2,0.3,0.4, 0.5, and 0.6. The unit
of length is R, ; zand w are cylindrical coordinates.
The vertical scale is stretched with respect to the
horizontal scale, so that the particles fly on trajec-
tories considerably flatter than the gas streamlines
depicted in Fig. 1. (B) Equatorial projection of the
trajectories followed by particles in an inertial
frame with @ = 0.1, 0.2, 0.4, and 0.6. The trajec-
tories are spirals because the x-wind, especially in
its inner part, rotates as well as blows outward.
Notice that the cases a = 0.1 and 0.2 impact the
disk before reaching the outermost circle of radius
14R, . The trajectories begin just slightly outside R,
(the inner dotted circle; the outer dotted circle is
2R,), and the symbols mark the passage of time
after 1, 4, 10, 20, and 30 units of Qx .



the light that it emits or absorbs can be
estimated from the general radiation-equi-
librium condition

_ P ¢ 1/4
Ty =Ty, exp( T.) + + C,pw’

T4
7
with ™

L* 1/4
= (16170R)2(> » G =

In Eq. 7, %p. = 1 is the reduction factor
resulting from partial occultation of the star
by a disk with a central hole in it; 7. is a
representative optical depth for unocculted
starlight from the protosun to the particle
located at a dimensionless radius r = R/R,
= 1; € is the dimensional energy density of
the diffuse radiation field at this position in
the flow; a is the radiation constant; and
the term C_pw? is the ratio of the equiva-
lent spherical rate of aerodynamic heating
per unit area—pw?>/8 in dimensionless form,
times its scale factor M, Q.2/4m—to the
unshielded surface-average of the radiative
heat input L./167R? at R,

When a solid particle is inside an opti-
cally thick disk, 7. is essentially infinite,
pw? is essentially zero, the diffuse radiation
field is given by € = aT?, and Eq. 7 recovers
the equilibrium temperature as the base val-
ue 7;1 = T.. Gently lifting this particle into
the wind (where T. is zero, or at least not
large) will heat the particle dramatically.
Forr=1(R=R), 7. =0,%F =1,¢€=

aT42 (the diffuse radiation field approxi-
mated as half of a blackbody from the un-
derlying disk), and negligible aerodynamic

M, Q2R

T
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Fig. 3. The dimensionless gas density p (divided
by 20), relative velocity w, and drag heating term
pw & experienced as a function of orbit time by a
particle launched on the median streamline. Also
displayed are the cumulative integrals % and H
(Egs. 12 and 14), with the former normalized with
respect to its limiting value %, , atlarge t . Normal-
ized curves 3/3,,, are displayed for v, = O (dotted
curve), v, = ¢ (dashed-dotted curve), v, = 2¢
(dashed curve), and v, = 3¢ (solid curve), where &
= 0.08 is the dimensionless isothermal sound
speed. The limiting value 3, equals 13.5, 46.9,
88.2, and 130 for these four cases, respectively.
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heating, the particle acquires a surface-av-
eraged peak temperature of

1 1/4
<T4 + = T4)

The approximation of negligible aerody-
namic heating yields a good estimate for the
peak temperature, because C,, = 0.07 in the
embedded phase (smaller in the revealed
case) and pw® is nowhere larger than ~0.1
(Fig. 3).

For the fiducial embedded and revealed
cases, Tpmk = 1800 and 1300 K, respective-
ly, with most of the contribution coming
from direct sunlight T;. The first value is
sufficient to melt most rocky materials; the
second is somewhat too low. If we take the
results literally, we would expect CAls to
form in the embedded phase and chondrules
in an epoch that may include both embed-
ded and revealed phases. However, fractal
assemblages (27) may reach higher subsolar
temperatures than melted spherical droplets.

Fractal heating and conductive cooling.
For a solid or molten sphere of rock ~1 mm
in diameter, the radiative time to heat to or
cool from ~1700 K is about the same,
coincidentally, as the time to conduct the
heat deposited at the surface into the inte-
rior: ~1 s. The averaging in Eq. 8 of the
heat deposited onto the cross-sectional area
mR? over 4mR? of total surface area is there-
fore only valid for formed CAls or chon-
drules that spin with periods shorter than 1
s and have their rotation axis changed ran-
domly on time scales rapid compared with 1
s (otherwise, equator-to-pole variations will
still occur). Spin periods shorter than 1 s
can indeed be expected for CAls or chon-
drules if they are bombarded by numerous
dust particles flying differentially through
the wind. Reorientation of the direction of
the spin axis by an occasional large hit,
however, may take many minutes to hours.

Empirically, the most extreme flattening
reported for chondrules in chondritic mete-
orites is an axial ratio of 2.36:1 (28), close
to the critical value 2.48:1 computed by
Chandrasekhar for the onset of fission in-
stability in a rotating liquid drop whose
shape is maintained by surface tension (29).
With an estimate of 500 erg cm™2 for the
surface tension of molten rock, the corre-
sponding spin period for a droplet of diam-
eter 2R = 1 mm is 2 ms. Intact chondrules
as aspherical as the critical state are rare;
thus, most chondrules must have possessed
spin periods longer than 2 ms when they
solidified from a molten state.

Moreover, protoCAls and protochon-
drules are unlikely to start with the internal
density or thermal conductivity of compact-
ed rock. Inside a turbulent disk, dust grains
probably form fluffy aggregates reminiscent
of cometary or interplanetary dust particles
(30). Interlocking of aggregates through
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their many open branches (14) or through
van der Waals bonding may produce dust-
balls up to a few centimeters in size (31).

Exposure to direct sunlight can heat the
dustballs sufficiently to melt the solids and
close the open spaces, creating CAls and
chondrules. Aerodynamic sorting by the out-
flowing bipolar wind then ejects the smallest
bodies to interstellar space, whereas the larg-
est ones fall out of the flow back onto the disk.

For the same mass and angular momen-
tum, dustballs tumble slower than their com-
pact molten counterparts, and they also have
lower effective conductivities and longer
conduction times (32). If the spin period and
conduction time become longer than the
radiation deposition time, the temperature at
the subsolar point could exceed the value
calculated by Eq. 9 by as much as a factor of
V2. Subjected to direct sunlight, then, a
dustball with a mean surface temperature
T ok that is too low can still melt at its
near-subsolar positions, with the liquid col-
lecting gradually in a spherical pool as the
dustball turns in space. The compact sphere
cools to a temperature close to T ., because
it can conduct its radiatively deposited heat
to the interior and night side of the particle
on a time scale of ~1s. The sphere contin-
ues to grow in mass until appreciable differ-
ential motions develop between it and the
fractal superstructure (until « for the sphere
decreases to a number of order unity). For a
dustball superstructure with mass compara-
ble to the final chondrule formed, the pro-
cess occupies the many minutes that it takes
to reorient randomly the spin axis of the
dustball. The dustball therefore retains an
open structure only during the relatively
short interval when even a compact sphere
of the same mass would be well coupled to
the surrounding dense wind; thus, we are
justified in making trajectory calculations
that ignore the fractal structure of the initial
assemblage.

Instability of the liquid phase. The x-
wind model shares a difficulty in common
with other mechanisms for producing melts
in the early solar system: too low a partial
pressure of the corresponding vapor for
thermodynamic stability of the liquid phase.
This deficiency has the consequence that
molten droplets tend to evaporate. We
simplify the discussion by using a single
component to describe what is in reality a
complex mix of chondrule or CAI compo-
sitions. Exchange with the gas phase mod-
ifies the mass of a molten droplet at the
net rate (33)

dR, 2akT\ 2
4TrpcR o 47TR2[Pm PV(T)] (T)
(10)

where P, is the partial pressure of the sub-
stance molecules of mass m, P (T) is the
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saturation vapor pressure, and k is Boltz-
mann’s constant. We have assumed unit
accommodation of the incident gas mole-
cules by the liquid surface and ignored
slight corrections to the vapor pressure aris-
ing from the effects of surface tension in a
droplet of finite size. At T ~ 1700 K for a
typical silicate melt, P,(T) ~ 1 dyne cm™?
(34). The available partial pressure P in an
x-wind is negligible in comparison with the
latter value for P (T); therefore, the time to
completely evaporate a molten droplet of
initial radius R_ under conditions of con-
stant p_and T is

_ pR. [2wkT\'?
Lovap = TT) o

With the previously cited values for T and
P (T) and m ~ 10? atomic mass units, the
time to evaporation ¢, w 3 hours for a
particle of diameter 2R_ = 1 mm.

Thus, in order for chondrules to survive
the melting process and not evaporate away
completely, they must not be kept above
the melting temperature much in excess of
3 hours, a result consistent with the cooling
time scales deduced from chondrule tex-
tures. If chondrules reach true peak temper-
atures substantially higher than 1700 K, the
required cooling time may become as short
as tens of minutes (35, 36), which can be
accommodated by our mechanism of fractal
melting followed by conductive cooling to
values of T, below 1700 K. Molten CAI
droplets can presumably survive evapora-
tive losses despite the longer time scales
(days) to which they are exposed to high
temperatures because they are often physi-
cally bigger and the vapor pressures of cal-
cium-aluminum oxides and silicates are
much lower than those of magnesium-iron
silicates at the same temperatures.

The formation of CAls. An unshielded,
radiatively heated body declines in surface-
averaged temperature from a peak TPUL on
the liquidus to values below it on roughly
the time scale At required for the particle to
increase its original orbital radius to about
1.5R,. Figure 2B shows that At ~ 2Q; !,
which equals about 50 hours for the fiducial
embedded case.

Only the most refractory inclusions
(CAIs) can withstand an impulsive rise to
temperatures higher than 1800 K (by the
fractal heating mechanism) followed by an
extended treatment for many hours at
Tp“k ~ 1800 K. Such materials constitute
by mass ~5% of the total original rocky
material and do not contain enough opti-
cal depth to provide appreciable mutual
shading. Thus, the approximation of un-
shielded test particles, with a characteris-
tic time scale ~2Q; ! for mean exposure
to full sunlight, is a reasonable assumption
for CAls, if they are formed in the embed-
ded phase of protostellar evolution.

(11)
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The condensation of CAI rims. The
fine-grained rims of CAls form a good test
of the above picture. The less refractory
silicates that evaporate upon launch from
R, recondense from the vapor phase as the
wind expands and cools appreciably below a
temperature of ~1700 K. The intact CAls
constitute good condensation nuclei for this
process and acquire rims with the chemical
composition of the vaporized material. Ob-
served CAI rims often display layers that
have sequentially lower condensation tem-
peratures as one moves radially outward
from the center of the CAI (9).

We can quantitatively test the model by
calculating the mass of condensable solids
swept up by a CAI as it flies through the
x-wind. The dimensionless mass of gas en-
countered per unit cross-sectional area of a
body during its flight is

t

S =

0

p sup(w, v)dt (12)

where p and v, are the dimensionless gas
density and turbulent velocity (perhaps
zero) in the wind and sup(w, v,) is the larger
of w and v, (Fig. 3) (when w < v, the
effective speed at which individual mole-
cules encounter the body is the turbulent
velocity v; when w > v, the effective speed
is the relative flow velocity w).

For simplicity, we assume that mole-
cules are efficiently implanted in the
growing rim independent of the relative
velocity of gas and solid and that refrac-
tory elements remain bound to the surface
as long as the solid lies below the conden-
sation temperature of the corresponding
material. The appropriate A3 to use from
Fig. 3 is then the difference between the
asymptotic value of % at large times and its
value when T, in Eq. 7 drops below
~1700 K. To obtain the mass AM of
deposited rim material, we have to multi-
ply this value of A3, by the product of (i)

, the mass fraction of silicate-like ma-
terials in a cosmic mixture, (ii) wRZ, the
cross-sectional area of a (tumbling) CAI
over which condensation occurs, and (iii)
M, /4mR2Q)., the dimensional unit of sur-
face density (the product of the first and
third quantities in Eq. 3). If we approxi-
mate the density of the rim material as the
internal density of the CAI, then the rim
thickness AR compared to the CAI radius
R_ is given (for a thin rim) by

ARfinc _ XSIMWAE XsiOLAE

R~ 16nLRpR. - 3G, 1P
where we have used Eq. 4 to derive the last
equality. With X, = 0.4%, Cy = 1, and «
= 0.4, we need AS = 80 to 160 to get
agreement with the measured thicknesses of
CAI rims, AR, J2R. = 2 to 4% (9). If

condensation of silicates begins immediate-
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ly after launch, we infer turbulent velocities
in the x-wind about three times the isother-
mal sound speed, v, =~ 3e. Supersonic but
sub-Alfvénic turbulence is possible for the
magnetized x-wind, especially the part that
rubs against the surface of the disk. Ex-
tremely thick examples of fine-grained rims
may require multiple coatings, that is, sev-
eral aborted launches followed by a success-
ful boost to planetary distances.

The formation of chondrules and their
rims. Chondrules are probably formed dur-
ing a later phase (embedded or revealed)
when the base and surface-averaged peak
temperatures, T and ka, are lower than
those for CAls. If 1700 K > T e > 1300
K (which implies even higher subsolar tem-
peratures for fractally heated dustballs), the
temperatures will be enough to vaporize
moderately volatile substances on a time
scale short compared to an hour but not
enough to vaporize silicate rocks.

For evidence in support of the above
picture, we again look to the rims. Chon-
drules have two types of rims: coarse-
grained and fine-grained, with the latter
sometimes overlaid on the former (35).
The first type of rims contains coarse
grains roughly 10 pm in diameter with
devolatilized compositions that are chem-
ically similar to the body of the chondrule.
The second type contains fine grains of
submicrometer sizes with volatile-rich
compositions that are chemically similar
to the matrix material of chondrites.

Coarse-grained rims may form by colli-
sion of the slower moving, tumbling, now
solidified chondrules with faster moving,
better coupled dust or dustballs. Equation
13 implies that the mass of impacting dust
makes only a small contribution to the
thicknesses of coarse-grained rims (al-
though occasional slow collisions between
two plastic bodies of similar size can lead
to a compound chondrule); more impor-
tant is the remelting of the chondrule
mantle by the energy of the collision fol-
lowed by local recrystallization. Because
small dust grains and dustballs have almost
the same velocity relative to chondrules as
the gas, the cumulative energy deposited
per unit area into the mantle is propor-
tional to

t

H= | pwdt (14)

0

times the mass fraction X, contained in
silicate grains (Fig. 3).

Adopting melt yields that are propor-
tional to the kinetic energy of the impactor
and assuming that the relevant formation
interval corresponds to the difference inte-
gral AH, we obtain coarse-grained rims of

fractional thicknesses (see the derivation of
Eq. 13)
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where Y; = 6 is the melt mass as a multiple
of the impactor mass at the fiducial impact

velocity v; = 7.44 km s~ ! [see equation 3.1

and figure 8b in (37)]. The maximum AH
possible is the asymptotic value ~0.4
reached by H in Fig. 3. For Cp = 1, X,; =

0.4%, and o = 0.4, we then get AR__, . /2R_
~ 10% during both the embedded and re-
vealed phases. This value is somewhat less
than the measured fractional thicknesses of
coarse-grained rims surrounding ordinary
and CV3 chondrites, AR, /2R, =~ 15 to
40% (35). Given the uncertainties, the dis-
crepancy is not worrisome. For example,
there may be an enhancement of the rock-
to-gas ratio X, above the conventional val-
ue, either locally because of inhomogene-
ities in a turbulent disk (38) or globally
because of the recycling of solids back to
the disk by means of the x-wind.

Fine-grained rims may form from less
refractory rocky material that vaporized
when nebular solids were first lifted out of
the disk by the x-wind. The fine-grained
rims would then condense on the nucle-
ation centers of the protochondrules when
the wind expands and cools. Such conden-
sation products should have submicrometer
sizes, an empirically known result for dust
that condenses from red-giant winds (39).

Time for cooling of molten chondrules.
Computations of the temperature history of
solids are sensitive to the assumed size distri-
bution of particles that contribute to the op-
tical depth 7. in Eq. 7. If small silicate grains
survive evaporation, dustballs launched on a
restricted subset of streamlines near the up-
permost one can produce chondrules. Because
of their flat trajectories (Fig. 2A), molten
bodies of the appropriate size move quickly
into the shade provided by the small dust
grains entrained in the upwelling gas of the
bipolar outflow. When the optical depth as-
sociated with the dust is appreciable, such
molten bodies can cool down much more
quickly than if they were to remain fully
exposed to the light of the sun.

In the revealed stage, the wind does not
contain enough dust to make it optically
thick (otherwise the central star would not
be revealed as an optical object). The dis-
cussion then simplifies considerably. No ob-
ject launched in this stage on any streamline
can reach surface-averaged peak tempera-
tures great enough to melt silicate rocks.
Fractal heating of dustballs may provide ef-
fective melting conditions for only tens of
minutes, beyond which the compact proto-
chondrule is cooled radiatively and conduc-
tively from T peak ~ 1300 K to much lower
values on a time scale of days. Because all
streamlines carrying dustballs can experience
this form of chondrule making, the efficien-

cy of the process is high during the revealed
phase of protostellar evolution. The chon-
drules formed are small, and because of the
relative lack of small impacting grains (most
of the dustballs having been converted to
protochondrules), they acquire only thin
coarse-grained rims that are easily destroyed
when these objects reenter the disk.

Consistent with this picture, the chon-
drules in CO3 meteorites (the least meta-
morphosed of the CO group) have mean
sizes of 0.15 mm (40), and only ~1% of
them possess coarse-grained rims (35). In
contrast, the chondrules in CV3 meteorites
have mean sizes of 1.0 mm (41), and ~50%
of them possess coarse-grained rims (35).

An extended period (days) of tempera-
tures above 1000 K, implied by either of the
mechanisms for producing chondrules,
seemingly contradicts the evidence con-
cerning the partial retention of Na in these
objects (8, 12, 26). The retention of vola-
tile Na in chondrules is aided by high oxy-
gen fugacity (42). High oxygen fugacity also
appears necessary to explain the enhanced
loss from CAls of W and Mo, whose oxides
evaporate much more readily than their
highly refractory metallic states (43). The
condition of high oxygen fugacity likely ap-
plies in the x-wind because the ultraviolet
light from the hot spot can photodissociate
H,O, liberating oxygen even in the relative-
ly abundant presence of hydrogen. If H,O is
totally dissociated, the partial pressure of O
exceeds 3 X 1071% atm for dimensionless
time t < 1.5 (where temperatures near the
peak values are reached) in the fiducial em-
bedded case. The corresponding oxygen fu-
gacity would allow considerable Na reten-
tion under experimental conditions that re-
produce likely chondrule-formation thermal
histories (42). Astronomically, it is known
from [O 1] emission at 6300 A that free
atomic oxygen is present in T Tauri winds at
a distance of ~10 to 100 AU (44).

The efficiency of the formation of
CAls and chondrules. For every 3 g of
material brought through the disk, 1 g is
processed through an x-wind, and 2 g are
dumped onto the protosun by the funnel
flow. In other words, to make a 1M star
from a 0.8Mg revealed source requires
0.1M, of gas to be blown out by the x-wind.
Even if only 13% of the silicate dustballs
associated with this amount of gas is in the
right size range to be processed into molten
droplets that eventually fall back into the
disk, the total mass of chondrules produced
equals that of all of the rock contained in
the planets of the solar system (45).

The CAls form by the same basic mech-
anism as chondrules, except that the condi-
tions required to form CAls are met only
during the embedded stage of protostellar
evolution, and the raw material to make
them constitutes only 5% of the total. In-
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deed, CAls occupy volume fractions of 6 to
12%, 10 to 15%, and 5%, respectively, in the
CV, CO, and CM chondrites, and only
<1% and << 1%, respectively, in the ordi-
nary and enstatite chondrites (35). This
trend is accompanied by (i) a decrease in the
mean chondrule size, from ~1 to ~0.2 mm,
(ii) a decrease in the percentage of chon-
drules with coarse-grained rims, from 50 to
<1%, and (iii) an increase in abundance of
the more volatile metal and sulfide species as
we progress from the CV to CO and CM
carbonaceous chondrites, and from the LL,
L, and H ordinary chondrites to the EL and
EH enstatite chondrites (35). However, car-
bonaceous and ordinary plus enstatite chon-
drites seem to form two separate sequences
in their properties. In distinguishing carbo-
naceous chondrites from ordinary ones,
greater original distance from the protosun
for assemblage of the whole body may play
an additional role to a generally earlier time
of origin.

The matrices of chondrites. The pris-
tine matrix material of chondrites probably
never occupied a spatial location very much
inward of 2.5 AU. Apart from the breccia-
tion, thermal metamorphism, and aqueous
alteration that may have occurred after
their incorporation into larger bodies, this
matrix material is essentially compacted
nebular dust (46).

Reentry of ejected CAls and chondrules
into the disk introduces a complication. Re-
entering objects experience high-speed col-
lisions with ambient dust grains that ablate
chondrule and rim material, adding the de-
bris to the pristine matrix material. Conven-
tional yield estimates (37) allow us to ignore
the effects of gas sputtering in the destruc-
tion of the mantles of chondrules and CAls.
Further simplification is possible by ignoring
any curvature of the relative orbit and any
forces other than gas drag. In a single spatial
dimension, the equation of motion of a re-
entering CAI or chondrule is then
= —CpmR? pk (16)
where Py and v are the (dimensional) gas
density in the disk and the relative velocity
of the solid object (assumed in the equation
of motion to have fixed mass) and the gas.
When a small dust particle hits the CAI or
chondrule, the particle excavates an amount
of material proportional to its kinetic energy.
If v, is the speed at which the dust grain
excavates its own mass (below which we
consider no net losses to occur), the rate of
mass loss is

, dR. :
47TpL c d = _’Tl'R Xdppy (17)

In Eq. 17, X, is the mass fraction of dust,
making the X;p v term the mass flux of dust
grains of any type present in the nebular
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disk (more than just silicates at distances
greater than 2.5 AU).

Division of Eq. 17 by Eq. 16 yields an
equation for dR_/dv that is independent of
the gas density history experienced by the
CALI or chondrule in its reentry path into
the disk if the column density of gas is much
larger than the characteristic value 4p_R /3
required to slow down the CAI or chon-
drule by half. The integration of the equa-
tion for dR_/dv from v equal to some initial
value v, to a final (nondestructive) value v,

gives
Rc _ . Xd(v(z) - Uz)
R T e 6CD”§

where R_and R are, respectively, the final
and initial radii of the reentering object.

For crystalline anorthosite, v, ~ 10 km
s~ ! [see figure 8a in (37)]. We adopt some-
what arbitrarily v, = 5 km s7! for the
weaker structures characteristic of the rims
and outer mantles of chondrules. With vy =
30 km s~ !, we get an erosion of about 6% of
the object’s radius (or about 18% of its
mass) for X; = 0.01 and C = 1.

Thus, once CAls and chondrules begin to
reenter the disk in significant numbers,
many small solid fragments of CAls, chon-
drules, and their rims will be added to the
ambient dust. Chondrites subsequently form
with the matrix made from this eclectic mix
of primitive nebular dust and processed frag-
ments. Because fine-grained rims of chon-
drules occupy the most vulnerable outermost
layers, they contribute disproportionally to
the fragment population of the matrix mix.
In chondrites where chondrules and their
fragments dominate, this phenomenon leads
to the interesting impression that chondrule
material and matrix material are chemically
complementary (47), because fine-grained
rims are the recondensed evaporates of dis-
tilled chondrules.

Element fractionation among the chon-
drite classes. To explain the systematic
fractionation patterns of two different
groups of elements observed among the dif-
ferent chondritic groups, the refractory
lithophiles (48) and the moderately volatile
siderophiles (25, 49), Wood and others
have developed an empirical mixing model.
In our elaboration of this model, all pristine
solid material in the solar nebula starts with
the chemical composition of CI chondrites.
Such chondrites have condensable element
abundances virtually identical to the solar
photosphere and possess neither CAls nor
chondrules. They are all that the solar neb-
ula can produce during an initial fallow
period, when My, is so large in Eq. 1 that the
characteristic temperature T} in Eq. 8 ex-
ceeds the vaporization temperature of any
form of solid, and neither CAls nor chon-
drules are produced in the x-wind. As the
x-wind develops the power to produce mol-

(18)

1550

ten droplets of the most refractory solids
and then gradually loses this ability, the
disk gives birth to the carbonaceous se-
quence (CV, CO, and CM), with their
varying abundance of refractory lithophile
elements reflecting the addition of decreas-
ing amounts of CAls into the CI matrix
material (Fig. 4). After the x-wind becomes
inefficient at producing CAls but while it
still can make less refractory chondrules of
successively smaller sizes, the disk yields in
time the ordinary (LL, L, and H) and en-
statite (EL and EH) chondrites. Because
chondrules constitute a large fraction (up to
80%) of the volume of the ordinary and
enstatite chondrites, the bulk compositions
of these meteorites appear as if they had CI
abundances minus the material associated
with the CAls and the related amoeboid
olivine inclusions, which were blown out as
small solid grains in the x-wind.

The depletion with respect to CI of
moderately volatile siderophile elements in
the other chondrites has a similar explana-
tion, but now involving primarily the two
components, chondrules and (pristine) ma-
trix (25, 49). The loss of volatiles from
chondrules and their fragments and the re-
tention of this material by the matrix ma-
terial largely explains the pattern of moder-
ately volatile depletions seen in the carbo-
naceous and ordinary chondrites. Our elab-
oration of the mixing model resolves a
mystery implicit in the original two-compo-
nent formulation: why there exists no me-
teoritic class that is enriched in the moder-
ate volatiles lost by the chondrites. The
resolution is as follows. The same magneto-
hydrodynamic interaction of the protosun
with the nebular disk that produces CAls,
chondrules, and rims in an x-wind also lifts
the identical material in a funnel flow that
feeds the protosun. Thus, the sun naturally
acquires the same bulk composition of con-
densable heavy elements as CI chondrites.
The totality of other chondrites have the
same cosmic mix as the sun, except that
they are missing the more volatile species,
either left uncondensed in the wind or nu-
cleated around small particles (which have
most of the surface area) carried to inter-
stellar space. This loss from the system then
provides the reservoir for the overall vola-
tile depletion seen in the chondrites.

The otherwise puzzling loss of both the
most refractory and the most volatile sub-
stances from ordinary chondrites is a salient
feature of the x-wind model. The effect arises
from the mechanical selection for molten
droplets. The most refractory parts of dust-
balls, whether intact or broken into individ-
ual grains, remain unmelted and well-cou-
pled to the wind. They disappear from the
solar system. The volatile parts of dustballs
are vaporized and are also blown to interstel-
lar space, unless they happen to recondense
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as a rim on a once-molten droplet with the
correct size to fall back into the disk.
Chondrite chronology. According to
the x-wind model, a difference of a few
million years separates the main epochs of
CAI and chondrule formation, although
smaller differences might appear in CAls
and chondrules found in the same meteor-
ite. Recent interpretations of the levels of
the extinct nuclide 2°Al in CAls and chon-
drules are consistent with this chronology
(50). However, 2°Al may not be the perfect
carrier of time information because (i) its
radioactive-decay enrichment of 2Mg over
natural levels is readily detectable in CAls
(51) but not in protoplanetary chondrules
(50) and, (ii) rather than providing clocks
of earlier external seeding, *°Al may be
produced by cosmic-ray reactions inside the
early solar system (52). The x-wind model
lends credence to the latter idea because it
may overcome the basic objection that in-
sufficient cosmic-ray flux of protostellar or-
igin impinges on target atomic nuclei at 2.5
AU when energetic particles associated
with T Tauri flares are spread out over the
entire surface area of the disk. In the x-wind
model, flares may arise in reconnection
events involving large magnetic loops that
have one footpoint on the star and one in

the x-region of the disk (Fig. 1) (19). En-

25 T T T
201 A/ Enstatite b
Ordinary
15} . .
< Cl,Cosmic
7]

5

Mg/Al

Fig. 4. The mixing diagram for aluminum, magne-
sium, and silicon. Cosmic ratios of these ele-
ments, as represented by the data point for Cl
chondrites, lie in the middle of this diagram. If
carbonaceous chondrites had consisted entirely
of CAls (rich in Al but containing little Mg or Si),
they would fall in the part of the diagram labeled
Allende inclusions. The actual CO, CM, and CV
chondrites lie along a mixing line that reflects an
addition of 5 to 15% of CAls by volume fraction
into Cl material. In contrast, the ordinary and en-
statite chondrites lie on a mixing line that also
passes through CI, but from the other side and
with a different slope. To generate their composi-
tions from Cl requires a subtraction of the most
refractory lithophile elements, including but not
exclusively CAl-like material. [Reprinted with per-
mission from (48)]



ergetic charged particles (perhaps stored in
closed field lines as radiation belts around
the protosun) capable of producing nuclear
reactions would then be partially focused to
the base of the flow from where CAls and
chondrules originate.

Cameron has noted that solids tend to drift
radially relative to the gas in a rotating disk
that is partially supported against the gravity
of the central star by gas pressure. This inward
drift sets uncomfortable limits on how long
CAls or chondrules can reside at planetary
distances in the disk (14). Cameron interprets
this constraint to imply that CAls are some-
how temporarily stored without continued ra-
dial drift until the formation of chondrules.
As a variation on this possibility within the
context of the x-wind mechanism, CAls can
be sprayed to such great distances from the
sun that the time required for them to drift
back to 2.5 AU may occupy 10° years or
more. Moreover, even when CAls drift to
the inner edge of the disk, they only possess
a %5 chance of being funneled into the sun.
There still exists a ¥5 chance that they can
be thrown back to planetary distances. The
production rate of CAls (and chondrules)
by the x-wind mechanism is potentially so
great, even with losses to the sun or to
interstellar space, that these bodies can be
recycled several times through the disk
without encountering difficulties.

Remnant magnetism in chondrites.
Many chondrules in chondrites exhibit
paleomagnetism, consistent with an inter-
pretation that they passed through regions
where the magnetic field had an intensity
on the order of 1 to 10 G when the
magnetic minerals cooled below their Cu-
rie (or related transition) temperatures of
several hundred kelvin (53). This phe-
nomenon is a necessary consequence of
the x-wind picture because the driving
mechanism for the flow relies on the ex-

2 3 4 56 7 8 910
tHoeM

Fig. 5. The dimensionless magnetic field encoun-
tered as a function of orbit time by a particle
launched on the median streamline. Close to the
launch point, the primary contribution to the total
field strength B, in the x-wind comes from the
(trapped) poloidal contribution B, but far from
the star, it comes primarily from the (negative)
toroidal contribution B,,, which declines only in-
versely with the radial distance from the star.

istence of strong magnetic fields. The
characteristic unit of field strength that
accompanies the choices of Eq. 3 is
(M, Q./R)Y? (16, 17), which equals 20
and 4 G for the two fiducial cases. At a
distance of 10R_, where we can expect the
particle temperature to have fallen to be-
low 600 K, the field would have dropped
to about 0.2 in the above units, or about 4
and 0.8 G for the embedded and revealed
cases, respectively (Fig. 5).

Other empirical tests of the theory. The
variable extinction of some T Tauri stars
(54) indicates that dust may be lofted along
with the gas of T Tauri winds. The time
scale of the variability (hours to days)
points to an origin within a few stellar radii
of the central star. The ultimate astronom-
ical test may come within the next decade,
when a new generation of infrared inter-
ferometers (55) may allow the direct imag-
ing of the innermost regions of magnetically
truncated disks in young stellar objects and
their associated dust-laden x-winds and fun-
nel flows.

The richest confrontations between
theory and data, however, may still come
from the chondritic meteorites. For future
studies, we recommend that detailed com-
parisons of the computed thermal histories
of CAls and chondrules be made with (i)
the petrological data on chondrule and
CALI textures (8, 9) and (ii) the evidence
for evaporation and gas exchange in CAls
and chondrules, for example, mass frac-
tionations that favor heavier isotopes and
especially the oxygen data on chondrule
suites (56). The chondritic meteorites in-
disputably contain important information
concerning the history of the early solar
system. We now need to ascertain which
pieces of evidence pertain to the condi-
tions at 0.06 AU and which pertain to the
conditions at 2.5 AU and larger.
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A Permease-Oxidase Complex
Involved in High-Affinity Iron
Uptake in Yeast

Robert Stearman, Daniel S. Yuan, Yuko Yamaguchi-lwai,
Richard D. Klausner, Andrew Dancis*

Iron must cross biological membranes to reach essential intracellular enzymes. Two
proteins in the plasma membrane of yeast—a multicopper oxidase, encoded by the
FET3 gene, and a permease, encoded by the FTR1 gene—were shown to mediate
high-affinity iron uptake. FET3 expression was required for FTR1 protein to be trans-
ported to the plasma membrane. FTR1 expression was required for apo-FET3 protein
to be loaded with copper and thus acquire oxidase activity. FTR1 protein also played
a direct role in iron transport. Mutations in a conserved sequence motif of FTR1

specifically blocked iron transport.

Cells require iron for a wide array of met-
abolic functions (1, 2), and yet iron can be
toxic when present in excess (3). Alter-
ations of iron pools have been implicated in
diverse human disease processes, including
neurodegenerative diseases (4, 5), aging
(4), microbial infections, atherosclerosis,
and cancer (6). In order to acquire iron
from the environment, cells must solubilize
insoluble ferric iron (7), transport the iron
across a membrane into the cytosol, and
regulate the uptake process to maintain cel-
luldr iron concentrations within a tightly
controlled range. The molecular details of
iron transport in most eukaryotes have re-
mained unsolved (8, 9).

High-affinity iron uptake in the yeast
Saccharomyces cerevisiae requires copper
(10, 11). This copper requirement is ex-
plained by the involvement of a copper-
containing oxidase, FET3, in iron uptake
(10, 11). Because the FET3 oxidase activity
is required for iron uptake, copper deficien-
cy or mutations in genes involved in deliv-
ery of copper to FET3 abrogate iron uptake
as a secondary effect. These genes include
CTRI, the cellular copper uptake transport-
er (10), and CCC2, an intracellular copper
transporter (12). The human multicopper
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oxidase ceruloplasmin exhibits similarity to
the yeast FET3 oxidase (11). Ceruloplasmin
plays an important role in human iron ho-
meostasis. Copper deficiency has been asso-
ciated with apparent iron deficiency be-
cause of a lack of ceruloplasmin activity
(13). The inherited disorder, Wilson dis-
ease, also associated with deficient cerulo-
plasmin activity, results from mutations in
the gene for a copper-transporting P-type
adenosine triphosphatase (ATPase) (14)
with strong similarity to the CCC2 gene
product in yeast (15). Severely affected in-
dividuals with Wilson disease may exhibit
abnormalities of iron transport (16). Re-
cently, mutations in the ceruloplasmin gene
itself have been identified as the cause of a
neurodegenerative syndrome characterized
by the failure to export iron from various
tissues, including the basal ganglia in the
brain (5). One interpretation of these find-
ings is that multicopper oxidases (FET3 in
yeast, or ceruloplasmin in humans) are re-
quired for iron transport across membranes
(17), although the precise role of such oxi-
dases in mediating iron transport remains
unclear. FET3 has a single hydrophobic do-
main and is localized to the plasma mem-
brane (18). Its protein sequence bears no
resemblance to that of the family of per-
meases, and thus it has been difficult to
understand how FET3 by itself could medi-
ate iron transport.

We describe another component of the
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iron uptake system in yeast that fulfills ex-
pectations for an iron transporter in having
multiple predicted transmembrane domains
and iron-binding motifs. Expression is ho-
meostatically regulated through the action
of the AFTI1 regulatory protein (19), as
predicted for an element of the iron uptake
system and similar to the regulation of
FET3 (11, 19). This component appears to
work in concert with the FET3 multicopper
oxidase to mediate the transmembrane
transport of iron into the cell.

FTRI1, a candidate gene for the iron
transporter. A method for selecting mu-
tants in iron uptake (10) or iron sensing
(19) was devised with the iron-regulated
promoter of the FREI gene. Transcription
of the FREI gene is repressed in cells grown
in the presence of iron (20). The FREI
promoter was fused to the coding region of
the HIS3 gene and integrated into a haploid
yeast strain carrying a deletion at the HIS3
locus. In this engineered strain, expression
of the HIS3 gene product driven by the
FREI promoter was repressed by addition of
iron to the growth medium. Spontaneous
mutants appeared and grew into colonies on
media with high iron and no histidine.
Strain E31 (21, 22), which grew under the
selective conditions, completely lacked
high-affinity iron uptake and was analyzed
further. When mutant haploid strains de-
rived from E31 were crossed with strains
mutated at the CTRI1, CCC2, or FET3 loci,
the diploids generated by these crosses ex-
hibited normal levels of iron uptake. Thus,
E31 contained a recessive mutation in a
previously uncharacterized gene required
for iron uptake, which we called FTRI (for
Fe transporter) (22).

Evaluation of FTRI mutants revealed
phenotypic similarity to FET3 mutants.
High-affinity iron uptake was absent (Fig.
1), and manipulation of the copper concen-
tration of the growth medium did not cor-
rect this deficiency, even when copper was
added at concentrations capable of correct-
ing the defect in a CCC2 mutant (Fig. 1).
Growth and colony formation were unim-
paired in rich medium or defined medium
with sufficient iron (23). However, under
conditions of iron deprivation created by
the iron chelator ferrozine (24), growth of
the ftrl-1 mutant and the fet3-2C mutant
were similarly inhibited (23).

To isolate the FTRI gene, we trans-





