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PALEOMAGNETISM

Solar nebula magnetic fields recorded
in the Semarkona meteorite
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Magnetic fields are proposed to have played a critical role in some of the most enigmatic
processes of planetary formation by mediating the rapid accretion of disk material
onto the central star and the formation of the first solids. However, there have been no
experimental constraints on the intensity of these fields. Here we show that dusty
olivine-bearing chondrules from the Semarkona meteorite were magnetized in a nebular
field of 54 21 microteslas. This intensity supports chondrule formation by nebular
shocks or planetesimal collisions rather than by electric currents, the x-wind, or other
mechanisms near the Sun. This implies that background magnetic fields in the terrestrial
planet-forming region were likely 5 to 54 microteslas, which is sufficient to account for
measured rates of mass and angular momentum transport in protoplanetary disks.

A
stronomical observations of young stellar
objects indicate that early planetary sys-
tems evolve through a protoplanetary disk
phase in <5 million years (My) following the
collapse of their parent molecular clouds

(1, 2). Disk evolution on such short time scales
requires highly efficient inward transport of mass
accompanied by outward angular momentum
transfer, which allows disk material to accrete
onto the central star while delivering angular
momentum out of the protoplanetary system.
The mechanism of this rapid mass and angu-

lar momentum redistribution remains unknown.
Several proposed processes invoke a central role
for nebular magnetic fields. Among these, the
magnetorotational instability (MRI) and mag-
netic braking predict magnetic fields with inten-
sities of ~100 mT at 1 astronomical unit (AU) in
the active layers of the disk (3, 4). Alternatively,
transport by magnetocentrifugal wind (MCW)
requires large-scale, ordered magnetic fields
stronger than ~10 mT at 1 AU. Finally, nonmag-
netic effects such as the baroclinic and Goldreich-
Schubert-Fricke instabilities may be the dominant
mechanism of angular momentum transport in
the absence of sufficiently strong magnetic fields

(5). Direct measurement of magnetic fields in
the planet-forming regions of the disk can po-
tentially distinguish among and constrain these
hypothesized mechanisms.
Although current astronomical observations

cannot directly measure magnetic field strengths
in planet-forming regions [(6, 7); supplemen-
tary text], paleomagnetic experiments on me-
teoritic materials can potentially constrain the
strength of nebular magnetic fields. Chondrules

are millimeter-sized lithic constituents of prim-
itive meteorites that formed in transient heat-
ing events in the solar nebula. If a stable field
was present during cooling, they should have ac-
quired a thermoremanent magnetization (TRM),
which can be characterized via paleomagnetic
experiments. Besides assessing the role of mag-
netic fields in disk evolution, such paleomagnetic
measurements would constrain the currently un-
known mechanism of chondrule formation.
Chondrules likely constituted a sizable fraction

of the mass of asteroids and terrestrial planet
precursors and may have facilitated the accre-
tion of the first planetesimals (8, 9). The forma-
tion of chondrules therefore very likely represents
a key stage in the evolution of the early solar
system. The ambient magnetic field strength is
a distinguishing characteristic among chondrule
formation models. The x-wind model implies
strong stellar fields of >80 to 400 mT (10). In
contrast, magnetic fields in the nebular shock
and planetesimal collision models are likely con-
siderably lower than 100 mT (11, 12).
Previous paleomagnetic measurements of in-

dividual chondrules have focused mostly on the
Allende CV chondrite (13). However, owing to ex-
tensive aqueous alteration on the CV parent body,
magnetic phases in Allende chondrules are sec-
ondary and do not retain pre-accretional magnet-
ization [i.e., magnetization acquired during the last
heating of chondrules in the nebula and before the
accretion of the meteorite's parent body; (14)].
Reliable recovery of preaccretional magnetization
requires samples that have avoided appreciable
postaccretional remagnetization processes.
Among the most pristine known meteorites is

the Semarkona LL3.00 ordinary chondrite. We
conducted paleomagnetic studies on Semarkona,
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Fig. 1. Dusty olivine-bearing chondrules from the Semarkona meteorite. (A) Optical photo-
micrograph of chondrule DOC4 showing the location of dusty olivine grains. Image taken in reflected
light with crossed polarizers. (B) Annular dark-field scanning transmission electron microscope
(STEM) image of four dusty olivine Fe grains from chondrule DOC5. Brightness in image reflects
column-averaged atomic number; darker grains are smaller in size, implying a higher relative abundance
of olivine at their location and hence a lower mean atomic number. The euhedral morphology and
chemical homogeneity of the Fe grains is apparent, which indicate the lack of secondary recrystallization
and alteration. Such Fe grains are the primary carriers of preaccretional magnetization in Semarkona
chondrules.
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focusing in particular on dusty olivine-bearing
chondrules (Fig. 1). Dusty olivine crystals consist
of submicrometer–sized grains of nearly pure
body-centered cubic (bcc) Fe (kamacite) em-
bedded in forsteritic olivine (15). Such olivine
grains are found in approximately 1 in 10 chon-
drules in ordinary chondrites.
Because of their unique compositional and mag-

netic properties, dusty olivine grains are expected
to retain preaccretional magnetization. The small
grain size of dusty olivine metal implies that most
are in the single domain (SD) or single vortex (SV)
states, which can retain stable magnetization over
the history of the solar system (16–19). Further, the
Ni-poor composition (Ni <2 weight %) of dusty
olivine metal precludes metamorphic recrystal-
lization (15, 20). The domain states of dusty olivine
metals imply very high coercivities ranging up to
>200 mT, as confirmed by our demagnetization
experiments (see below). The magnetization of
grains with such high coercivities should not have
been much altered by the low shock pressures
likely experienced by Semarkona [4 to 10 GPa
(21, 22)]. Finally, the low porosities of the sur-
rounding olivine crystals have protected metal
from aqueous alteration (Fig. 1B).
The distinctive, high coercivities of dusty oli-

vine grains allow for the isolation of their rem-
anent magnetization during alternating field

(AF) demagnetization as larger (10 to 100 mm)
mesostasis metal grains are expected to demag-
netize at AF levels <50 mT (23). Furthermore,
because the postaccretional peak metamorphic
temperature of Semarkona was likely only 200°
to 260°C (24, 25), preaccretional remanence in
dusty olivine metals should be isolated upon
laboratory (1 hour duration) thermal demag-
netization to <450°C assuming that metamor-
phism lasted ~5 My (16, 19). In summary, no
known postaccretional process is likely to have
compromised preaccretional remanent magne-
tization in Semarkona dusty olivines; strong-field
AF demagnetization or thermal demagnetization
above ~450°C is expected to isolate the preaccre-
tional component of magnetization.
We isolated eight dusty olivine-bearing chon-

drules from two 15 mm by 10 mm by 150 mm–
thick sections of Semarkona provided by the
American Museum of Natural History (AMNH).
Both sections contain fusion crust along one
edge. We also extracted 5 non-dusty olivine-
bearing chondrules and 29 bulk (i.e., mixed
matrix and chondrule) samples to characterize
any postaccretional overprints. All extracted
samples are mutually oriented to within 5°. Owing
to their weak moments [natural remanent mag-
netization (NRM) ranging between 10−10 and 3 ×
10−12 A·m2 before demagnetization], chondrules

were measured with the superconducting quan-
tum interference device (SQUID) microscope
(26, 27) at the MIT Paleomagnetism Laboratory
(Fig. 2). Supporting magnetic imaging measure-
ments with higher spatial resolution were per-
formed with a nitrogen-vacancy (NV) quantum
diamond microscope (supplementary text).
Bulk samples were subjected to AF demag-

netization up to 85 to 145 mT or thermal de-
magnetization up to 580°C. We identified three
unidirectional postaccretional overprints in our
Semarkona samples: two low coercivity (LCa and
LCb) and one medium coercivity (MCa) compo-
nents. Twenty bulk samples carry the LCa overprint
blocked up to between 4.5 and 13 mT (Fig. 3). This
component is present in both fusion crust material
and meteorite interior samples, indicating that it
was acquired after arrival on Earth. Removal of
the LCa magnetization during thermal demag-
netization to only 70°C indicates that it is likely a
viscous remanent magnetization (VRM) acquired
during long-term exposure to the Earth’s field.
In contrast, the MCa overprint is only present

in samples within 4.7 mm of the fusion crust. The
mean paleointensity of this component based
on the isothermal remanent magnetization (IRM)
and anhysteretic remanent magnetization (ARM)
normalization methods (76 mT) is within uncer-
tainty of the Earth’s magnetic field. We conclude
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Fig. 2. AF and thermal demagnetization of single dusty olivine-bearing
chondrules measured with SQUID microscopy. Orthogonal projection dia-
grams showing the evolution of the natural remanent magnetization (NRM) of
two chondrules upon progressive demagnetization. Open and solid circles
indicate the projection of the NRM vector onto the vertical (up-east) and
horizontal (north-east) planes, respectively. (A) AF demagnetization of DOC1
reveals a low coercivity (LC) overprint removed by 20 mT and higher
coercivity (HC) magnetization that persists to >290 mT while decaying in
magnitude toward the origin. Insets show associated magnetic field maps

measured with the SQUID microscope at the indicated demagnetization
levels where positive (red) field values are in the up direction. The stable
directionality and steady decay of the magnetization can be seen during AF
application above 20 mT. (B) Mixed AF and thermal demagnetization of
DOC8 shows the removal of the postaccretional LCb overprint by 20.0 mT
(green points), a stationary moment between room temperature and ~400°C
(gray), and an origin-trending high temperature (HT) component removed by
780°C (red). Steps above 40 mT or 575°C have been averaged to suppress
noise.
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that the MCa component was acquired during
heating from atmospheric passage. Finally, a small
subset of seven samples from one edge of our
Semarkona section carry the LCb overprint,
which is completely removed by AF demagne-
tization up to between 10.5 and 30 mT. The high
intensity of the LCb component (NRM to satu-
ration IRM ratio of 0.23) suggests that it was
acquired during exposure to artificial magnetic
fields. Only two dusty olivine-bearing chondrules
carried the LCb overprint, which was fully re-
moved upon AF application to 20 mT. To sum-
marize, all samples >1.0 mm from the fusion crust,
which include all dusty olivine-bearing chondrules,
do not carry any postaccretional remagnetiza-
tion other than the LCa, MCa, and LCb com-
ponents. These overprints, if present, are readily
identified and removed via AF cleaning.
Eight dusty olivine-bearing chondrules were

subjected to AF and thermal demagnetization
up to 290 to 420 mT or 780°C. Six of these were
found to carry a high coercivity (HC) or high
temperature (HT) component of magnetization.
We argue based on seven lines of evidence that
these HC/HT components are preaccretional
TRMs (supplementary text). (i) HC/HT compo-
nents decay to the origin upon demagnetiza-
tion, which is the expected behavior of primary
magnetization (Fig. 2). (ii) The HC/HT magne-
tization directions in the six chondrules are col-
lectively random, passing the conglomerate test
at the 95% confidence level [Fig. 3; (28)]. No
HC/HT component is oriented in the direction of
any of the postaccretional overprints. (iii) The
HC magnetizations in chondrules DOC3 and
DOC4, which were each partitioned into two
subsamples, are unidirectional within each chon-

drule and inconsistent with random magnetiza-
tions at the 99% confidence level. Such uniformity
is expected of a TRM acquired by individual
chondrules cooling in the solar nebula because
the field should be uniform across the submilli-
meter scale of each sample (14). (iv) The blocking
temperature range of the HT component (350°
to 750°C) agrees closely with that expected of a
preaccretional magnetization that was partially
demagnetized for ~5 My at ~200°C [Fig. 2B;
(16, 19)], which is the estimated metamorphic
temperature for Semarkona on the LL parent
body (16, 25). (v) Magnetic field maps of dusty
olivine-bearing chondrules confirm that the HC
magnetization is carried by dusty olivines, which
formed in the nebula and are expected to retain
preaccretional magnetization as outlined above.
(vi) The magnetization direction acquired dur-
ing cooling for a spinning chondrule is expected
to be parallel to its rotation axis (29). The close
alignment between the HC directions and the
short axes of our chondrules, which are likely
related to the rotation axis (supplementary text),
are nonrandom at the 98% confidence level,
suggesting that HC/HT magnetizations were in-
deed acquired parallel to the spin axis. (vii) The
coercivity spectrum of the HC component of
dusty olivine-bearing chondrules is very similar
to that of an ARM and dissimilar to that of an
IRM, which suggests that the HC component was
acquired as a TRM (30). We therefore conclude
with high confidence that the HC/HT magne-
tizations observed in dusty olivine-bearing chon-
drules are TRMs acquired in the solar nebula.
TRM acquisition experiments on analogs of

dusty olivine chondrules have shown that the
ARM normalization method potentially produces

paleointensities accurate to ~40% [2s; (30)]. As-
suming that the five chondrules with recovered
paleointensities formed in similar magnetic field
conditions in the nebula, our nominal ARM pa-
leointensities for six dusty olivines yielded a
mean value of 27 mT. The morphology of chon-
drules (31) and the apparent correspondence
between HC magnetization directions and the
short axes of our chondrule samples (see above
paragraph) strongly suggest that chondrules were
rotating during remanence acquisition in the so-
lar nebula. In the case of rotation around a single
axis, which is the expected motion inherited from
cooling of a viscous droplet, the true mean field
intensity should have been greater than our ex-
perimental paleointensity by a factor of 2 (sup-
plementary text). Meanwhile, precession of the
chondrule’s rotation axis would imply a multipli-
cative factor of up to 4. However, given the high
inferred rotation rates of chondrules (>50 s−1),
the magnitudes of effects that may lead to pre-
cession are comparatively small. Therefore, we
adopt nonprecessing rotation as the most likely
state of cooling chondrules and recommend a
value of 54 T 21 mT (2s) for the ambient nebular
field strength. Although unlikely, if chondrules
did not rotate or precessed strongly during rem-
anence acquisition, the corresponding estimated
ambient field strength would be 27 T 8 mT or
108 T 42 mT (2s), respectively.
Our paleointensity constrains the magnetic

field environment during the last time the chon-
drule cooled through the 765° to 350°C blocking
temperature range of the HC/HT component,
which likely was the chondrule-forming event.
Our recommended paleointensity is significant-
ly lower than the >80 to 400 mT expected for
chondrules purportedly formed in the x-wind
model (10). Furthermore, mechanisms that in-
voke intense electric currents such as magnetic
reconnection flares and current sheets predict
strong fields >500 mT during chondrule heating
(32). The short-circuit instability may also imply
similarly strong fields at high temperature (33),
although the decay of field strength below 765°C
has not been studied in detail. In contrast, assum-
ing that magnetic fields inherited from the col-
lapsing molecular cloud were on the order of
10 mT (12), nebular shocks, which may enhance
the ambient magnetic field by a factor of <10,
would result in paleointensities of <100 mT (11).
Meanwhile, planetesimal collisions would likely
not perturb the background field. Therefore,
nebular shocks and planetesimal collisions are
the chondrule formation models most consist-
ent with our measured paleointensities.
Adopting nebular shocks and planetesimal

collisions as the most likely origins of chon-
drules, background magnetic fields in the neb-
ula may have been amplified by a factor between
1 and 10 during chondrule formation. We there-
fore infer that background magnetic fields in the
solar nebula were between 5 and 54 mT (11).
Assuming Semarkona chondrules formed near
2.5 AU, which is the present-day location of
S-type asteroids (34), the vertical distribution
of dust in the nebula strongly suggests that
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Fig. 3. Magnetization direc-
tions in Semarkona chon-
drules and bulk samples.
Equal area stereonet
projection diagram where
colored points denote high
coercivity or high temperature
(HC/HT) magnetization in
individual dusty olivine-bearing
sample or subsamples. Circles
indicate the associated maxi-
mum angular deviation (MAD)
obtained from principle com-
ponents analysis. Each color
represents a single chondrule
with chondrules DOC3 and
DOC4 having two subsamples
each. Black stars and associ-
ated ovals represent the mean
directions of the three postac-
cretional overprints identified
from bulk samples and their
95% confidence intervals.
Open symbols represent the
upper hemisphere; solid symbols represent the lower hemisphere. The wide scatter of the HC/HT
magnetizations, the unidirectionality of subsamples from DOC3 and DOC4, and their noncorrespon-
dence to the directions of postaccretional overprints provide strong evidence for a preaccretional origin
of the HC/HTmagnetizations in dusty olivine-bearing chondrules.
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chondrule formation took place in the weakly
ionized “dead zone,” which contains gas poorly
coupled to local magnetic fields and occurs within
~3 gas scale heights of the midplane (35). Our
measurements therefore indicate that a substan-
tial magnetic field [ yet still well below the ~400 mT
equipartition field strength (3)] existed in the dead
zone, potentially as a result of fields inherited from
the collapse of the solar system’s parent molecular
cloud. Given our measured field strengths, mass ac-
cretion driven by the MRI or magnetic braking at
2.5 AU would have been <0.04 × 10−8 to 3.5 × 10−8

Msun year
−1, where Msun is the Sun’s mass (sup-

plementary text). Meanwhile, the MCW model
would predict mass accretion rates of 0.3 × 10−7

to 30 × 10−7Msun year
−1 or less. The inferred age of

Semarkona chondrules is 2 to 3 My after the first
calcium alunimum–rich inclusions (36). Given that
protoplanetary disks are observed to have ac-
cretion rates of 10−9-10−7 Msun year

−1 at 2 to 3 My
after collapse of their parent molecular clouds (2),
both magnetic mechanism could fully account for
the expected accretion rates. This suggests that
magnetic fields govern the observed rapid trans-
formation of protoplanetary disks into planetary
systems around Sun-like stars.
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Dynamic mechanical behavior of
multilayer graphene via supersonic
projectile penetration
Jae-Hwang Lee,1,2* Phillip E. Loya,1 Jun Lou,1 Edwin L. Thomas1*

Multilayer graphene is an exceptional anisotropic material due to its layered structure
composed of two-dimensional carbon lattices. Although the intrinsic mechanical
properties of graphene have been investigated at quasi-static conditions, its
behavior under extreme dynamic conditions has not yet been studied. We report the
high–strain-rate behavior of multilayer graphene over a range of thicknesses from
10 to 100 nanometers by using miniaturized ballistic tests. Tensile stretching of the
membrane into a cone shape is followed by initiation of radial cracks that approximately
follow crystallographic directions and extend outward well beyond the impact area.
The specific penetration energy for multilayer graphene is ~10 times more than literature
values for macroscopic steel sheets at 600 meters per second.

G
raphene, the atomic monolayer building
block of graphite, is known for its excep-
tionally high intrinsic strength and stiff-
ness arising from the two-dimensional (2D)
hexagonal lattice of covalently bonded

carbon atoms. Recently, graphene’s in-plane
Young’s modulus (Y‖) wasmeasured to bemore
than 1.0 TPa using atomic force microscope
nanoindentation (1). Because tensile mechani-
cal stresses in a material cannot be transmitted
faster than the speed of sound [c~ (Y/r)1/2, where
r is the density of the material], the nonequil-
ibrium local stress arising from the inertial effect
becomes important under dynamic conditions
accompanying high–strain-rate, predominantly

tensile loading (2). In this regard, the relatively
low density (~2200 kg m−3) of graphene (3),
along with its high modulus, leads to a superior
in-plane speed of sound (c‖ ~ 22.2 km s−1), im-
plying that concentrated stresses applied under
extreme conditions can rapidly be delocalized.
Nanoindentation has served as an effective

technique to study the tensile mechanical prop-
erties of monolayer graphene. It is inherently
a low-speed test (<<1 m s−1), but strain rates
can reach ~105 to 106 s−1 for very thin samples
(4), whereas most high-speed, high–strain-rate
mechanical characterization techniques, such as
split-Hopkinson pressure bar (5) and ballistic
tests (6), are inappropriate for testing very thin
specimens. To address high-speed and high–
strain-rate tensile-dominated penetration of thin
films, we improved our laser-induced projectile
impact test (LIPIT) (7). In this advanced LIPIT
(or “a-LIPIT”), a single micrometer-size solid
silica sphere (or “m-bullet”) is fired at a high speed
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