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Meteorites are witnesses to the physical condi-
tions and processes that acted in the solar nebula
and can be used to infer how planetary systems
form generally. Key to these e!orts are isotopic and
petrologic studies of meteoritic components such as
chondrules, which are melt droplets of silicate ma-
terial, and the refractory calcium-rich, aluminum-
rich inclusions (CAIs). Both contain evidence for
having contained short-lived radionuclides (SLRs),
with half-lives of several Myr or less. The phys-
ical conditions and the thermal histories of chon-
drules have been severely constrained. Insight into
the solar nebula are gained when the abundances
of SLRs, the thermal histories of chondrules, and
other constraints, are successfully explained. One
popular model for chondrule and CAI formation
and SLR production has been the so-called X-wind
model of Frank Shu and collaborators [1-5]. This
model claims that solar nebula material at 2-3 AU
from the Sun, the present-day source region of me-
teorites, never experienced high temperatures, and
instead hypothesizes that a substantial fraction of
this material was brought inside the X point at
Rx = 0.05 AU where the star’s magnetosphere trun-
cates the disk; the material was thermally processed
and chondrules and especially CAIs formed in “re-
connection ring” inside Rx and nowhere else; chon-
drules and CAIs were then intermittently flung by a
magnetocentrifugal outflow, the “X wind”, back to
the 2-3 AU region; there they mixed with micron-
sized matrix grains to form chondrites.

In this abstract we critically examine the X wind
model. We note a number of internal inconsisten-
cies to do with the dynamics and thermal process-
ing of material. There are also several aspects of
chondrules and CAIs and SLR abundances that are
at strong odds with the predictions of the theory.
Based on the problems with the X wind model pre-
sented here, we reject the X wind model and con-
sider it irrelevant to chondrule or CAI formation
and production of SLRs in meteorites.

First, the astronomical evidence. While pro-
tostars are associated with bipolar outflows, these
outflows may arise from so-called disk winds, launched
from 1 AU [6]. In fact, observations of the radial
velocities across jets reveals their angular momenta

and launch points. In most cases where firm conclu-
sions were reached, the jets appear to be launched
from > 0.2 AU, often > 1 AU [7]. While di"cult to
rule out any contributions from an X wind, < 40%
of the wind angular momentum in these cases comes
from contributions inside a few tenths of an AU [8].
In a few cases, spectral modeling has been com-
bined with observations of the star’s magnetic field
to estimate Rx [9]. In all cases the corotation ra-
dius and the magnetospheric truncation radius put
Rx < 0.1 AU, but the inner edge of the dust disk lies
beyond this radius, typically at 0.1! 0.3 AU. That
dust should evaporate inside this distance is con-
sistent with the observations that some of the dust
is already at " 1500 K, and with theoretical mod-
els that would predict temperatures above the dust
sublimation point there. The reason [1-5] did not
predict dust evaporation at 0.1 AU is because they
neglected accretional heating, even though they as-
sumed a mass accretion rate Ṁ " 10!7 M" yr!1.

Second, the dynamics. Upon passage through
the X point at Rx, gas is swept up in a “funnel
flow” and magnetically channeled onto the star.
Given that chondrules and CAIs form inside Rx, the
only solid particles accreting throug Rx are small
(< 1 µm radius) or are large fractal aggregates that
behave aerodynamically like small particles. For
reasonable estimates of its physical properties, the
stopping time of micron-sized particles in the funnel
flow is < 10!3s, and particles are well coupled to
the gas and will accrete onto the star. [1-5] argue
that a small fraction # 0.01 of the solid material
“falls out” of the funnel flow. We calculate a criti-
cal radius of particles > 2 mm for this to occur. If
particles do fall out of the funnel flow, [1-5] predict
they can stably orbit in a thin “reconnection ring”
of particles, and will grow over time into chondrule-
and CAI-sized particles there. This requires low
relative velocities w < 0.1 kms!1 in their model,
yet particles falling out of the funnel flow will have
velocities # 102 km s!1 when entering the reconnec-
tion ring; they will destroy any particles they collide
with. There is insu"cient gas in the ring to damp
down their velocities.

Third, the conditions of CAI growth in the re-
connection ring. Growth of “proto-CAIs” is inhib-
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ited by the presence of # 107 K plasma. It is simple
to show that thermal sputtering by this plasma de-
stroys CAIs at rates of !0.03 cmyr!1, while they
generally grow at slower rates than this [1-5]. Also,
CAI growth is presumed to take place when large
solar flares evaporate silicate material and allow it
to recondense onto refractory, unevaporated Ca,Al-
rich cores. As pointed out by [10], heating of CAIs
produces melts that would dissolve such cores, and
this segregation does not occur. As pointed out
by [11], the oxygen fugacity of the rock vapor from
which the CAIs are condensing is also several orders
of magnitude too oxidizing to be consistent with the
redox state of CAI minerals [12], especially the re-
cently discovered osbornite in the CAI-like inclusion
Inti in the Stardust samples [Zolensky et al 2007].

Fourth, retrieval of particles by the X wind is
problematic. Chondrules and CAIs can only grow
in a low-relative-velocity w < 0.1 km , s!1 reconnec-
tion ring, leading to a thin (w/#K # 109 cm) disk.
Retrieval in a magnetocentrifugal outflow requires
them to be several gas scale heights above the mid-
plane [6], or " 2 cs/#K # 2 $ 1010 cm. The mod-
els [1-5] do not identify how particles reach heights
su"cient to be achieved. They suggests the magne-
torotational instability (MRI) may act at X point,
so that gas and particles are transported across the
X point. If the magnetic field strength of the stel-
lar magnetosphere is strong enough to inhibit radial
flow, and if the magnetic field strength is strong
enough to maintain a magnetocentrifugal outflow,
it is also strong enough to suppress the MRI. De-
tailed modeling is needed to demonstrate that mag-
netic turbulence could mix chondrules or CAIs high
enough to be launched by the outflow. Detailed
modeling is also required to determine the fate of
particles launched by the outflow, Particle trajecto-
ries are exquisitely sensitive to their sizes; a factor
of two di!erence in radius makes the di!erence be-
tween whether particles are launched to interstellar
space or land on the disk at 0.1 AU. While tra-
jectories are shown in [1], a calculation has never
been presented in the refereed literature that would
demonstrate that chondrule- and CAI-sized objects
should land at 2-3 AU in the disk after being caught
in a magnetocentrifugal outflow.

Fifth, the properties of chondrules are not well
explained. The cooling rates of chondrules after
their peak heating depend solely on how fast they
can escape from the Sun: dT/dt = !(V/2r)TBB(r),
where TBB is the blackbody temperature of parti-
cles a distance r from the Sun and V is their radial

velocity. For r " 0.1 AU and V " 50 kms!1, par-
ticles cool at a maximum rate of 10 K hr!1. This
is too slow to explain the textures of barred olivine
or radial pyroxene chondrules, which cooled at sev-
eral hundred K/hr at least [see references in 14].
Finally, the X wind model predicts that chondrules
are added at a late stage to unprocessed matrix
grains, which should therefore have chemical com-
positions uncorrelated with the chondrules, contra-
dicted strongly by the observed chemical comple-
mentarity between chondrules and matrix in di!er-
ent chondrites [15].

Sixth, the X-wind model does not explain the
presence of 60Fe in the solar nebula, which must
arise from a stellar nucleosynthetic source [3]. Pro-
duction of 26Al and 41Ca in their observed pro-
portions demands that Ca be shielded at the in-
teriors of CAIs from solar energetic particles, yet
such segregation of minerals is not predicted or ob-
served [10]. Finally, because production of 10Be by
spallation is so e"cient, it is likely to be overpro-
duced relative to 26Al and the other SLRs. Us-
ing the 3He(16O, x)10Be cross section of [16], even
the most favorable models of [5] would predict a
10Be/26Al ratio 3 times higher than the meteoritic
value. Given that most, if not all, of the 10Be in
the solar nebula is attributable to trapped Galactic
cosmic rays [17], the overproduction of 10Be in the
X wind model is even more problematic.
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