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Magnetic fields are proposed to have played a critical role in some of the most enigmatic 26	
  
processes of planetary formation by mediating the rapid accretion of disk material onto the 27	
  
central star and the formation of the first solids.  However, there have been no direct 28	
  
experimental constraints on these fields.  Here we show that dusty olivine-bearing 29	
  
chondrules from the Semarkona meteorite were magnetized in a nebular field of 54±21 µT.  30	
  
This intensity supports chondrule formation by nebular shocks or planetesimal collisions 31	
  
rather than by electric currents, the x-wind, or other mechanisms near the sun.  This 32	
  
implies that background magnetic fields in the terrestrial planet-forming region were likely 33	
  
5-54 µT, which is sufficient to account for the bulk of mass and angular momentum 34	
  
transport in protoplanetary disks.   35	
  

 36	
  
Astronomical observations of young stellar objects indicate that early planetary systems 37	
  

evolve through a protoplanetary disk phase in <5 million years (My) following the collapse of 38	
  

their parent molecular clouds (1, 2).  Disk evolution on such short timescales requires highly 39	
  

efficient inward transport of mass accompanied by outward angular momentum transfer, which 40	
  

allows disk material to accrete onto the central star while delivering angular momentum out of 41	
  

the protoplanetary system.   42	
  

The mechanism of this rapid mass and angular momentum redistribution remains unknown.  43	
  

Several proposed processes invoke a central role for nebular magnetic fields.  Among these, the 44	
  

magnetorotational instability (MRI) and magnetic braking predict magnetic fields with intensities 45	
  

of ~100 µT at 1 AU in the active layers of the disk (3, 4).  Alternatively, transport by 46	
  

magnetocentrifugal wind (MCW) requires large-scale, ordered magnetic fields stronger than ~10 47	
  

µT at 1 AU.  Finally, non-magnetic effects such as the baroclinic and Goldreich-Schubert-Fricke 48	
  

instabilities may be the dominant mechanism of angular momentum transport in the absence of 49	
  

sufficiently strong magnetic fields (5).  Direct measurement of magnetic fields in the planet-50	
  

forming regions of the disk can potentially distinguish among and constrain these hypothesized 51	
  

mechanisms.   52	
  

Although current astronomical observations cannot directly measure magnetic fields in 53	
  

planet-forming regions [(6); supplementary text], paleomagnetic experiments on meteoritic 54	
  

materials can potentially constrain the strength of nebular magnetic fields.  Chondrules are 55	
  

millimeter-sized lithic constituents of primitive meteorites that formed in transient heating events 56	
  

in the solar nebula.  If a stable field was present during cooling, they should have acquired a 57	
  

thermoremanent magnetization (TRM), which can be characterized via paleomagnetic 58	
  

experiments.  Besides assessing the role of magnetic fields in disk evolution, such paleomagnetic 59	
  

measurements would constrain the currently unknown mechanism of chondrule formation. 60	
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Chondrules likely constituted a significant fraction of the mass of asteroids and terrestrial 61	
  

planet precursors and may have facilitated the accretion of the first planetesimals (7, 8).  The 62	
  

formation of chondrules therefore very likely represents a key stage in the evolution of the early 63	
  

solar system.  The ambient magnetic field strength is a distinguishing characteristic among 64	
  

chondrule formation models.  The x-wind model implies strong stellar fields of >80-400 µT (9).  65	
  

In contrast, magnetic fields in the nebular shock and planetesimal collision models are likely 66	
  

significantly lower than 100 µT (10, 11). 67	
  

Previous paleomagnetic measurements of individual chondrules have focused mostly on the 68	
  

Allende CV chondrite (12).  However, due to extensive aqueous alteration on the CV parent 69	
  

body, magnetic phases in Allende chondrules are secondary and do not retain pre-accretional 70	
  

magnetization [i.e., magnetization acquired after the last heating of chondrules in the nebula and 71	
  

before the accretion of the meteorite's parent body; (13)].  Reliable recovery of pre-accretional 72	
  

magnetization requires samples that have avoided significant post-accretional remagnetization 73	
  

processes.   74	
  

Among the most pristine known meteorites is the Semarkona LL3.00 ordinary chondrite.  We 75	
  

conducted paleomagnetic studies on Semarkona, focusing in particular on dusty olivine-bearing 76	
  

chondrules (Fig. 1).  Dusty olivine crystals consist of sub-micrometer sized grains of nearly pure 77	
  

body centered cubic (bcc) Fe (kamacite) embedded in forsteritic olivine (14).  Such olivine 78	
  

grains are found in approximately one in ten chondrules in ordinary chondrites. 79	
  

Due to their unique compositional and magnetic properties, dusty olivine grains are expected 80	
  

to retain pre-accretional magnetization.  The small grain size of dusty olivine metal implies that 81	
  

most are in the single domain (SD) or single vortex (SV) states, which can retain stable 82	
  

magnetization over the history of the solar system (15-18).  Further, the Ni-poor composition (Ni 83	
  

<2 wt%) of dusty olivine metal precludes metamorphic recrystallization (14, 19).  The domain 84	
  

states of dusty olivine metals imply very high coercivities ranging up to >200 mT, as confirmed 85	
  

by our demagnetization experiments (see below).  The magnetization of grains with such high 86	
  

coercivities should not have been significantly altered by the low shock pressures likely 87	
  

experienced by Semarkona [4-10 GPa (20, 21)].  Finally, the low porosities of the surrounding 88	
  

olivine crystals have protected metal from aqueous alteration (Fig. 1B).  89	
  

The distinctive, high coercivities of dusty olivine grains allow for the isolation of their 90	
  

remanent magnetization during alternating field (AF) demagnetization as larger (10-100 µm) 91	
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mesostasis metal grains are expected to demagnetize at AF levels <50 mT (22).  Furthermore, 92	
  

since the post-accretional peak metamorphic temperature of Semarkona was likely only 200-93	
  

260˚C (23, 24), pre-accretional remanence in dusty olivine metals should be isolated upon 94	
  

laboratory (1 hour duration) thermal demagnetization to <450˚C assuming that metamorphism 95	
  

lasted ~5 My (15, 18).  In summary, no known post-accretional process is likely to have 96	
  

compromised pre-accretional remanent magnetization in Semarkona dusty olivines; strong field 97	
  

AF demagnetization or thermal demagnetization above ~450˚C is expected to isolate the pre-98	
  

accretional component of magnetization.   99	
  

 We isolated eight dusty olivine-bearing chondrules from two 15 mm × 10 mm × 150 µm 100	
  

thick sections of Semarkona provided by the American Museum of Natural History (AMNH).  101	
  

Both sections contain fusion crust along one edge.  We also extracted five non-dusty olivine-102	
  

bearing chondrules and twenty-nine bulk (i.e., mixed matrix and chondrule) samples to 103	
  

characterize any post-accretional overprints.  All extracted samples are mutually oriented to 104	
  

within 5˚.  Due to their weak moments [natural remanent magnetization (NRM) ranging between 105	
  

10-10 and 3×10-12 Am2 prior to demagnetization], chondrules were measured using the 106	
  

Superconducting Quantum Interference Device (SQUID) Microscope (25, 26) at the MIT 107	
  

Paleomagnetism Laboratory (Fig. 2).  Supporting magnetic imaging measurements with higher 108	
  

spatial resolution were performed using a nitrogen-vacancy (NV) quantum diamond microscope 109	
  

(supplementary text). 110	
  

Bulk samples were subjected to AF demagnetization up to 85-145 mT or thermal 111	
  

demagnetization up to 580˚C.  We identified three unidirectional post-accretional overprints in 112	
  

our Semarkona samples: two low coercivity (LCa and LCb) and one medium coercivity (MCa) 113	
  

components.  Twenty bulk samples carry the LCa overprint blocked up to between 4.5 and 13 114	
  

mT (Fig. 3).  This component is present in both fusion crust material and meteorite interior 115	
  

samples, indicating that it was acquired after arrival on Earth.  Removal of the LCa 116	
  

magnetization during thermal demagnetization to only 70˚C indicates that it is likely a viscous 117	
  

remanent magnetization (VRM) acquired during long-term exposure to the Earth’s field. 118	
  

In contrast, the MCa overprint is only present in samples within 4.7 mm of the fusion crust.  119	
  

The mean paleointensity of this component based on the isothermal remanent magnetization 120	
  

(IRM) and anhysteretic remanent magnetization (ARM) normalization methods (76 µT) is within 121	
  

uncertainty of the Earth’s magnetic field.  We conclude that MCa component was acquired 122	
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during heating from atmospheric passage.  Finally, a small subset of seven samples from one 123	
  

edge of our Semarkona section carry the LCb overprint, which is completely removed by AF 124	
  

demagnetization up to 10.5 to 30 mT.  The high intensity of the LCb component (NRM to 125	
  

saturation IRM ratio of 0.23) suggests that it was acquired during exposure to artificial magnetic 126	
  

fields.  Only two dusty olivine-bearing chondrules carried the LCb overprint, which was fully 127	
  

removed upon AF application to 20 mT.  To summarize, all samples >1.0 mm from the fusion 128	
  

crust, which include all dusty olivine-bearing chondrules, do not carry any post-accretional 129	
  

remagnetization other than the LCa, MCa, and LCb components.  These overprints, if present, 130	
  

are readily identified and removed via AF cleaning.  131	
  

Eight dusty olivine-bearing chondrules were subjected to AF and thermal demagnetization up 132	
  

to 290-420 mT or 780˚C.  Six of these were found to carry a high coercivity (HC) or high 133	
  

temperature (HT) component of magnetization.  We argue based on seven lines of evidence that 134	
  

these HC/HT components are pre-accretional TRMs (supplementary text).  First, HC/HT 135	
  

components decay to the origin upon demagnetization, which is the expected behavior of 136	
  

primary magnetization (Fig. 2).  Second, the HC/HT magnetization directions in the six 137	
  

chondrules are collectively random, passing the conglomerate test at the 95% confidence level 138	
  

[Fig. 3; (27)].  No HC/HT component is oriented in the direction of any of the post-accretional 139	
  

overprints.  Third, the HC magnetizations in chondrules DOC3 and DOC4, which were each 140	
  

partitioned into two subsamples, are unidirectional within each chondrule and inconsistent with 141	
  

random magnetizations at the 99% confidence level.  Such uniformity is expected of a TRM 142	
  

acquired by individual chondrules cooling in the solar nebula because the field should be 143	
  

uniform across the submillimeter scale of each sample (13).  Fourth, the blocking temperature 144	
  

range of the HT component (350-750˚C) agrees closely with that expected of a pre-accretional 145	
  

magnetization that was partially demagnetized for ~5 My at ~200˚C [Fig. 2B; (15, 18)], which is 146	
  

the estimated metamorphic temperature for Semarkona on the LL parent body (15, 24).  Fifth, 147	
  

magnetic field maps of dusty olivine-bearing chondrules confirm that the HC magnetization is 148	
  

carried by dusty olivines, which formed in the nebula and are expected to retain pre-accretional 149	
  

magnetization as outlined above.  Sixth, the magnetization direction acquired during cooling for 150	
  

a spinning chondrule is expected to be parallel to its rotation axis (28).  The close alignment 151	
  

between the HC directions and the short axes of our chondrules, which are likely related to the 152	
  

rotation axis (supplementary text), are non-random at the 98% confidence level, suggesting that 153	
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HC/HT magnetizations were indeed acquired parallel to the spin axis.  Seventh, the coercivity 154	
  

spectrum of the HC component of dusty olivine-bearing chondrules is very similar to that of an 155	
  

ARM and dissimilar to that of an IRM, which suggests that the HC component was acquired as a 156	
  

TRM (29).  We therefore conclude with high confidence that the HC/HT magnetizations 157	
  

observed in dusty olivine-bearing chondrules are TRMs acquired in the solar nebula.  158	
  

TRM acquisition experiments on analogs of dusty olivine chondrules have shown that the 159	
  

ARM normalization method potentially produces paleointensities accurate to ~40% [2σ; (29)].  160	
  

Assuming that the five chondrules with recovered paleointensities formed in similar magnetic 161	
  

field conditions in the nebula, our nominal ARM paleointensities for six dusty olivines yielded a 162	
  

mean value of 27 µT.  The morphology of chondrules (30) and the apparent correspondence 163	
  

between HC magnetization directions and the short axes of our chondrule samples (see above 164	
  

paragraph) strongly suggest that chondrules were rotating during remanence acquisition in the 165	
  

solar nebula.  In the case of rotation around a single axis, which is the expected motion inherited 166	
  

from cooling of a viscous droplet, the true mean field intensity should have been greater than our 167	
  

experimental paleointensity by a factor of 2 (supplementary text).  Meanwhile, precession of the 168	
  

chondrule's rotation axis would imply a multiplicative factor of up to 4.  However, given the high 169	
  

inferred rotation rates of chondrules (>50 s-1), the magnitudes of effects that may lead to 170	
  

precession are comparatively small.  Therefore, we adopt non-precessing rotation as the most 171	
  

likely state of cooling chondrules and recommend a value of 54 ± 21 µT (2σ) for the ambient 172	
  

nebular field strength.  Although unlikely, if chondrules did not rotate or precessed strongly 173	
  

during remanence acquisition, the corresponding estimated ambient field strength would be 27 ± 174	
  

8 µT or 108 ± 42 µT (2σ), respectively. 175	
  

This paleointensity constrains the magnetic field environment during the last time the 176	
  

chondrule cooled through the 765-350˚C blocking temperature range of the HC/HT component, 177	
  

which likely was the chondrule forming event.  Our recommended paleointensity is significantly 178	
  

lower than the >80-400 µT expected for chondrules purportedly formed in the x-wind model (9).  179	
  

Furthermore, mechanisms that invoke intense electric currents such as magnetic reconnection 180	
  

flares and current sheets predict strong fields in excess of 500 µT during chondrule heating (31).  181	
  

The short circuit instability may also imply similarly strong fields at high temperature (32), 182	
  

although the decay of field strength below 765˚C has not been studied in detail.  In contrast, 183	
  

given that magnetic fields inherited from the collapsing molecular cloud were likely on the order 184	
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of 10 µT (11), nebular shocks, which may enhance the ambient magnetic field by a factor of <10, 185	
  

would result in paleointensities of <100 µT (10).  Meanwhile planetesimal collisions would 186	
  

likely not perturb the background field.  Therefore, nebular shocks and planetesimal collisions 187	
  

are the chondrule formation models most consistent with our measured paleointensities. 188	
  

Adopting nebular shocks and planetesimal collisions as the most likely origins of chondrules, 189	
  

background magnetic fields in the nebula may have been amplified by a factor between 1 and 10 190	
  

during chondrule formation.  We therefore infer that background magnetic fields in the solar 191	
  

nebula were between 5 and 54 µT (10).  Assuming Semarkona chondrules formed near 2.5 AU, 192	
  

which is the present day location of S-type asteroids (33), the vertical distribution of dust in the 193	
  

nebula strongly suggests that chondrule formation took place in the weakly ionized "dead zone", 194	
  

which contains gas poorly coupled to local magnetic fields and occurs within ~3 gas scale 195	
  

heights of the midplane (34).  Our measurements therefore indicate that a substantial magnetic 196	
  

field [yet still well below the ~400 µT equipartition field strength (3)] existed in the dead zone, 197	
  

potentially due to fields inherited from the collapse of the solar system's parent molecular cloud.  198	
  

Given our measured field strengths, mass accretion driven by the MRI or magnetic braking at 2.5 199	
  

AU would have been <0.04-3.5×10-8 Msun yr-1, where Msun is the Sun’s mass (supplementary 200	
  

text).  Meanwhile, the MCW model would predict mass accretion rates of 0.3-30×10-7 Msun yr-1 201	
  

or less.  The inferred age of Semarkona chondrules is 2-3 My after the first calcium alunimum-202	
  

rich inclusions (35).  Given that protoplanetary disks are observed to have accretion rates of 10-9-203	
  

10-7 Msun yr-1 at 2-3 My after collapse of their parent molecular clouds (2), both magnetic 204	
  

mechanism could fully account for the expected accretion rates.  This suggests that magnetic 205	
  

fields govern the observed rapid transformation of protoplanetary disks into planetary systems 206	
  

around sun-like stars.  207	
  

  208	
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 223	
  
Figure 1.  Dusty olivine-bearing chondrules from the Semarkona meteorite.  (A) Optical 224	
  
photomicrograph of chondrule DOC4 showing the location of dusty olivine grains.  Image taken 225	
  
in reflected light with crossed polarizers.  (B) Annular dark field scanning transmission electron 226	
  
microscope (STEM) image of four dusty olivine Fe grains from chondrule DOC5.  Brightness in 227	
  
image reflects column-averaged atomic number; darker grains are smaller in size, implying a 228	
  
higher relative abundance of olivine at their location and hence a lower mean atomic number.  229	
  
Note the euhedral morphology and chemical homogeneity of the Fe grains, which indicate the 230	
  
lack of secondary recrystallization and alteration.  Such Fe grains are the primary carriers of pre-231	
  
accretional magnetization in Semarkona chondrules.  232	
  

233	
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 233	
  
Figure 2.  AF and thermal demagnetization of single dusty olivine-bearing chondrules measured 234	
  
using SQUID Microscopy.  Orthogonal projection diagrams showing the evolution of the natural 235	
  
remanent magnetization (NRM) of two chondrules upon progressive demagnetization.  Open and 236	
  
solid circles indicate the projection of the NRM vector onto the vertical (up-east) and horizontal 237	
  
(north-east) planes, respectively.  (A) AF demagnetization of DOC1 reveals a low coercivity 238	
  
(LC) overprint removed by 20 mT and higher coercivity (HC) magnetization that persists to 239	
  
>290 mT while decaying in magnitude towards the origin.  Insets show associated magnetic field 240	
  
maps measured with the SQUID microscope at the indicated demagnetization levels where 241	
  
positive (red) field values are in the up direction.  Note the stable directionality and steady decay 242	
  
of the magnetization during AF application above 20 mT.  (B) Mixed AF and thermal 243	
  
demagnetization of DOC8 shows the removal of the post-accretional LCb overprint by 20.0 mT 244	
  
(green points), a stationary moment between room temperature and ~400˚C (gray), and an 245	
  
origin-trending high temperature (HT) component removed by 780˚C (red).  Steps above 40 mT 246	
  
or 575˚C have been averaged to suppress noise.   247	
  
 248	
  
 249	
  

250	
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 250	
  
Figure 3.  Magnetization directions in Semarkona chondrules and bulk samples.  Equal area 251	
  
stereonet projection diagram where colored points and circles denote high coercivity or high 252	
  
temperature (HC/HT) magnetization in individual dusty olivine-bearing chondrule samples or 253	
  
subsamples and the associated maximum angular deviation (MAD) obtained from principle 254	
  
components analysis.  Each color represents a single chondrule with chondrules DOC3 and 255	
  
DOC4 having two subsamples each.  Black stars and associated ovals represent the mean 256	
  
directions of the three post-accretional overprints identified from bulk samples and their 95% 257	
  
confidence intervals. Open symbols represent the upper hemisphere; solid symbols represent the 258	
  
lower hemisphere.  The wide scatter of the HC/HT magnetizations, the unidirectionality of 259	
  
subsamples from DOC3 and DOC4, and their non-correspondence to the directions of post-260	
  
accretional overprints provide strong evidence for a pre-accretional origin of the HC/HT 261	
  
magnetizations in dusty olivine-bearing chondrules.  262	
  
 263	
  
 264	
  

265	
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1.  Previous searches for nebular magnetic fields 287	
  

 288	
  

 The possibility that chondrules in primitive meteorites could constrain nebular magnetic 289	
  

fields has been recognized previously.  Lanoix et al. (36) found that isolated chondrules from the 290	
  

Allende CV carbonaceous chondrite carry a strong component of magnetization blocked above 291	
  

330˚C.  They concluded that the apparent paleointensity of this magnetization, which ranged up 292	
  

to 1600 µT, provides evidence for very strong fields in the solar nebula.  However, because the 293	
  

Lanoix et al. (36) study measured unoriented chondrules, the authors were unable to demonstrate 294	
  

a pre-accretional origin for the observed magnetization (see Section 3.4).  In fact, the very high 295	
  

paleointensities and the failure of later experiments to duplicate these results strongly indicate 296	
  

that the purported pre-accretional magnetization component studied in Lanoix et al. (36) was due 297	
  

to contamination by strong artificial magnetic fields (e.g., from hand magnets) and does not offer 298	
  

constraints on nebular magnetic fields (37, 38).   299	
  

 Two later studies by Sugiura et al. (12, 39) of mutually-oriented Allende chondrules 300	
  

identified a high-temperature component of magnetization blocked above 300˚C with random 301	
  

directions that passes the paleomagnetic conglomerate test.  The authors concluded that this 302	
  

magnetization component represents pre-accretional magnetization.   303	
  

 However, no new paleointensity was reported for this component.  More importantly, the 304	
  

conglomerate test alone is insufficient for establishing a primary origin for the high temperature 305	
  

chondrule magnetization.  Post-accretional recrystallization of magnetic phases in a weak 306	
  

ambient field may result in the acquisition of random magnetizations at sub-chondrule scales (40, 307	
  

41).  A recent paleomagnetic study of Allende chondrules showed that high temperature 308	
  

magnetization directions among subsamples of single chondrules are randomly oriented, ruling 309	
  

out a pre-accretional TRM origin for this magnetization component (13).  Furthermore, 310	
  

petrographic studies of Allende show that all magnetic phases likely formed during aqueous 311	
  

alteration on the parent body (42-47).  Therefore, the heterogeneity of the high temperature 312	
  

magnetization in Allende at the sub-chondrule scale suggests that it is instead a crystallization 313	
  

remanent magnetization (CRM) acquired during formation of magnetic phases in a weak to null 314	
  

field on the CV parent body (13).  This precludes the retention of any pre-accretional 315	
  

magnetization in Allende. 316	
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 A number of theoretical studies have cited paleointensities of ~100 µT to >1000 µT as 317	
  

experimental constraints of nebular magnetic fields from the Allende studies noted above [e.g., 318	
  

(9-11, 31, 48-50)].  However, these paleointensities correspond to a low temperature, post-319	
  

accretional component of magnetization removed below 300˚C (37, 51) or to magnetization 320	
  

found in unoriented chondrules likely exposed to strong artificial fields as described above (39).  321	
  

Such paleointensities, because they are derived from post-accretional components of 322	
  

magnetization, offer no constraint on the magnetic field in the solar nebula.  323	
  

 In the case of ordinary chondrites, Funaki et al. (52) conducted paleomagnetic experiments 324	
  

on separated chondrules from the L6 chondrite ALH-769.  These authors found widely scattered 325	
  

NRM directions in chondrules and suggested that they recorded nebular magnetic fields.  326	
  

However, subsequent paleomagnetic work on ordinary chondrites has shown that chondrule 327	
  

magnetizations in high petrologic grade specimens have been strongly overprinted by the post-328	
  

accretional formation of tetrataenite, which results in random magnetizations at the sub-329	
  

chondrule scale and may lead to a false-positive conglomerate test (41).  Moreover, the >1000˚C 330	
  

estimated metamorphic temperature of type 6 chondrites (53) imply that ALH-769 cannot retain 331	
  

pre-accretional magnetization. 332	
  

 Meanwhile, astronomical observations of T Tauri stars allow the measurement of strong 333	
  

magnetic fields within several radii of the central star by observing the Zeeman splitting of 334	
  

stellar absorption lines (54-56).  Because magnetic fields in the protoplanetary disk are orders of 335	
  

magnitude weaker than the ~0.1 T fields detected near the central star, Zeeman splitting 336	
  

observations of protoplanetary disk fields are limited to low-density regions, which are sampled 337	
  

by lower-frequency lines that can be measured with sufficient signal-to-noise ratio (57).  As a 338	
  

consequence, Zeeman splitting observations in thermal emission lines are currently limited to H2 339	
  

number densities <1012 m-3 [from CN lines; (58)].  Masers, due to their high intensity, can 340	
  

effectively sample higher-density regions with H2 number density <1017 m-3 (6).  Assuming a 341	
  

minimum mass solar nebula (MMSN) (59), such densities occur at several scale heights above 342	
  

the accretion disk midplane at 1 AU or in the midplane at large radii (>25 AU) from the star.  343	
  

Higher mass nebula models would place these densities even farther from the midplane and at 344	
  

greater orbital radii.  Finally, polarimetry of molecular clouds can detect the alignment of dust 345	
  

grains, which, combined with knowledge of local turbulence and gas density, may be used to 346	
  

estimate magnetic field strength (60).  However, these estimates require spatially resolved maps 347	
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of local grain polarization direction, which currently limits magnetic field strength measurements 348	
  

to averages across >100 AU scales [e.g., (61)], although future observations using the Atacama 349	
  

Large Millimeter Array (ALMA) can potentially provide field strength estimates at smaller 350	
  

scales relevant to the protoplanetary disk (62).  351	
  

 In summary, previous paleomagnetic experiments have been unable to isolate pre-accretional 352	
  

magnetization while astronomical observations of protoplanetary disks cannot currently 353	
  

constrain the magnetic field strength in the planet-forming regions.  This motivates the present 354	
  

effort to identify and characterize pre-accretional remanence in chondrules that, unlike those in 355	
  

Allende, escaped significant post-accretional remagnetization.  356	
  

 357	
  

2.  The Semarkona meteorite 358	
  

 359	
  

2.1.  Petrography and thermal history.  Since its observed fall and recovery in 1940, the 360	
  

Semarkona LL3.00 chondrite has been studied intensively due to its rarity as an ordinary 361	
  

chondrite that has experienced the mildest metamorphic heating and aqueous alteration on its 362	
  

parent body.  As described in the main text, the mild metamorphism of Semarkona to less than 363	
  

200-260˚C (23, 24) and the lack of significant aqueous alteration or strong shock implies that any 364	
  

pre-accretional magnetization should be isolated upon thermal demagnetization to ~450˚C.   365	
  

 Even so, not all magnetic carriers in Semarkona chondrules may retain pre-accretional 366	
  

magnetization.  The Ni content of most FeNi metal in ordinary chondrites ranges between 5 and 367	
  

30% (63, 64).  Metal grains with such Ni concentrations exist as metastable martensite (α2-FeNi) 368	
  

after their rapid cooling following chondrule formation (19, 65).  Subsequent metamorphic 369	
  

heating on the parent body, even to the extent observed in type 3.0 ordinary chondrites, is 370	
  

sufficient to cause exsolution into kamacite (α-FeNi) and taenite (γ-FeNi), which leads to the 371	
  

plessite texture (66).  Such recrystallization likely leads to the loss of pre-existing magnetization, 372	
  

especially as the transformation from taenite to kamacite involves a change of lattice symmetry 373	
  

from fcc to bcc (67).  Ni-rich (>5.7 wt%) metal grains in Semarkona have been observed with 374	
  

plessitic exsolution textures while metal grains with lower Ni content are within the kamacite 375	
  

stability field and have been observed to be homogeneous with no sign of recrystallization (65, 376	
  

66).  Pre-accretional magnetization, if preserved in Semarkona chondrules, is therefore expected 377	
  

to be carried by grains with <5.7 wt% Ni, which are stable against plessitic exsolution. 378	
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 Previous petrographic studies of dusty olivine metals have shown that they contain <2 wt% 379	
  

Ni, placing them well within the kamacite stability field and precluding plessitic exsolution (68).  380	
  

Furthermore, previous transmission electron microscopy (TEM) imaging of dusty olivine metal 381	
  

grains has revealed no exsolution textures (14).   382	
  

 To confirm the low Ni content of dusty olivine metal grains used in our paleomagnetic 383	
  

experiments, we used energy dispersive spectroscopy (EDS) on a scanning TEM to map 384	
  

elemental composition on a ~900×1900 µm area of sample DOC5 that contains three dusty metal 385	
  

grains (Fig. S1). All paleomagnetic measurements were completed prior to these petrographic 386	
  

experiments.  We used a FEI Titan 300 kV STEM housed in the Center for Nanoscopy at the 387	
  

Technical University of Denmark.  Maps of the elements Fe, Ni, Mg, Si, and O confirm that 388	
  

dusty metal grains contain Fe with <1 wt% Ni and no plessitic exsolution textures.  At the same 389	
  

time, the surrounding olivine is essentially pure forsterite with <1 wt% Fe content, which is in 390	
  

agreement with previous studies of dusty olivine compositions (14). 391	
  

 Furthermore, to confirm the higher Ni contents of non-dusty olivine metals, we performed 392	
  

quantitative analyses of larger metal grains in the mesostasis of the same chondrule using 393	
  

wavelength dispersion spectroscopy (WDS) on the electron microprobe at the Department of 394	
  

Earth and Planetary Science of the AMNH.  We analyzed two large 10-100 µm FeNi grains, 395	
  

which have Ni contents of 0.8 and 7.9 wt%, signifying that mesostasis metal grains span a wide 396	
  

range of compositions.  Metal grains with compositions similar to the latter analyzed Ni-rich 397	
  

grain are capable of undergoing plessitic exsolution, which may occur at scales smaller than the 398	
  

~3 µm resolution of our image on the electron microprobe (19).  399	
  

 In summary, petrographic observations show that dusty olivine metals in Semarkona 400	
  

chondrules have escaped recrystallization since their initial formation during chondrule heating 401	
  

in the solar nebula.  While some mesostasis metal may have experienced plessitic exsolution, 402	
  

dusty olivine metals are expected to have escaped all significant post-accretional remagnetization 403	
  

effects and should retain pre-accretional magnetization blocked above ~450˚C.  We therefore 404	
  

focus on paleomagnetic data derived from isolated dusty olivine-bearing samples to constrain 405	
  

pre-accretional magnetic fields.  406	
  

 407	
  

2.2.  Domain state of ferromagnetic minerals.  Previous TEM-based studies of dusty olivine-408	
  

bearing chondrules have reported <100 nm metal grains, which are likely in the single domain 409	
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(SD) state.  Most grains, which are one to several 100s nm in diameter, likely exist in the single 410	
  

vortex (SV) state (14, 16).  AF demagnetization of our dusty olivine-bearing chondrules (see 411	
  

Section 3.3) shows that seven out of nine samples carry high coercivity magnetization that 412	
  

remains stable above 170 mT, indicating the presence of SD metal grains [Table S1; (29)].  413	
  

 We directly confirm the presence of both SD and SV metal grains in our dusty olivine-414	
  

bearing chondrules.  After the completion of all paleomagnetic measurements, we imaged 415	
  

sample DOC4S using the secondary electron detector on a Zeiss NVision40 scanning electron 416	
  

microscope (SEM) housed at the Harvard Center for Nanoscale Systems (CNS).  These images 417	
  

revealed the presence of ~60 nm, likely SD metal grains (Fig. S2A).  Finally, we obtained 418	
  

electron holograms of several dusty olivine metal grains from sample DOC5 (see above for 419	
  

analytical details), which showed that the majority of visible grains are in the SV state, with only 420	
  

the largest grains (>300 nm) existing in the multi-domain (MD) state (Figs. 1B, S2B,D).  We 421	
  

therefore conclude that the primary magnetic carriers in our dusty olivine-bearing chondrules are 422	
  

SD and SV kamacite grains, which are expected to retain magnetization over the age of the solar 423	
  

system (17, 18).  424	
  

 425	
  

3.  Paleomagnetic measurements 426	
  

 427	
  

3.1.  Sample extraction and measurement.  All paleomagnetic measurements were performed on 428	
  

samples extracted from two 15 mm × 10 mm × 150 µm slices of Semarkona designated ps8 and 429	
  

ps3.  Both slices were cut from the main sample of Semarkona at the AMNH called AMNH 430	
  

4128-t4.  The slices are separated by a distance of ~0.9 mm.  We used a Princeton Scientific 431	
  

Corp. Model WS22 wiresaw at the AMNH with a 50 µm diameter tungsten wire and boron 432	
  

carbide-based cutting fluid to cut each slice from the main sample.  Measurement of a single 433	
  

drop of boron carbide cutting fluid in the 2G Enterprises Superconducting Rock Magnetometer 434	
  

(SRM) showed that the magnetic moment is <10-12 Am2, which is the detection threshold of the 435	
  

SRM. Each surface of the Semarkona slices was then lightly polished with 600 grit, alumina-436	
  

based sandpaper to flatten the surfaces for optical imaging (see below).  Both slices were then 437	
  

washed with acetone and mineral spirits in an ultrasonic cleaner to remove all residual material 438	
  

from the cutting and polishing process.  439	
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 Each slice was then glued using non-magnetic cyanoacrylate cement to ~150 µm thick 440	
  

GE124 quartz coverslips.  We use the MIT SQUID Microscope, which acquires high-sensitivity 441	
  

maps of the vertical component of the magnetic field above the surface of samples with spatial 442	
  

resolution of ~200 µm and noise threshold of 10 to 100 pT (25, 69), to confirm that these 443	
  

coverslips are magnetically clean and contain no contamination with magnetic moment greater 444	
  

than ~10-15 Am2.  Reflected light optical microscopy was then used to image both sides of each 445	
  

Semarkona slice, permitting the identification of chondrules suitable for extraction (Fig. S4).  446	
  

Except during the cutting, polishing, and extraction procedures, all samples were kept in the 447	
  

magnetically shielded room of the MIT Paleomagnetism Laboratory with DC fields <150 nT.   448	
  

 All extraction and measurement of paleomagnetic samples from the Semarkona slices were 449	
  

carried out at the MIT Paleomagnetism Laboratory.  We used a degaussed, tungsten-carbide 450	
  

dental scriber mounted on an Electro Scientific Industries Inc. Micromill to excise samples from 451	
  

surrounding material (Fig. S3).  In the case of chondrule extractions, we took care to fully 452	
  

remove metal and sulfide-rich rims, which suffered aqueous alteration on the LL parent body and 453	
  

may carry secondary magnetization (23, 70).  In the case of dusty olivine-bearing chondrules, we 454	
  

also removed large visible mesostasis metal grains, although some small mesostasis metal grains 455	
  

remain in all dusty olivine-bearing chondrules due to their inaccesible location in the samples.  456	
  

For the dusty olivine-bearing chondrules DOC3 and DOC4, we cut each chondrule into two 457	
  

subsamples to perform the unidirectionality test for pre-accretional TRM (see Section 3.4).  458	
  

SQUID Microscope scans on sample slices before and after cutting show that this process does 459	
  

not introduce detectable spurious magnetization.   460	
  

 Masses of larger samples were measured directly on a Mettler Toledo electronic scale with 461	
  

~0.05 mg effective precision.  Chondrule masses below the reliable measurement threshold of 462	
  

the electronic scale were estimated using photographically determined volumes and an assumed 463	
  

density of 3300 kg m-3 to approximate the single-grain density of olivine.  For all samples, 464	
  

photomicrographs taken of the extracted samples were referenced to those taken of the whole 465	
  

Semarkona slice before extraction, permitting mutual orientations to <5˚.   466	
  

 In the case of bulk samples, which have greater masses and higher magnetic moments (Table 467	
  

S2), we mounted the extracted samples to 3 mm GE124 quartz rods with magnetic moments of 468	
  

less than 2×10-12 Am2 using cyanoacrylate cement and measured their magnetic moments using 469	
  

the SRM.  The sample holder moment of 2×10-12 Am2 represents the effect noise level of these 470	
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measurements.   All samples measured using the SRM have NRM moments of greater than 10-10 471	
  

Am2 to maintain a high signal-to-noise ratio upon demagnetization.  472	
  

 For chondrule samples, which usually have NRM moments below 10-11 Am2, we mounted 473	
  

the extracted samples on magnetically clean GE124 quartz disks using cyanoacrylate for 474	
  

measurement using the SQUID Microscope.  We mapped the magnetic field at a sample-sensor 475	
  

distance of 250-350 µm.  To better isolate the dipolar component of sample magnetization, we 476	
  

first performed a bilinear interpolation of the field map by a factor of 4 in each horizontal 477	
  

direction and upward continued the field map to achieve an effective sensor-sample distance of 478	
  

450-550 µm (71).  We then modeled the upward continued magnetic field using a non-linear 479	
  

optimization algorithm that adjusts the model magnetic moment (direction and magnitude) and 480	
  

sample location to find the sample magnetization that best reproduces the observed field maps.  481	
  

This technique for the recovery of magnetic dipole moment has been tested on both terrestrial 482	
  

and extraterrestrial samples, including chondrules from the Allende CV chondrite (13, 72).  In 483	
  

both cases, SQUID microscope-recovered moments of samples sufficiently strong to be 484	
  

measured on the SRM agreed closely with measurements conducted with the SRM. 485	
  

 Finally, we used NV quantum diamond magnetic imaging (73) to map directly the spatial 486	
  

distribution of magnetic sources that contribute to the magnetization of dusty olivine-bearing 487	
  

sample DOC1.   The magnetic sensing element was a 2.5 × 2.5 × 0.5 mm diamond chip, grown 488	
  

by chemical vapor deposition and engineered to contain a dense surface layer of nitrogen-489	
  

vacancy (NV) color centers (estimated density ~ 3×1011 NV/cm2 in a ~10 nm thick layer at a 490	
  

mean depth of ~20 nm below the diamond surface).  This diamond surface was mounted above 491	
  

the sample with a standoff distance of ~20 µm.  We acquired images of all three vector 492	
  

components of the magnetic field produced by the sample in the plane of NV sensors using 493	
  

optically-detected magnetic resonance (ODMR) spectroscopy.  In this technique, described by 494	
  

Le Sage et al. (74), the magnetic field is determined from the resonance frequencies of the NV 495	
  

electronic spin-flip transitions |ms = 0〉 ↔ |ms = ±1〉, which are measured by scanning the 496	
  

frequency of a continuous microwave drive field while monitoring spin-state dependent changes 497	
  

in NV fluorescence that is excited by a low intensity (<240 W/cm2) laser beam at 532 nm with 498	
  

spot dimensions of approximately 1000 by 400 µm.  We imaged the NV fluorescence onto a 499	
  

sCMOS camera, allowing magnetic fields in the plane of the NV sensing layer to be mapped 500	
  

with a spatial resolution of ~1 µm.  To spectrally resolve spin-flip transitions of NV centers 501	
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oriented along different diamond crystal axes, we applied a 1.27 mT magnetic bias field using 502	
  

three orthogonal sets of Helmholtz coils.  We were able to distinguish fields generated by 503	
  

remanence-carrying grains from those of soft paramagnetic or superparamagnetic components by 504	
  

carrying out a second measurement with the bias field precisely reversed and summing the field 505	
  

maps measured in each case.  We measured the bias reversal precision in a region of the sensor 506	
  

far from the sample, and determined it to be < 2×10-3 of the mean bias field, which was sufficient 507	
  

to cancel all paramagnetic components of the observed signal to below the magnetic noise floor 508	
  

of these measurements, which is ~0.08 µT. 509	
  

  510	
  

3.2.  NRM of bulk samples.  We extracted a total of 29 bulk samples with masses between 0.08 511	
  

and 0.59 mg to characterize any post-accretional overprints in our Semarkona samples (Fig. S4; 512	
  

Table S2).  We performed stepwise three-axis AF demagnetization up to 85 mT on 22 samples 513	
  

and up to 145 mT on 5 samples.  All bulk samples were fully demagnetized by 85 mT.  We 514	
  

demagnetized samples in 0.5 mT steps below 25 mT, in 1 mT steps between 25 and 100 mT, and 515	
  

in 2-2.5 mT steps between 100 and 145 mT.  We applied the AF and measured the sample 516	
  

moment three times at each field level during AF demagnetization to suppress noise.  We then 517	
  

fitted the direction of magnetization components using principal component analysis (PCA) (75).   518	
  

 Three samples subjected to AF demagnetization contained fusion crust material while the 519	
  

remainder were separated from the fusion crust by distances between 0.8 and 11.4 mm.  We 520	
  

subjected one sample 1.9 mm from the fusion crust (m6) to stepwise thermal demagnetization up 521	
  

to 580˚C.   522	
  

 To aid in identifying the origin of each post-accretional overprint, we obtained IRM 523	
  

normalized paleointensities on 11 bulk samples by first applying a 280 mT IRM to the bulk 524	
  

sample and then performing stepwise AF demagnetization up to 85 or 145 mT.  The IRM 525	
  

paleointensity for each magnetization component was then calculated using the equation (76): 526	
  

 

€ 

BIRM = a ΔNRM
ΔIRM

 (1) 

where BIRM is the paleointensity, 

€ 

ΔNRM  is the vector-subtracted change in the NRM magnitude 527	
  

in the component’s AF interval, 

€ 

ΔIRM  is the moment lost from the IRM demagnetized through 528	
  

the same AF range, and a is the ratio between a saturation IRM and a low-field TRM in the 529	
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relevant coercivity range.  In the absence of TRM acquisition experiments on Semarkona bulk 530	
  

samples, we adopt a value of a=3×103 (76), which is typical of metal-bearing samples.  531	
  

 We obtained ARM normalized paleointensities for 11 bulk samples by first imparting an 532	
  

ARM in a 280 mT AC field and a 50 µT bias field.  We then subjected each sample to stepwise 533	
  

AF demagnetization up to 85 or 145 mT.  The ARM paleointensity for each component was then 534	
  

given by (77): 535	
  

 

€ 

BARM = f −1Bbias
ΔNRM
ΔARM

 (2) 

where 

€ 

BARM  is the paleointensity, 

€ 

Bbias  is the bias field of the laboratory ARM, 

€ 

ΔARM  is the 536	
  

ARM moment acquired in the same AF range as the NRM component, and f is the ratio between 537	
  

the moment of a TRM and that of an ARM acquired in the same bias field.  As was the case for 538	
  

the IRM calibration factor a, the value of f has not been determined for Semarkona bulk material 539	
  

using TRM acquisition experiments.  We adopt f=1.34 as a typical value for metal-bearing 540	
  

samples (78, 79).   541	
  

 Both a and f are subject to uncertainties of a factor of 3-5 (21, 80).  Because the 542	
  

paleointensities of bulk samples are used only as an aid towards determining the origin of post-543	
  

accretional overprint, uncertainties in the paleointensities within this range do not affect our 544	
  

conclusions.  Paleointensities for dusty olivine-bearing chondrules, which we use to constrain 545	
  

nebular magnetic field strength, are subject to much smaller uncertainties (see Section 4.1). 546	
  

 547	
  

3.2.1. The LCa component.  AF and thermal demagnetization of both fusion crust and interior 548	
  

samples revealed a unidirectional LCa component of magnetization blocked up to 11.5 mT or 549	
  

70˚C in 20 out of 29 bulk samples (Figs. S5 and S6A).  Where observed upon thermal 550	
  

demagnetization in sample m6, we call this component LTa (Table S2).  The presence of the LCa 551	
  

component in these samples regardless of their distance to the fusion crust indicates that the 552	
  

component was acquired after arrival on Earth, while its low unblocking temperature indicates 553	
  

that it is likely a VRM.  The mean paleointensity of this component is 94 µT, which is within 554	
  

uncertainty of the terrestrial field strength of ~50 µT.  The dominant ferromagnetic phases in the 555	
  

matrix and chondrules rims in Semarkona and similar unequilibrated LL chondrites are kamacite, 556	
  

magnetite, maghemite, Ni-rich metal, and possibly sulfides (23, 81).   Assuming that the LCa 557	
  

component is carried primarily by single domain pyrrhotite, the demagnetization of this 558	
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component by 70˚C is consistent with exposure to a stable Earth-strength magnetic field at 20˚C 559	
  

for several decades (51), such as that expected during long-term storage.  If the LCa component 560	
  

is primarily carried by magnetite, maghemite, or FeNi metal, the observed demagnetization 561	
  

temperature would imply storage of <1 year (y) at 20˚C (18, 82), which may represent the most 562	
  

recent period of undisturbed storage at the AMNH.  Either scenario would be consistent with the 563	
  

acquisition of the LCa magnetization during the meteorite’s curation since 1940.   564	
  

 565	
  

3.2.2. The MCa component.  Fourteen out of eighteen samples located 4.7 mm or less from the 566	
  

fusion crust carry the unidirectional MCa overprint while zero out of thirteen samples farther 567	
  

from the fusion crust carries this component.  This spatial distribution demonstrates that the MCa 568	
  

magnetization is the result of atmospheric heating in the geomagnetic field.  The nearest interior 569	
  

sample to the fusion crust that did not carry the MCa component is m4, which is 0.8 mm away.  570	
  

This implies that all chondrule samples, which were extracted >2.0 mm from the fusion crust, 571	
  

likely carry no MCa component.  The heterogeneity of the presence and strength of the MC 572	
  

component between 0.8 and 4.7 mm from the fusion crust may be due to  uneven conduction of 573	
  

atmospheric heating into the meteorite interior, which is consistent with the mixture of both non-574	
  

porous chondrules and porous, insulating matrix.  Alternatively, the MCa component may be a 575	
  

thermochemical remanent magnetization (TCRM), whose acquisition varied with the local 576	
  

composition of magnetic phases.  Finally, the blocking temperature spectrum of bulk samples 577	
  

may be significantly lower than that of chondrule samples, allowing the recording of a low 578	
  

temperature thermal overprint.  Such low blocking temperatures would be consistent with the 579	
  

presence of pyrrhotite in the matrix (23), which has much lower blocking temperatures compared 580	
  

to those of FeNi metal in chondrules.   581	
  

 The mean paleointensity of 76 µT is also consistent within error with the geomagnetic field.  582	
  

Thermal demagnetization shows that sample m6, which is 1.9 mm from the fusion crust, carries a 583	
  

MCa/MTa component blocked up to 220˚C, which is consistent with heating during atmospheric 584	
  

passage based on thermoluminescence studies of ordinary chondrites (83).  In comparison, all 585	
  

chondrule samples were extracted further from the fusion crust than sample m6.  For any 586	
  

chondrule sample that carries the MCa component, the atmospheric heating it experienced was 587	
  

therefore likely lower than 220˚C.  Therefore, all chondrule samples were heated to a lower 588	
  

temperature during atmospheric entry than during metamorphism on the LL parent body, 589	
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implying that atmospheric heating did not contribute to the removal of pre-accretional remanence 590	
  

in extracted chondrules.  591	
  

 Seven bulk samples taken from <0.9 mm from the fusion crust contained additional strong 592	
  

components of magnetization.  These magnetizations were non-unidirectional across the bulk 593	
  

samples.  We therefore label these components as “U” for “unpaired” in Table S2.  Due to the 594	
  

closeness of these samples to the fusion crust, we interpret them as TRMs acquired during 595	
  

tumbling of the meteorite during atmospheric entry.  In contrast, the MCa component, which 596	
  

penetrated to much greater depths from the fusion crust, was likely acquired during a longer time 597	
  

window during atmospheric entry when the attitude of the meteorite was stable with respect to 598	
  

the Earth’s field.  As in the case of the LCa and MCa components, the mean paleointensity of U 599	
  

components (70 µT) is consistent with the geomagnetic field.  Because all chondrule samples 600	
  

were extracted at least 2.0 mm from the fusion crust, these samples are not expected to carry any 601	
  

U components.   602	
  

 603	
  

3.2.3.  The LCb overprint.  Finally, five bulk samples near the southern edge of both ps3 and ps8 604	
  

slices between 4 and 11 mm from the fusion crust carry a unidirectional LCb overprint blocked 605	
  

between 0 and 6.5-30 mT.  The very high NRM to saturation IRM ratio of this component (0.23) 606	
  

indicates that it is an IRM acquired during exposure to artificial fields.  The maximum 607	
  

unblocking coercivity suggests that the artificial field had a maximum intensity of ~30 mT (84), 608	
  

which is consistent with a weak hand magnet (38).  Furthermore, the presence of the LCb 609	
  

overprint only in samples from local area within 2 mm of the sample edge is expected for an 610	
  

origin due to contact with a hand magnet.  Two chondrules (DOC5 and DOC8) were extracted 611	
  

from the area carrying the LCb magnetization.  AF demagnetization of DOC5 and adjacent bulk 612	
  

sample m29 showed that the LCb component was fully removed by 15 mT and 16 mT, 613	
  

respectively.  We performed AF demagnetization of DOC8 up to 22.5 mT before undertaking 614	
  

thermal demagnetization to remove fully the LCb overprint.  The resulting demagnetization 615	
  

sequence shows that the LCb component was completely removed by 20 mT (Fig. 2B).  The 616	
  

wide angular separations between the LCb direction and those of higher coercivity and 617	
  

temperature components in both DOC5 and DOC8 confirm that the LCb component was fully 618	
  

removed from these samples.    619	
  

 620	
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3.3.  NRM of dusty olivine-bearing chondrules.  The unique compositional and magnetic 621	
  

properties of dusty olivine metals described in the main text and in Section 2 suggest that dusty 622	
  

olivine-bearing chondrules should retain pre-accretional magnetization.  To identify and 623	
  

characterize any pre-accretional magnetization, we extracted eight dusty olivine-bearing 624	
  

chondrules with masses between 0.008 and 0.09 mg. 625	
  

 Due to their small size and weak NRM moments (between 9.9×10-11 and 9.4×10-13 Am2) 626	
  

(Table S1), all dusty olivine-bearing chondrules were measured using the MIT SQUID 627	
  

Microscope.  Because measurements on the SQUID Microscope are time-intensive compared to 628	
  

those on the SRM, demagnetization sequences for dusty olivine-bearing chondrules are of lower 629	
  

resolution than those of bulk samples.  We applied three-axis AF demagnetization in steps of 5 630	
  

mT up to 90 mT, in steps of between 5 and 20 mT up to 200 mT, and in steps of between 30 and 631	
  

50 mT above 200 mT.  Most samples were demagnetized up to 290 mT while two chondrules 632	
  

with exceptionally high coercivities, DOC1 and DOC4, were demagnetized up to 360 and 420 633	
  

mT, respectively.  We repeated the AF application and measurement up to five times for each AF 634	
  

level above 40 to 90 mT to minimize noise.  For demagnetization steps above 25-40 mT, we 635	
  

averaged the moments of two to four adjacent AF levels to suppress noise further (85).   636	
  

 We carried out thermal demagnetization on sample DOC8 in 50˚C steps to 550˚C followed 637	
  

by 25˚C steps to 750˚C and a final step at 780˚C.  The sample was held at the peak temperature 638	
  

for ~20 minutes during each heating step.  To prevent oxidation of the dusty metal grains upon 639	
  

heating, we used a CO2 and H2 gas mixture (86) to maintain the oxygen fugacity at two to three 640	
  

log units below the iron-wüstite buffer (IW-2 to IW-3), which is near the theoretical equilibrium 641	
  

oxygen fugacity of an olivine crystal with Fa10 composition (14, 87).  We averaged the moment 642	
  

measured in each three adjacent demagnetization steps above 575˚C to suppress noise.  Finally, 643	
  

after the completion of the thermal demagnetization sequence, we attempted partial TRM 644	
  

acquisition experiments on the DOC8 sample with a 50 µT bias field at temperatures between 645	
  

300 and 780˚C.  However, apparent sample alteration during heating above 600˚C prevented 646	
  

recovery of high-fidelity partial TRM acquisition sequence.  We therefore do not include these 647	
  

experiments in our final paleointensities analyses.  648	
  

 649	
  

3.3.1.  The LCa, MCa, LCb overprints.  Among the eight extracted dusty olivine-bearing 650	
  

chondrules, DOC6 was 2.1 mm from the fusion crust while all other samples were located >3.4 651	
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mm away.  As a consequence, DOC6 was the only chondrule sample that carries the MCa 652	
  

overprint due to atmospheric heating, which is blocked between 50 and 120 mT.  The presence 653	
  

of the MCa overprint in DOC6 confirms that the mounting and measurement procedure on the 654	
  

SQUID Microscope did not result in significant contamination or remagnetization.  No dusty 655	
  

olivine-bearing chondrules carried the LCa component, likely due to differences in the rate of 656	
  

VRM acquisition between chondrule and matrix material.  The difference in magnetic 657	
  

mineralogy between the matrix and chondrule materials can account for large variations in the 658	
  

rate of VRM acquisition (67).  Finally, as discussed in Section 3.2, the LCb overprint is present 659	
  

in dusty olivine-bearing chondrules DOC5 and DOC8 where it is fully removed by AF 660	
  

demagnetization up to 15 and 20 mT, respectively (Fig. 2B). 661	
  

 662	
  

3.3.2.  The LC component.  All dusty olivine-bearing chondrules except DOC5 and DOC8 carry 663	
  

at least one unique low coercivity (blocked up to between 15 and 87.5 mT depending on the 664	
  

sample) component of magnetization oriented in random directions relative to components found 665	
  

in other chondrule and bulk samples.  Because these are not directionally consistent with the 666	
  

identified overprint directions LCa, LCb, and MCa, we generically refer to these magnetizations 667	
  

as LC components.  All dusty olivine-bearing chondrules carry only one LC component except 668	
  

for the subsamples of DOC4, which carry two randomly oriented LC components (denoted LC1 669	
  

and LC2; Fig. S7 and Table S1).  Analogous LC components are also present in some non-dusty 670	
  

olivine-bearing chondrules (NDOC; see Section 3.5), strongly suggesting that LC magnetizations 671	
  

are carried by recrystallized Ni-rich metal grains, which are present in the mesostases of all 672	
  

chondrules.  Furthermore, the low coercivity range of these components is consistent with their 673	
  

presence in MD mesostasis metal grains (22).  As discussed in Section 2.1, the plessitic 674	
  

unmixing of kamacite and Ni-rich taenite phases in such grains during metamorphism on the LL 675	
  

parent body in a weak field likely resulted in the loss of any pre-accretional remanence and the 676	
  

acquisition of randomly oriented, spontaneous magnetizations.  Similar secondary 677	
  

magnetizations have been observed in other ordinary chondrites (40, 41, 88).   678	
  

  679	
  

3.3.3.  The HC/HT component.  Five of seven dusty olivine-bearing chondrules subjected to AF 680	
  

demagnetization carry an HC component of magnetization blocked above any LC components 681	
  

and up to 240-380 mT.  The high coercivities above 170 mT indicate that SD kamacite grains are 682	
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responsible for carrying part of the HC magnetizations (29).  The field geometry observed in 683	
  

SQUID Microscope and NV diamond magnetometer maps confirm that high coercivity 684	
  

magnetization is carried by dusty olivine grains (Fig. S8). 685	
  

 In contrast to these chondrules that carry HC magnetization, DOC7 carries no directionally 686	
  

stable component above 37.5 mT while DOC6 carries a possible HC component blocked 687	
  

between 100 and 240 mT.  However, given that the latter putative component consists of only 688	
  

four averaged demagnetization steps and that an ARM in DOC6 (see below) is fully 689	
  

demagnetized by 100 mT, we do not consider this magnetization to be a reliable HC component.  690	
  

In any event, inclusion of this component’s direction in the conglomerate test (see Section 3.4) 691	
  

does not affect the outcome of the test.  The absence of a reliable HC component in samples 692	
  

DOC6 and DOC7 may be due to the presence of a higher abundance of unextracted mesostasis 693	
  

metal grains which have very low coercivities and contribute significant noise during AF 694	
  

demagnetization (89).  Alternatively, these chondrules may have tumbled, possibly due to the 695	
  

loss of angular momentum, during their cooling process and thereby never acquired a 696	
  

unidirectional TRM.  Finally, the rotation axis of these chondrules may have been nearly 697	
  

perpendicular to the ambient magnetic field during cooling (see Section 3.4), resulting a very 698	
  

weak effective bias field that did not impart an identifiable remanent magnetization.   699	
  

 All HC components are origin-trending as confirmed by the comparison between the 700	
  

maximum angular deviation (MAD), which describes the uncertainty in the component direction 701	
  

as determined using PCA, and the deviation angle [DANG; (90)], which is the angular difference 702	
  

between the best-fit direction of the HC component according to PCA and the vector from the 703	
  

origin to the centroid of data points that make up the HC component (i.e., the best-fit direction of 704	
  

the HC component, assuming that it passes through the origin).  If DANG < MAD, then the 705	
  

component’s decay is origin-trending to within the uncertainty of the component's direction (21, 706	
  

78).  The rate of HC component decay over its coercivity range is similar to that of an ARM but 707	
  

not to that of an IRM (Fig. S9), providing evidence that the HC component was acquired as a 708	
  

TRM (77). 709	
  

 The NRM of DOC8 remained stable in both direction and intensity during thermal 710	
  

demagnetization up to 400˚C (Fig. 2B).  Rapid decay towards the origin commenced upon 711	
  

heating to 400-450˚C and continued until the loss of directional stability at ~750˚C.  The survival 712	
  

of this HT component up to above ~550˚C shows that tetrataenite cannot be its primary carrier 713	
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(91).  The blocking temperature range of this HT component and the lack of component decay 714	
  

below ~400˚C are fully consistent with that expected for a pre-accretional TRM in the chondrule 715	
  

that had been thermally demagnetized in a null field on the LL parent body during 5 My of 716	
  

metamorphism at 200˚C (15, 18).  The thermal demagnetization sequence of DOC8 therefore 717	
  

offers strong evidence that pre-accretional remanence is preserved in dusty olivine-bearing 718	
  

chondrules.   719	
  

 Because the precise relative directions of the HC/HT components are critical for 720	
  

paleomagnetic tests for a pre-accretional origin (see Section 3.4), we conducted ARM acquisition 721	
  

experiments to compute the anisotropy tensor for all dusty olivine-bearing chondrule samples 722	
  

except DOC8 after the completion of their NRM demagnetization.  In the case of DOC8, 723	
  

possible sample alteration during partial TRM acquisition experiments may have affected the 724	
  

anisotropy of the sample (see Section 4.1).  For other samples, we isolated the anisotropy tensor 725	
  

most relevant to the HC component by first imparting an ARM in a 290 mT AC field with a 200 726	
  

µT bias field and then AF demagnetizing the ARM up to the lower bound of the coercivity range 727	
  

of the HC component (92).  We imparted two such AF-cleaned ARMs to each of three 728	
  

orthogonal axes, measured the resulting remanence using the SQUID Microscope after each 729	
  

application, and averaged the moments from the two applications to compute all six independent 730	
  

elements of the anisotropy tensor.  For the dusty olivine-bearing chondrule samples that carry an 731	
  

HC component, the anisotropy ratio P, defined as the ratio between the greatest and smallest 732	
  

eigenvalues of the anisotropy tensor, spans a range between 1.4 and 2.5, implying moderate to 733	
  

high degrees of anisotropy (93). 734	
  

 We find no evidence of gyroremanent magnetization (GRM) acquired during our AF 735	
  

demagnetization experiments (84).  The magnitude of GRM associated with a certain orientation 736	
  

of the AF axis and sample is expected to increase with the application of higher AF levels, as 737	
  

more high coercivity magnetic grains would be magnetized by the AF application (94).  In all 738	
  

cases, the HC magnetization decays uniformly to the origin (see above) without detectable 739	
  

increase in moment in an identifiable direction.  740	
  

 741	
  

3.4.  Statistical analysis of dusty olivine-bearing chondrule data.  The relative directions of the 742	
  

HC/HT magnetizations provide critical clues regarding their origin.  To test the hypothesis that 743	
  

the HC/HT components are pre-accretional, we perform the paleomagnetic conglomerate test on 744	
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all dusty olivine-bearing chondrules and the unidirectionality test on subsamples of two 745	
  

individual chondrules.  In the conglomerate test, mutually random chondrule magnetization 746	
  

directions support a pre-accretional origin since chondrules likely accreted onto the parent body 747	
  

in random orientations (27).  In contrast, magnetizations that are unidirectional among different 748	
  

chondrules were acquired after accretion of the meteorite.  In the unidirectionality test, coherent 749	
  

magnetization directions found in subsamples of the same chondrule provide evidence for the 750	
  

acquisition of magnetization in a uniform ambient magnetic field [e.g., (95, 96)].  A sample that 751	
  

passes both paleomagnetic tests must have chondrules with mutually random but internally 752	
  

unidirectional magnetizations.   753	
  

 Passing both tests provides strong evidence that the chondrule magnetizations are pre-754	
  

accretional.  Samples that pass the conglomerate test alone may have suffered post-accretional 755	
  

remagnetization in a weak-field environment that randomized magnetization at small scales, 756	
  

resulting in a false-positive outcome (13, 41).  Application of the unidirectionality test eliminates 757	
  

this possibility, as subsamples of weak-field remagnetized chondrules would show mutually 758	
  

random magnetizations.  Furthermore, chondrules that pass both paleomagnetic tests likely 759	
  

acquired magnetization as a TRM during cooling in the nebula.  Although a CRM can potentially 760	
  

record pre-accretional magnetic fields, no evidence for recrystallization exists in dusty olivine 761	
  

metals (see Section 2.1), precluding a CRM origin for their magnetization.   762	
  

 To perform the conglomerate test, we use the anisotropy-corrected HC/HT component 763	
  

directions recovered from all six dusty olivine-bearing chondrules found to contain these 764	
  

magnetizations.  For chondrules DOC3 and DOC4, each of which has two subsamples, we take 765	
  

the mean of the unit vectors representing each subsample’s magnetization direction.  Because of 766	
  

the close agreement between the magnetization directions within each pair of subsamples (see 767	
  

below), the choice of averaging technique does not affect the result of the conglomerate test.  768	
  

The resulting set of six HC/HT directions passes the conglomerate test at the 95% significance 769	
  

level (27).  Specifically, a set of six randomly oriented vectors has a 38% probability of showing 770	
  

more unidirectionality than the set of six HC/HT directions, implying that these directions are 771	
  

fully consistent with a random distribution and do not tend toward an identifiable direction. 772	
  

 We use two approaches to evaluate the unidirectionality of HC/HT components found in 773	
  

subsamples of DOC3 and DOC4.  First, we test whether the directions for each subsample are 774	
  

consistent with a single magnetization direction in each chondrule given the uncertainties on the 775	
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component directions.  As above, we adopt the mean between the HC component unit vectors for 776	
  

each pair of subsamples as the mean HC direction of each chondrule.  For all four subsamples, 777	
  

the angular separation between the subsample HC direction and the mean HC direction of the 778	
  

chondrule is smaller than the MAD of the subsample HC component, implying that the 779	
  

subsample and mean directions agree at the 1σ level (75).  All subsample HC directions are 780	
  

therefore consistent with the sampling of a single true HC direction in each chondrule.   781	
  

 Second, we compute the probability that the apparent alignment between the HC directions 782	
  

of subsamples from each chondrule occurred randomly.  If the HC directions in all subsamples 783	
  

are independent and randomly distributed over the unit sphere, the probability density function 784	
  

(P) for the angular separation (θ) between the HC directions of two subsamples from a single 785	
  

chondrule is given by (97): 786	
  

 

€ 

P(θ) =
1
2
sinθ  (3) 

over the domain 0˚≤θ≤180˚.  Because we took two subsamples each from two separate 787	
  

chondrules, we must evaluate the probability that randomly oriented magnetizations resulted in 788	
  

the observed degree of unidirectionality in both chondrules simultaneously.  The probability 789	
  

density function (Q) of the sum of the separations between HC directions in both chondrules 790	
  

(θ1+θ2) may be derived from the convolution of Eq. 3 with itself [p. 136 of ref. (98)].  The result 791	
  

is a piecewise function that is given by: 792	
  

 

€ 

Q(θ1 +θ2 ) =
1
8
[sin(θ1 +θ2 )− (θ1 +θ2 )cos(θ1 +θ2 )]  (4) 

over the restricted domain 0˚≤θ≤180˚.  The measured separations of subsample HC directions in 793	
  

DOC3 and DOC4 are 32.8˚ and 17.7˚ (Table S1), respectively, resulting in (θ1+θ2)=50.6˚.  794	
  

Integrating Eq. 4, the probability of two pairs of random directions yielding (θ1+θ2)<50.6˚ is 795	
  

0.0060.  We therefore reject the hypothesis that the unidirectionality of the HC component in 796	
  

both subsampled chondrules occurred randomly at the 99% confidence level.  A simpler but 797	
  

more restrictive calculation of the joint probability, multiplying the individual probabilities that 798	
  

the angular separation observed in each chondrule is less than the observed value, yields an even 799	
  

lower joint probability of 0.0019. 800	
  

 Because the unidirectionality test is critical to our interpretation of a pre-accretional origin 801	
  

for the HC magnetization, we verify the above calculations by performing Monte Carlo 802	
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simulations using Mathematica.  In each instance of the simulation, we choose four random 803	
  

directions from a uniform distribution on the unit sphere and sum the angular separations 804	
  

between the first pair and between the second pair.  In a simulation of 106 instances, 5901 or 805	
  

0.59% resulted in a sum of separations of less than 50.6˚, fully corroborating our theoretical 806	
  

calculations.  In summary, our statistical analysis of HC/HT directions shows that (1) the mean 807	
  

magnetization directions of the six dusty olivine-bearing chondrules represent a random 808	
  

distribution, (2) the directions of chondrule subsamples from DOC3 and DOC4 are consistent 809	
  

with unidirectional magnetization in each chondrule, and (3) the unidirectionality of these 810	
  

subsample magnetization is non-random at the 99% confidence level.  We therefore conclude 811	
  

that the HC/HT components pass both the conglomerate and the unidirectionality test with high 812	
  

confidence, providing strong evidence for a pre-accretional TRM origin of these magnetizations. 813	
  

 As an additional test for pre-accretional origin of the HC/HT magnetizations, we evaluate the 814	
  

correspondence between the direction of magnetization and the inferred spin axis of the 815	
  

chondrules.  The shortest principal axis of oblate chondrules may represent the spin axis of the 816	
  

chondrules during cooling near the solidus (30, 99).  Because spinning objects cooling in a 817	
  

magnetic field acquire a magnetization parallel to the spin axis (28), pre-accretional 818	
  

magnetization may be parallel to the shortest physical dimension of the chondrule.  We note that 819	
  

our following analysis assumes that the chondrule morphology is indeed a result of rotation 820	
  

instead of, for example, the presence of unmolten relic grains near the surface or to aerodynamic 821	
  

effects (30).  Furthermore, we assume that the chondrules are rotationally symmetric spheroids 822	
  

although we cannot confirm this given the effectively two-dimensional (2D) sections available to 823	
  

us.   824	
  

 Because we extracted all chondrules from 150 µm thick slices of Semarkona, our samples 825	
  

cannot uniquely define the three-dimensional (3D) orientation of the chondrules’ short axis.  826	
  

However, approximating chondrules as oblate ellipsoids of rotation, the section of the chondrule 827	
  

that appears on our sample slice is an ellipse whose orientation constrains the direction of the 828	
  

true, 3D short axis.  Specifically, the 3D short axis must lie in a plane that is perpendicular to that 829	
  

of the sample slice and that passes through the short axis of the sectioned ellipse [i.e., the 2D 830	
  

short axis; (100, 101)].  Close alignment between the magnetization direction and the 3D short 831	
  

axis would therefore imply a correspondence between the azimuth of the magnetization and that 832	
  

of the 2D short axis of the chondrule section.  833	
  



	
   31	
  

 Because the plane of the sample slice corresponds to the horizontal plane (i.e., the inclination 834	
  

(i) equals zero plane) in our coordinate system, we compare the anisotropy-corrected declination 835	
  

of the HC/HT components and that of the chondrules’ 2D short axes (Fig. S10).  To objectively 836	
  

determine the orientation of the latter, we select the Cartesian coordinate of 12 points evenly 837	
  

spaced points on the boundary of the chondrule and use the MATLAB routine fitellipse to 838	
  

compute the short axis orientation of the best-fit ellipse (102).  Following the preceding analysis 839	
  

for the unidirectionality of DOC3 and DOC4 subsamples, we evaluate the unidirectionality of the 840	
  

component declinations and the 2D short axis orientations by calculating the probability that the 841	
  

observed angular discrepancies occurred by chance.  If the declinations of the magnetization and 842	
  

short axis are mutually independent, their separation for each chondrule would be uniformly 843	
  

distributed between 0˚ and 90˚ [the short axis has no preferred sense; (103)].  Out of six dusty 844	
  

olivine-bearing chondrules that carry an HC/HT component, only three are available for this 845	
  

analysis.  Two chondrules are incomplete due to their location at the edge of the sample slices, 846	
  

which precludes an accurate assessment of their shape.  One chondrule, DOC3, carries an HC 847	
  

component oriented nearly normal to the slice plane and therefore does not have a well-848	
  

determined declination.  For a sample size of three, the probability density function of the sum of 849	
  

all three separation angles (

€ 

φ1 +φ2 +φ3) may be found by the convolution of the uniform 850	
  

distribution that describes each separation angle [(98), p. 136].  Analogously to Eq. 4, the result 851	
  

is a piecewise function given by: 852	
  

 

€ 

P(φ1 +φ2 +φ3) =
4
π 3 (φ1 +φ2 +φ3 )

2  (6) 

over the restricted domain 

€ 

φ1 +φ2 +φ3≤90˚.  For our chondrules, 

€ 

φ1 +φ2 +φ3=44.0˚.  Integration 853	
  

of Eq. 6 shows that the probability of mutually random directions resulting in 

€ 

φ1 +φ2 +φ3≤44.0˚ 854	
  

is 1.9%.  We therefore reject the hypothesis that the HC/HT component directions and the 855	
  

chondrule 2D short axes are unrelated at the 98% level, implying that the two directions are 856	
  

mutually aligned.  We conclude that HC/HT magnetizations in the dusty olivine-bearing 857	
  

chondrules were likely acquired during spinning and cooling in the solar nebula.  Future 3D 858	
  

tomographic imaging combined with paleomagnetic measurements would permit comparison 859	
  

between the magnetization and the true short axis of the chondrule.  860	
  

 861	
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3.5.  NRM of non-dusty olivine-bearing chondrules.  We extracted a total of seven samples from 862	
  

five NDOCs from our Semarkona slices to compare their magnetization to that of dusty olivine-863	
  

bearing chondrules.  Because most non-dusty metal grains in Semarkona have been subject to 864	
  

recrystallization during parent body metamorphism [see Section 2.1; (19, 66)], NDOCs are not 865	
  

expected to retain pre-accretional magnetization.  We test this hypothesis by performing the 866	
  

same conglomerate test and unidirectionality tests on our NDOC samples.   867	
  

 We subjected all NDOC samples to three-axis AF demagnetization up to 290 mT in steps of 868	
  

5 mT below 90 mT and in steps of 10 to 50 mT between 90 and 290 mT.  We applied AF 869	
  

demagnetization three times at each level ≥85 mT to reduce noise.  Furthermore, we averaged 870	
  

the magnetizations of each two adjacent AF steps above 20 mT and each three adjacent steps 871	
  

above 40 mT (see Section 3.3).   872	
  

 Six out of seven NDOC samples carry two components of magnetization while one sample, 873	
  

C4b, carries a single component (Table S3).  The NRM components of NDOC samples exhibit a 874	
  

greater diversity of coercivity ranges than dusty olivine-bearing chondrules.  Two samples, C2 875	
  

and C4b, have no stable magnetization above 32.5 mT while C4a loses directional stability by 876	
  

140 mT.  These maximum coercivities are lower than those of dusty olivine-bearing chondrules, 877	
  

suggesting that the main carrier of these magnetizations is mesostasis metal grains, which are 878	
  

much larger than dusty olivine metals and exist in the magnetically soft MD state (22).  In 879	
  

contrast, the remaining four NDOC samples are not fully demagnetized by 290 mT, possibly due 880	
  

to the presence of fine FeNi grains in the mesostasis.  881	
  

 For the six NDOC samples that carry two magnetization components, the softer LC 882	
  

components of magnetization are blocked between 0 and up to 22.5 mT.  In samples C2, C5a, 883	
  

and C4a, this LC component may correspond to the LCa overprint.  The HCa magnetizations, so 884	
  

named to avoid confusion with the internally unidirectional HC components found in dusty 885	
  

olivine-bearing chondrules, are found in all NDOC samples and are blocked between the end of 886	
  

the LC component, if one exists, and up to >290 mT.  Comparing the values of DANG and MAD 887	
  

(see Section 3.3), only the HCa components found in samples C3, C4a, and C4b are origin-888	
  

trending, although continued demagnetization of the remaining samples may alter the relative 889	
  

magnitudes of DANG and MAD.  The HCa components of magnetization are mutually randomly 890	
  

oriented and pass the conglomerate test at the 95% confidence level (27).  891	
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 Among the five extracted NDOCs, C4 and C5 have been further divided to yield two 892	
  

subsamples each.  Unlike dusty olivine-bearing chondrules, subsamples of individual NDOCs 893	
  

have mutually random HCa magnetizations (Fig. NDOC), as the sum of the angular separations 894	
  

between chondrule subsamples is 232˚, which corresponds to P value of 0.82 according to Eq. 895	
  

(4).  Such internally non-unidirectional magnetization is consistent with acquisition during 896	
  

plessitic exsolution on the LL parent body but inconsistent with a pre-accretional origin (41, 88).   897	
  

 We therefore conclude that, as predicted by the petrography of metal phases (Section 2.1), 898	
  

Ni-rich, mesostasis metal grains in Semarkona carry randomly oriented secondary magnetization 899	
  

due to metamorphic recrystallization in a weak field while the Ni-poor dusty olivine metals 900	
  

retain pre-accretional magnetization.  The results of these subsampling experiments on both 901	
  

dusty olivine-bearing chondrule and NDOC samples highlight the importance of the 902	
  

unidirectionality test as a complement to the conglomerate test in identifying pre-accretional 903	
  

magnetization.  Although the HC/HT/HCa magnetizations in both sets of chondrules pass the 904	
  

conglomerate test, the unidirectionality test supports a pre-accretional origin for only the 905	
  

magnetization in dusty olivine-bearing chondrules.  906	
  

 907	
  

4.  Paleointensities of dusty olivine-bearing chondrules.   908	
  

 909	
  

4.1.  Calculation of paleointensities.  As discussed in the main text and Sections 2.1 and 3.3, 910	
  

HC/HT components of dusty olivine-bearing chondrules represent pre-accretional TRMs 911	
  

acquired during cooling in the solar nebula.  The paleointensities derived from these components 912	
  

therefore constrain the strength of magnetic fields in the nebular gas, likely during the late 913	
  

cooling stage of chondrule formation.   914	
  

 Experiments on laboratory TRMs imparted on synthetic dusty olivine grains show that the 915	
  

ARM normalization method potentially yields paleointensity estimates accurate to within ~20% 916	
  

(1σ) of the true value for samples whose magnetization is dominated by SV states similar to our 917	
  

dusty olivine-bearing chondrules [see Section 2.2; (29)].  The best-fit calibration factor f for such 918	
  

samples is 1.87 [see Eq. (2)].  This ARM calibration is most applicable in the coercivity range 919	
  

100-150 mT.  All HC components found in dusty olivine-bearing chondrules are blocked across 920	
  

this coercivity range.  Furthermore, the ratio of ARM to NRM loss does not show significant 921	
  

variation across the coercivity range of the HC component (Fig. S11).  We therefore use the 922	
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ARM calibration inferred from the 100-150 mT range to calculate the paleointensity for the full 923	
  

HC component.  Finally, our applied bias field of 100 µT for the ARM acquisition experiments 924	
  

is well within the range where ARM intensity varies linearly with the bias field.  For these 925	
  

reasons, we expect similar performance of the ARM normalization method for our dusty olivine-926	
  

bearing chondrules compared to the SV grains dominated synthetic dusty olivine grains used by 927	
  

Lappe et al. (29), implying that 1σ uncertainty due to the ARM calibration factor is ~20%. 928	
  

 Due to its well determined calibration, we use the ARM normalization method to infer 929	
  

paleointensities for all dusty olivine-bearing chondrule samples that carry an HC component 930	
  

except DOC4S  (see below).  We first imparted an ARM with an AC field of 290 mT and a bias 931	
  

field of 100 µT.  We then subjected the ARM to AF demagnetization using the same sequence of 932	
  

steps as during AF demagnetization of the NRM for each sample.  Finally, we averaged multiple 933	
  

measurements at the same AF level and across adjacent AF levels as was done for the NRM.   934	
  

 To derive paleointensities, we then compared the vector change in NRM with that of ARM 935	
  

for AF levels in each component and used a linear least-squares fit to obtain the ratio 936	
  

€ 

ΔNRM /ΔARM  (Fig. S11).  We then applied Eq. (2) and corrected the resulting raw 937	
  

paleointensities for effect of sample anisotropy [e.g., (93)], which may be a significant effect for 938	
  

samples whose HC component direction was offset from that of the ARM bias field (Table S4).  939	
  

For DOC3 and DOC4, we averaged the paleointensities derived from each subsample to obtain 940	
  

the representative paleointensity for the whole chondrule.  In the case of DOC4S, the coercivity 941	
  

range of the HC component extends to 420 mT, which is above the maximum AC field level 942	
  

available for an ARM.  We therefore use the IRM normalization method for this sample by 943	
  

imparting a 400 mT IRM followed by stepwise demagnetization up to 420 mT.  Similar to our 944	
  

ARM normalization procedure, we ratio the vector change in NRM and IRM for each component 945	
  

and calculate the paleointensity using Eq. (1).  To derive the IRM calibration factor a, we 946	
  

performed an identical IRM paleointensity experiment on the subsample DOC4N, which 947	
  

originates from the same chondrule and for which we also have ARM normalized 948	
  

paleointensities.  Assuming that the IRM normalized paleointensity for DOC4N equals the ARM 949	
  

normalized value, we find that a=3100 µT, which is similar to typical values for iron-bearing 950	
  

lunar samples (80).  951	
  

 We consider two sources of uncertainty in the paleointensity of each dusty olivine-bearing 952	
  

chondrule.  First, the linear fit to determine the ratio 

€ 

ΔNRM /ΔARM  or 

€ 

ΔNRM /ΔIRM carries 953	
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uncertainties of typically 20-30% (1σ).  Second, the ARM calibration factor, where used, is 954	
  

subject to uncertainty of ~20% (see above).  We assume that the two sources of errors are 955	
  

independent for each chondrule.  Further, we assume that the uncertainties in ARM calibration 956	
  

factor for each subsample of DOC3 and DOC4 are also mutually independent.  Total 1σ 957	
  

uncertainties in the ARM and IRM normalized paleointensity of each chondrule derived from the 958	
  

combination of these two sources range between 26% and 50% (Table S4). 959	
  

 One final source of uncertainty arises due to the rotation of chondrules during remanence 960	
  

acquisition (see Section 3.4).  Tomographic studies of chondrule morphology imply that, above 961	
  

the solidus [~1000˚C; (104)], chondrules rotated with angular velocities 50-350 s-1 around the 962	
  

chondrules' symmetry axis (30, 99).  Upon cooling across the solidus, chondrules would have 963	
  

retained rotation around the same spin axis unless perturbed by external torques, which may have 964	
  

led to precession of the spin axis.   965	
  

 We first address the correction to the measured paleointensity assuming that negligible 966	
  

precession occurs and the chondrule maintains spin around its axis of highest moment of inertia.  967	
  

The magnetic field intensity recorded by a spinning chondrule (Brec) is the projection of the true 968	
  

ambient field (Bamb) onto the chondrule spin axis.  Assuming that the orientation of the spin axis 969	
  

is independent of the local magnetic field, the probability distribution function of Brec is a simple 970	
  

uniform distribution [(105), p. 30]:  971	
  

 

€ 

P(Brec ) =
1
Bamb

. (7) 

over the domain 0≤Brec≤Bamb.  Given a finite number of measurements, the probability density 972	
  

distribution of the mean of the chondrule paleointensities ( ) may be found by the repeated 973	
  

convolution of Eq. (7) with itself.  By the central limit theorem, the probability distribution 974	
  

function of  approaches a Gaussian distribution centered on ½Bamb [(105), p. 252].  For a 975	
  

sample size of five, we find that the probability distribution function of  very closely 976	
  

approximates a Gaussian distribution with standard deviation 0.13Bamb.  In summary, for the 977	
  

non-precessing case, the best guess ambient field strength is twice our mean paleointensity while 978	
  

the additional 1σ uncertainty due to rotation and our finite sample size is 0.13 of the true field.  979	
  

Applying this, we find a true ambient field strength of 54±21 µT (2σ). 980	
  

 We now address the correction to the paleointensity assuming that precession of the 981	
  

chondrule was significant.  If the uniform rotation of the chondrule is disturbed after cooling 982	
  

! 

B rec

! 

B rec

! 

B rec
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below the solidus, the elastic nature of the solid chondrule implies that the damping timescale of 983	
  

precession is much longer than the cooling timescale of chondrules [(106), p. 92], implying that 984	
  

once a chondrule is precessing, it would continue to do so over the course of remanence 985	
  

acquisition.  The precession rate of the instantaneous rotation axis in the body frame of the 986	
  

chondrule is a function of its oblateness and rotation rate [(107), pp. 396-399].  For a chondrule 987	
  

with an aspect ratio ~1.3 (e.g., DOC4; Figs. 1A and S10C) spinning at 140 s-1 (30), the 988	
  

precession frequency is 36 s-1, implying that precession occurs on much shorter timescales than 989	
  

that of chondrule cooling.  Azimuthal (i.e., perpendicular to the chondrule's symmetry axis) 990	
  

components of remanence therefore average to zero during remanence acquisition.  The 991	
  

magnetization acquired by a precessing chondrule is then parallel to the symmetry axis, which is 992	
  

consistent with the observed alignment between HC direction and chondrule short axes, although 993	
  

this alignment is also consistent with non-precessing rotation.  994	
  

 We therefore calculate the expected intensity of magnetization acquired in an ambient field 995	
  

Bamb by finding the time-averaged projection of   

€ 

 
B amb  onto the chondrule symmetry axis.  We 996	
  

adopt a fixed frame where the angular momentum vector (  

€ 

 
L ) is aligned with the positive z axis, 997	
  

  

€ 

 
B amb  is offset from   

€ 

 
L  by angle 

€ 

θB , and the symmetry axis (

€ 

ˆ c ) of the chondrule is offset from   

€ 

 
L  998	
  

by angle 

€ 

θc .  Due to its precession around   

€ 

 
L , 

€ 

ˆ c  is given by 

€ 

(sinθc cosω pt, sinθc sinω pt, cosθc ), 999	
  

where 

€ 

ω p  is the precession frequency [(107); pp. 396-399].  Assuming no significant external 1000	
  

torques,   

€ 

 
B amb  is constant in this reference frame and can be denoted by 

€ 

Bamb(sinθB , 0, cosθB ).  1001	
  

The time average of the dot product   

€ 

 
B amb ⋅ ˆ c  is then given by: 1002	
  

   

€ 

 
B amb ⋅ ˆ c = Bamb cosθB cosθc. (8) 

 Assuming that the orientation of   

€ 

 
L  is independent of   

€ 

 
B amb , the expectation value of the 1003	
  

recorded paleointensity (

€ 

B rec ) can be found by integrating Eq. (7) weighted with the probability 1004	
  

distribution function of 

€ 

θB , which is 

€ 

P(θB ) = sinθB  on the relevant domain 0≤

€ 

θB≤π/2.  We then 1005	
  

arrive at the equation: 1006	
  

 

€ 

B rec =1/2Bamb cosθc , (9) 

which is identical to the non-precessing case except for the factor 

€ 

cosθc .  For weak precession 1007	
  

(i.e., 

€ 

θc ≈ 0), we recover the previous relationship 

€ 

B rec =1/2Bamb.  If we assume that 

€ 

θc  is 1008	
  

randomly distributed (i.e., strong precession, implying frequent processes that disturb the 1009	
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rotational axis of the chondrule from the original non-precessing direction), the expectation value 1010	
  

of 

€ 

B rec , found by again integrating Eq. (9) weighted by 

€ 

P(θc ) , yields the relationship 1011	
  

€ 

B rec =1/4Bamb , implying a maximum true ambient field intensity 4 times our measured 1012	
  

paleointensity.   1013	
  

 However, we argue that the amplitude of precession was likely small in chondrules (i.e., 1014	
  

€ 

θc ≈ 0), which would imply that 

€ 

B rec ≈ 1/2Bamb  as in the non-precessing case.  To impart 1015	
  

significant precession to a chondrule, external processes must contribute angular velocities not 1016	
  

negligible compared to the 50-350 s-1 values for chondrules within the several hour timespan of 1017	
  

chondrule cooling.   1018	
  

 Collisions with gas molecules may perturb the original spin axis of the chondrule.  The 1019	
  

contribution to the angular momentum of the chondrule from a single gas molecule collision is 1020	
  

€ 

dL ≈ mvrc  where m is the mass of the gas molecule, v is its velocity, and rc is the chondrule 1021	
  

radius.  Because the gas molecules arrive from random directions, the total contribution to the 1022	
  

angular momentum can be described by a random walk and is given by 

€ 

ΔL ≈ NdL  [(108); p. 1023	
  

34], where 

€ 

N = 4πvnrc
2t  is the number of collisions in time t and in a gas with number density n.  1024	
  

Approximating a chondrule as a uniform sphere with 0.6 mm diameter and assuming a gas 1025	
  

environment with v = 3000 m s-1 and n = 1.8×1021 m-3 (10), the associated angular velocity 1026	
  

acquired in one hour is only ~0.01 s-1, which is negligible compared to the original chondrule 1027	
  

angular velocity.  1028	
  

 We next consider collisions with dust particles as the source of external torque.  Assuming 1029	
  

collision velocities of 1 m s-1 between chondrules and 1 µm dust grains and a dust to gas ratio of 1030	
  

0.01 (109), we find that 2500 collisions occur in each hour, imparting an angular velocity of 1031	
  

~0.02 s-1.   1032	
  

 Finally, we consider collisions with other chondrules.  Such collisions can impart large 1033	
  

angular velocities to chondrules (110).  The frequency of compound chondrules is 5%, which 1034	
  

represents a lower bound to the frequency of collisions during cooling between approximately 1035	
  

1500 and 1100˚C (109, 111).  Assuming that the rate of cooling did not change at the lower 1036	
  

temperatures relevant to remanence acquisition, this implies that few chondrules should have 1037	
  

been affected by such collisions.  In summary, precession can lead to a discrepancy of up to a 1038	
  

factor of 4 between Bamb and our measured mean paleointensity while rotation around a single 1039	
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spin axis would imply a factor of 2.  We find that known processes are unlikely to have induced 1040	
  

significant precession of chondrules within the cooling timescale.  We therefore regard rotation 1041	
  

around a single spin axis as the most likely state of motion for a cooling chondrule, leading to a 1042	
  

discrepancy factor of 2 and an inferred ambient field strength of 54±21 µT (2σ). 1043	
  

 1044	
  

5.  Comparison with theoretically predicted field strength.   1045	
  

 1046	
  

5.1.  General considerations.  Magnetic mechanisms are a promising solution to the problem of 1047	
  

rapid gas accretion in the solar nebula and other protoplanetary disks (5), which have typical 1048	
  

observed accretion rates between 10-9 and 10-7 MSun y-1 where MSun is the sun's mass (2, 112).  In 1049	
  

this section we summarize the relationship between magnetic field strength and mass accretion 1050	
  

rate, thereby deriving the accretion rate given our experimental nebular paleointensities.  We 1051	
  

then compare these inferred accretion rates with observational constraints. 1052	
  

 Accretion disk magnetic fields may transport angular momentum in two fundamental ways.  1053	
  

The first is to transport angular momentum radially outward by the Rϕ component of the 1054	
  

Maxwell stress tensor, given by TRϕ=-BRBϕ/4π, where R and ϕ are the radial and azimuthal 1055	
  

coordinates, respectively.  This can be achieved either from turbulent magnetic fields, most 1056	
  

plausibly from the MRI (113, 114) or contributions from the large-scale field via magnetic 1057	
  

braking, especially when the disk is threaded by external magnetic flux (115-117).  Assuming the 1058	
  

Rϕ Maxwell stress is exerted through a layer with thickness comparable to the disk scale height 1059	
  

H=cs/Ω, where cs is the isothermal sound speed [given by (kT/µmH)1/2 where k is the Boltzmann 1060	
  

constant, T is the local disk temperature, mH is the mass of hydrogen, and µ=2.34 describes the 1061	
  

mean particle mass of the nebular gas] and Ω is the local angular velocity, the steady-state 1062	
  

accretion rate is given by (3, 4): 1063	
  

 

€ 

M
•

≈
BRBφ H
2Ω

. (10) 

Since B2 ≥ BR
2+Bϕ2 ≥ 2|BRBϕ|, the above equation yields a lower limit on the total magnetic field 1064	
  

strength at a given accretion rate, which can be expressed as [see ref. (4) for complete 1065	
  

derivation]: 1066	
  

 

€ 

B ≥1.0×102M
•

−8

1/2

RAU
−11/8  µT, (11) 
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where RAU is the disk radius is AU, 

€ 

M
•

−8  is the accretion rate normalized to 10-8 MSun y-1, and we 1067	
  

have assumed that T = 280 RAU
-1/2 K (59).  1068	
  

      The second way is to transport angular momentum vertically and outward via the zϕ 1069	
  

component of the Maxwell stress tensor, given by Tzϕ=-BzBϕ/4π. This can be achieved by the 1070	
  

magnetocentrifugal wind (118). Accretion is driven by the torque RTzϕ exerted at the disk 1071	
  

surface, which leads to an accretion rate (3, 4): 1072	
  

 

€ 

M
•

≈
2BzBφ R

Ω
. (12) 

Similarly, a lower limit on the total magnetic field strength in this scenario can be estimated to be 1073	
  

[see ref. (4) for complete derivation]: 1074	
  

 

€ 

B ≥10M
•

−8

1/2

RAU
−5 /4  µT, (13) 

which is largely independent of assumptions about disk model.  We see that given similar level 1075	
  

of stress, disk wind is more effective in driving accretion than the radial transport of angular 1076	
  

momentum by a factor of R/H ~ 30 in the inner disk.  Therefore, the disk wind requires weaker 1077	
  

magnetic fields to achieve a given accretion rate. 1078	
  

      Comparing these results with the inferred our experimental paleointensities (Fig. S12), we 1079	
  

see that for a typical accretion rate of 10-8 MSun y-1 at the expected radius of R~2.5 AU, radial 1080	
  

transport of angular momentum via the MRI or magnetic braking is possible if the disk magnetic 1081	
  

field is ≥30 µT.  In the case of wind-driven accretion, any disk field strength ≥3 µT would drive 1082	
  

accretion at >10-8 MSun y-1.  Given our recovered paleofield intensity during chondrule formation 1083	
  

of 54±11 µT, the MRI or magnetic braking would drive sufficient mass accretion in the solar 1084	
  

nebula if background fields were amplified by less than a factor of ~2 during chondrule 1085	
  

formation.  For wind-driven accretion, even field amplification of 10× during chondrule 1086	
  

formation, which is the highest amplification factor expected in the nebular shock (10), would 1087	
  

imply sufficient background magnetic fields strength to drive disk accretion.  Therefore, 1088	
  

regardless of the type of chondrule formation mechanism, our experimental magnetic fields 1089	
  

imply that magnetic mechanisms can readily account for the bulk of mass and angular 1090	
  

momentum transport in the solar nebula.  1091	
  

 1092	
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5.2.  Comparison with recent simulations. One uncertainty about the general discussion above is 1093	
  

that our sample most likely records the magnetic field near disk midplane, while the lower limit 1094	
  

of magnetic field strength in the two scenarios (11) and (13) only applies to regions where the Rϕ 1095	
  

and zϕ Maxwell stress is exerted.  In particular, the wind stress Tzϕ is exerted at the disk surface, 1096	
  

which does not necessarily have the same field strength as that at the midplane.  Therefore, 1097	
  

comparison with detailed models of protoplanetary disks is necessary. 1098	
  

      The gas dynamics and magnetic field structure in protoplanetary disks/solar nebula are 1099	
  

strongly controlled by non-ideal magnetohydrodynamic effects including Ohmic resistivity, Hall 1100	
  

effect and ambipolar diffusion (5).  While the effect of Ohmic resistivity has been studied for 1101	
  

over a decade (119), systematic exploration of ambipolar diffusion and the Hall effect began 1102	
  

only recently.  It has been found in simulations that, in the inner region of protoplanetary disks 1103	
  

up to 10 AU, the MRI is suppressed and accretion is instead driven by the magnetocentrifugal 1104	
  

wind (115, 120).  Inclusion of the Hall effect makes gas dynamics and magnetic field structure 1105	
  

depend on the polarity of the net vertical magnetic field with respect to the angular momentum 1106	
  

vector (rotation axis) of the disk.  This polarity leads to markedly different behaviors especially 1107	
  

in the inner disk (116, 117, 121, 122). 1108	
  

      Full discussion about these effects is beyond the scope of this paper, and there remain several 1109	
  

unresolved issues particularly concerning the wind geometry and kinematics.  In brief, when the 1110	
  

external vertical field is aligned with disk rotation, we expect amplification of the R and ϕ 1111	
  

magnetic field components around disk midplane due to the Hall-shear instability (123).  In this 1112	
  

case, estimates based on Eq. (11) are relatively reliable if magnetic braking is the only 1113	
  

mechanism operating.  For the wind scenario, Eq. (13) is likely an underestimate since the 1114	
  

midplane field can be much stronger than the surface field [but still lower than that in equation 1115	
  

(9)].  When the external vertical field is anti-aligned with disk rotation, current simulation results 1116	
  

suggest wind-driven accretion with stress exerted at the disk surface, while the midplane field is 1117	
  

mostly vertical whose strength is of the order 1 µT for typical accretion rates, which are too weak 1118	
  

to be consistent with our experimental results. Therefore, our results may further suggest that the 1119	
  

solar system was formed with its large-scale poloidal magnetic field aligned with disk rotation. 1120	
  

1121	
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 1121	
  
Figure S1.  STEM elemental maps of three dusty metal grains in the chondrule DOC5.  Note the 1122	
  
absence of Ni and the forsteritic composition of the surrounding olivine.   1123	
  
 1124	
  

1125	
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 1125	
  
Figure S2.  High resolution microscopy and electron holography of dusty olivine metals.  (A) 1126	
  
Secondary electron image of dusty olivine metals in chondrule sample DOC4S.  Metal grains 1127	
  
with size of ~60 nm are likely in the SD state, while the remaining grains are in the SV state.  1128	
  
Unsharp grain boundaries in part (A) indicate that the metal grain is not exposed at the sample 1129	
  
surface.  Grain sizes were determined by integrating the intensity at all azimuths for each radius 1130	
  
from the grain center and finding the radius at which the integrated intensity falls to 50% of the 1131	
  
interior value.  This procedure provides an averaged diameter for non-circular grains and has an 1132	
  
uncertainty of ~10 nm in diameter.  (B) Lorentz image of dusty olivine metals in chondrule 1133	
  
DOC5.  Particles exhibit a dark or bright spot contrast around the core, suggesting the SV state 1134	
  
with different magnetization directions (124).  (C) Electron hologram of a single dusty olivine Fe 1135	
  
grain and associated silica-rich glass in chondrule DOC5 and (D) magnetic induction map of the 1136	
  
same field of view, showing the azimuthal magnetization expected of a grain in the SV state with 1137	
  
vortex core pointing out of the plane.  The image in part (A) was obtained using a Zeiss 1138	
  
NVision40 SEM with a 15 keV beam at 5.0 mm working distance at the Harvard University 1139	
  
Center for Nanoscale Systems.  The Lorentz image and the electron hologram in parts (B-D) 1140	
  
were obtained with an FEI Titan 300 keV TEM at the Center for Electron Nanoscopy.  1141	
  

1142	
  



	
   43	
  

 1142	
  
Figure S3.  Reflected light photomicrographs showing the extraction procedure applied to dusty 1143	
  
olivine-bearing chondrule DOC1.  The in-section chondrule (A) is isolated by the removal of 1144	
  
surrounding rim and matrix material using a micromill.  The isolated chondrule (B) is then 1145	
  
magnetically mapped using the SQUID microscope.  Inset in part (B) shows a close up reflected 1146	
  
light image of dusty olivine metals (white points). 1147	
  
 1148	
  
 1149	
  

1150	
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 1150	
  
Figure S4.  (A) Optical image of the ps8 slice of the Semarkona meteorite showing locations of 1151	
  
all samples used in this study.  Highlighted regions with dashed outline denote the approximate 1152	
  
locations of samples extracted from the ps3 slice, which lies 0.9 mm beneath ps8.  The AF 1153	
  
demagnetization sequences of samples labeled m9, m19, and m27 are shown in Fig. S5.   1154	
  

1155	
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 1155	
  
Figure S5.  Demagnetization sequences of representative bulk samples showing all three post-1156	
  
accretional overprints.  Orthogonal vector endpoint diagrams show the evolution of the NRM 1157	
  
vector during AF demagnetization up to 85 mT.  Open and closed circles indicate the projection 1158	
  
of the magnetization vector onto the vertical (up-east) and horizontal (north-east) planes, 1159	
  
respectively.  Relative positions of the three samples in the parent Semarkona piece are shown in 1160	
  
Fig. S4.   1161	
  
 1162	
  
 1163	
  
 1164	
  

1165	
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 1165	
  
Figure S6.  Equal area stereonet projections of (A) overprint directions in bulk samples and (B) 1166	
  
highest coercivity directions in NDOC samples.  Open (closed) circles denote PCA-fitted 1167	
  
directions of components from single samples in the upper (lower) hemispheres while stars 1168	
  
represent the mean directions derived from a group of samples.  Ovals around circles and stars 1169	
  
indicate the MAD and the 95% confidence interval for the true component direction, 1170	
  
respectively.   1171	
  
 1172	
  

1173	
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 1173	
  
Figure S7.  Demagnetization of subsamples of the dusty olivine-bearing chondrule (A) DOC4N 1174	
  
and (B) DOC4S.  Orthogonal vector endpoint diagrams show the evolution of the NRM vector 1175	
  
during AF demagnetization.  Open and closed circles indicate the projection of the magnetization 1176	
  
vector onto the vertical (up-east) and horizontal (north-east) planes, respectively.  We attribute 1177	
  
the non-unidirectional LC components to spontaneous magnetizations acquired during 1178	
  
metamorphic recrystallization.  In contrast, the unidirectionality of the HC components suggests 1179	
  
a TRM origin (see Sections 3.3-3.4). 1180	
  
 1181	
  
 1182	
  

1183	
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 1183	
  
Figure	
  S8.	
   	
  (A)	
  Transmitted	
  light	
  optical	
  photomicrograph	
  of	
  sample	
  DOC1,	
  (B)	
  overlay	
  of	
  the	
  1184	
  
magnetic	
   field	
  map	
  of	
   the	
  NRM	
  upon	
  AF	
  demagnetization	
   to	
  50	
  mT	
  and	
   the	
  optical	
   image	
   in	
  1185	
  
part	
  (A),	
  and	
  (C)	
  overlay	
  of	
   the	
  magnetic	
   field	
  map	
  of	
  an	
  AF	
  cleaned	
   laboratory	
  ARM	
  and	
  the	
  1186	
  
optical	
  image	
  in	
  part	
  (A).	
  	
  In	
  both	
  magnetic	
  maps,	
  positive	
  Bz	
  corresponds	
  to	
  the	
  out	
  of	
  the	
  page	
  1187	
  
direction.	
  	
  White	
  dashed	
  outlines	
  in	
  part	
  (A)	
  denote	
  the	
  location	
  of	
  dusty	
  olivine	
  grains,	
  which	
  1188	
  
are	
  optically	
  opaque.	
   	
  Orange	
  line	
  segments	
  point	
  to	
  mesostasis	
  metal	
  grains	
  (MM).	
   	
  Magnetic	
  1189	
  
fields	
  generated	
  by	
  the	
  NRM	
  shown	
  in	
  part	
  (B)	
  were	
  mapped	
  with	
  the	
  MIT	
  SQUID	
  Microscope.	
  	
  1190	
  
Laboratory	
  ARM	
  in	
  part	
  (C),	
  which	
  was	
  mapped	
  using	
  an	
  NV	
  quantum	
  diamond	
  magnetometer,	
  1191	
  
consists	
  of	
  a	
  290	
  mT	
  AC	
  field	
  with	
  a	
  600	
  µT	
  bias	
  field	
  that	
  was	
  AF	
  demagnetized	
  to	
  100	
  mT	
  to	
  1192	
  
simulate	
  part	
  of	
  the	
  coercivity	
  range	
  of	
  the	
  HC	
  component.	
  	
  The	
  ARM	
  bias	
  field	
  was	
  applied	
  in	
  1193	
  
the	
  positive	
  z	
  direction,	
  implying	
  that	
  locations	
  with	
  strong	
  positive	
  Bz	
  correspond	
  to	
  those	
  of	
  1194	
  
magnetic	
   remanence	
   carriers.	
   	
   Note	
   the	
   spatial	
   correspondence	
   between	
   the	
   largest	
  1195	
  
concentration	
  of	
  dusty	
  olivines	
  in	
  part	
  (A),	
  the	
  center	
  of	
  the	
  dipolar	
  source	
  in	
  part	
  (B),	
  and	
  the	
  1196	
  
strongest	
  magnetic	
  sources	
  in	
  part	
  (C).	
  	
   1197	
  
 1198	
  

1199	
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 1199	
  
Figure S9.  Comparison of the coercivity spectrum of an NRM, ARM, and IRM between 0 and 1200	
  
262.5 mT for dusty olivine-bearing chondrule sample DOC4N.  The NRM coercivity spectrum 1201	
  
in the HC component range is more similar to the ARM (AC field 290 mT; bias field 100 µT) 1202	
  
than the 420 mT IRM, suggesting a TRM origin for the HC magnetization.  For the NRM, we 1203	
  
corrected for the non-parallel directions of the LC, MC, and HC components by computing the 1204	
  
moment at a given AF level using the vector difference with the moment at the highest AF level 1205	
  
of the corresponding component. 1206	
  
 1207	
  
 1208	
  
 1209	
  

1210	
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 1210	
  
Figure S10.  Reflected light photomicrographs of dusty olivine-bearing chondrule (A) DOC1, 1211	
  
(B) DOC2, and (C) DOC4 showing the correspondence between the physical short axis and the 1212	
  
horizontal projection of the HC magnetization.  To obtain the best-fit ellipses and the short axis 1213	
  
orientation, we used images of the bottom side of the sample slice due to the availability of 1214	
  
higher quality photographs.  Note the resulting reversed (counter-clockwise) sense of the 1215	
  
declination scale.   1216	
  
 1217	
  

1218	
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 1218	
  
Figure S11.  Representative ARM paleointensity experiments on dusty olivine-bearing 1219	
  
chondrule samples (A) DOC4N and (B) DOC5.  Data points belonging to each component 1220	
  
follow the same color-coding convention as Figs. 2, S7, and S9.  1221	
  
 1222	
  
 1223	
  

1224	
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 1224	
  
Figure S12.  The minimum magnetic field strength as a function of disk radius at a given 1225	
  
accretion rate.  Dashed and dotted lines correspond to accretion driven by radial transport of 1226	
  
angular momentum (due to MRI or magnetic braking) and by vertical transport of angular 1227	
  
momentum (due to magnetized disk wind), respectively. The range of background disk magnetic 1228	
  
field strength from our experimental results is denoted in gray (5-54 µT).  The 2-3 AU region 1229	
  
between the  dot-dashed lines represent the probable source region of Semarkona based on the 1230	
  
distribution of S-type asteroids, which are associated with ordinary chondrites such as 1231	
  
Semarkona (8, 33).  Note that dashed and dotted lines represent lower bounds for the magnetic 1232	
  
field strength expected for a given mechanism, orbital radius, and accretion rate. 1233	
  
 1234	
  

1235	
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Table S1:  Summary of paleomagnetic results from dusty olivine-bearing chondrules 1235	
  

Sample 
Mass 
(mg) 

NRM moment 
(10-4 A m2 kg-1) 

Compo-
nent 

AF or temperature 
range (mT or ˚C) N Dec, Inc (˚) 

MAD/ 
α95 
(˚) 

DANG 
(˚) 

Anisotropy-
corrected   

Dec, Inc (˚) 

DOC1 0.066 15 LC 0-20 5 297.3, 46.7 10.1   
   HC 20->360 12 84.6, 28.0 10.9 9.4 89.4, 18.4 

DOC2 0.027 6.6 LC 0-87.5 11 273.0, 50.6 20.8   
   HC 85-290 6 69.4, -46.4 16.8 1.5 50.5, -38.4 

DOC3N 0.0027 3.6 LC 0-20 5 110.0, -65.0 27.0   
   HC 20-290 13 338.8, 76.9 17.8 11.3 3.6, 79.2 

DOC3S 0.0094 3.7 

 

 

LC 0-10 4 330.1, -41.2 7.6   
   HC 10-290 14 110.7,66.1 27.8 11.2 96.5, 59.4 

DOC4N 0.019 5.0 LC1 0-15 4 36.3, 23.0 19.8   
   LC2 15-55 4 337.8, -35.9 13.1   
   HC 50-290 6 272.3, -6.7 18.6 18.0 264.2, -13.3 

DOC4S 0.014 3.1 LC1 0-40 6 226.3, -12.2 13.3   
   LC2 40-70 3 84.9, 9.0 18.1   
   HC 65-420 7 251.1, -2.8 13.0 7.4 246.9, -6.8 

DOC5 0.085 0.35 LCb 0-15 4 205.9, 4.9 27.3   
   HC 15-290 10 18.1, -1.8 21.4 19.0 25.6, -6.1 

DOC6 0.030 9.5 LC 0-50 11 301.2, 25.6 34.9   
   MCa 50-120 5 124.6, -3.7 16.1   

DOC7 0.039 0.18 LC 0-30 7 20.3, 2.3 15.6   
DOC8 0.0077 3.2 LCb 0-22.5 7 179.2, -31.0 24.3   

   HT 350-750 8 80.2, 61.3 17.6 13.3 N/A 
LCa     20 92.4, -83.3 8.9   
MCa     14 109.9, -2.0 11.7   
LCb     5 183.9, -9.2 19.2   

Note: All samples in table are mutually oriented to within ~5˚. All samples were subjected to AF demagnetization 1236	
  
except DOC8, which was subjected to thermal demagnetization after AF cleaning to 22.5 mT.  For comparison, the 1237	
  
mean direction and 95% confidence interval of the three post-accretional overprints are given at the end of the 1238	
  
table.  The first column gives the sample name; the second column give the mass; the third column gives the 1239	
  
mass-normalized NRM moment; the fourth column gives the component name; the fifth column gives the coercivity 1240	
  
or temperature range of the component; the sixth column gives the number of AF or thermal steps in each 1241	
  
component or the number of samples in a mean direction; the seventh column gives the direction of the 1242	
  
component as calculated from PCA or mean direction; the eighth column gives the maximum angular deviation 1243	
  
(MAD) of the component or the 95% confidence interval (α95) of the mean direction (see Section 3.3); the ninth 1244	
  
column gives the deviation angle (DANG); the tenth column gives the component direction as given in column 1245	
  
seven after correction for anisotropy, which is based on the measured anisotropy of ARM of each sample. 1246	
  

1247	
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Table S2:  Summary of paleomagnetic results from bulk samples. 1247	
  

Sample 
Mass 
(mg) 

NRM moment 
(10-4 A m2 kg-1) 

Distance to 
fusion crust 

(mm) 

Demagnet-
ization 
Method 

Compo-
nent 

AF or temperature 
range (mT or ˚C) N Dec, Inc (˚) 

Paleointensity 
(µT; IRM, 

ARM) 

m1 0.59 8.0 0.0 AF LCa 0-8 15 96.9, -59.7  
     MCa 8-20 25 122, 0.3  
     U 24.5-85 62 220.2, 34.7  

m2 0.30 32 0.0 AF LCa 0-8 15 222.5, -50.9 12, 95 
     MCa 8-22 29 110.8, 33 22, 76 
     U 22-40 22 160.7, -5 18, 60 
     U 40-85 46 66.5, 50.2 22, 20 

m3 0.40 13 0.9 AF LCa 0-9 17 141.4, -68.6 12, 161 
     U 9-26 34 303.9, 0.2 4, 34 

m4 0.42 14 0.8 AF U 0-7 13 348.5,4.6 66, 458 
     U 8-85 97 159.7, -22.3 3, 19 

m5 0.08 18 0.8 AF LCa 0-8 15 93.9, -57.9  
     MCa 8-19 23 67.1, -11.7  

     U 19-29 17 50, 43.1  
m6 0.41 9.5 1.9 Thermal LTa 20-70 23 57.7, -68  

     MTa 70-220 15 114, 4.7  
m7 0.40 3.3 0.8 AF LCa 0-6 11 276.6, -73.8  

     MCa 6-31 45 106.9, 20.8  
m8 0.36 17 1.4 AF LCa 0-5 9 69.8, -71  

     MCa 5-230 37 93.4, -3.9  
m9 0.05 120 0.0 AF U 4-26 44 59.2, 62.2  
m10 0.27 10 2.8 AF LCa 0-6 11 143.6, -65.3 17, 278 

     MCa 6-12.5 14 115.7, -15.5 16, 120 
m11 0.16 21 3.0 AF LCa 0-8.5 16 143.6, -65.3  

     MCa 8.5-23 30 130.3, -18  
m12 0.18 25 2.0 AF LCa 0-4.5 8 73.5, -72.4  

     MCa 4.5-8 8 105, -17.5  
m13 0.24 11 4.1 AF LCa 0-11.5 22 32, -76.7 12, 92 

     MCa 11.5-28 31 125.8, 8.5 7,33 
m14 0.34 8.4 4.7 AF LCa 0-5 9 95.2, -75.8 26, 220 

     MCa 5-7.5 6 132.1, -11.2 15, 216 
m15 0.21 10 4.9 AF LCa 0-8.5 16 79.3, -58.4 32, 145 
m16 0.16 18 4.3 AF LCa 0-4.5 8 330.4, -67  
m17 0.21 2.8 6.3 AF LCa 0-7 13 333.8, -83.2  
m18 0.20 6.2 5.7 AF LCa 0-7 13 249.2, -78.1  
m19 0.22 18 5.8 AF LCa 0-6.5 12 350.8, -72.4  
m20 0.09 3.5 5.7 AF LCa 0-6 13 194.9, -67.1  
m21 0.36 5.0 7.6 AF LCa 0-7.5 14 211.2, -79.1  
m22 0.18 16 3.4 AF LCa 0-5.5 10 41.5, -64.9 25, 195 

     MCa 5.5-28 43 82.7, -6.2 8, 27 
m23 0.19 71 1.7 AF MCa 0-21 41 118.4, -6.3 57, 316  
m24 0.25 27 4.5 AF LCb 0-6.5 12 169.7, -17.1  

     MCa 6.5-195 27 111.8, -1.9  
m25 0.19 14 10.3 AF U 0-9.5 17 169.7, -17.1  

     U 9.5-70 77 352.9, 8.7  
m26 0.17 34 11.4 AF LCb 0-10.5 20 204.9, 9.2  
m27 0.20 220 9.9 AF LCb 0-30 54 188.5, -11.8 149, 1483 
m28 0.14 84 9.5 AF LCb 3-17.5 30 165.1, -21.0 134, 1051 
m29 0.21 7.3 10.1 AF LCb 1-16 31 189.8, -3.7  
LCa       20 92.4, -83.3  
MCa       14 109.9, -2.0  
LCb       5 183.9, -9.2  

 1248	
  
 1249	
  
 1250	
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Note: All samples in table are mutually oriented to within ~5˚. For comparison, the mean direction and 95% 1251	
  
confidence interval of the three post-accretional overprints are given at the end of the table.  The first column gives 1252	
  
the sample name; the second column give the mass; the third column gives the mass-normalized NRM moment; 1253	
  
the fourth column gives the distance to the fusion crust surface measured from the edge of the sample nearest the 1254	
  
fusion crust; the fifth column gives the type of demagnetization applied; the sixth column gives the component 1255	
  
name; the seventh column gives the coercivity or temperature range of the component; the eighth column gives 1256	
  
the number of AF or thermal steps in each component or the number of samples in a mean direction; the ninth 1257	
  
column gives the direction of the component as calculated from PCA or mean direction; the tenth column gives the 1258	
  
ARM and IRM paleointensities for samples where both sets of paleointensity experiments were performed.  1259	
  

1260	
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Table S3:  Summary of paleomagnetic results from non-dusty olivine-bearing chondrules 1260	
  

Sample 
Mass 
(mg) 

NRM moment 
(10-4 A m2 kg-1) Component 

AF range 
(mT) N Dec, Inc (˚) MAD (˚) DANG (˚) 

C1 0.14 0.37 LC 0-22.5 9 63.6, 28.2 11.5 11.9 
   HCa 22.5->290 8 196.5, -21.6   

C2 0.27 0.89 LCa 0-5 3 66.5, -48.8 22.0 17.5 
   HCa 5-32.5 8 325.1, 72.2   

C3 0.60 1.2 LC 0-10 5 23.1, 45.9 14.5 11.6 
   HCa 10->290 12 233.5, 21.7   

C4a 0.14 0.42 LCa 0-15 7 157.7, -53.3 20.4 4.7 
   HCa 15-140 9 274.8, 25.8   

C4b 0.18 0.20 HCa 0-12.5 6 38.1, -12.0 18.8 8.3 
C5a 0.22 0.72 LCa 0-10 5 251.4, -53.6 17.2 23.2 

   HCa 12.5->290 11 300.8, 25.4   
C5b 0.07 1.5 LC 0-12.5 6 60.0, 0.9   

   HCa 12.5->290 11 237.1, -72.7 8.9 19.2 
LCa     20 92.4, -83.3 8.9  
MCa     14 109.9, -2.0 11.7  
LCb     5 183.9, -9.2 19.2  

Note: All samples in table are mutually oriented to within ~5˚. All samples were subjected to AF demagnetization.  1261	
  
The first column gives the sample name; the second column give the mass; the third column gives the mass-1262	
  
normalized NRM moment; the fourth column gives the component name; the fifth column gives the coercivity 1263	
  
range of the component; the sixth column gives the number of AF or thermal steps in each component or the 1264	
  
number of samples in a mean direction; the seventh column gives the direction of the component as calculated 1265	
  
from PCA or mean direction; the eighth column gives the maximum angular deviation (MAD) of the component or 1266	
  
the 95% confidence interval (α95) of the mean direction (see Section 3.3); the ninth column gives the deviation 1267	
  
angle (DANG). 1268	
  
 1269	
  
 1270	
  
 1271	
  
 1272	
  

1273	
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Table S4: Summary of dusty olivine-bearing chondrule paleointensities 1273	
  
Sample 

Fitted 
paleointensity 

(µT) 

Anisotropy-corrected 
paleointensity (µT) 

Total sample 
uncertainty  

(2σ; µT) 

Rotation-
corrected 

paleointensity 
(µT) 

Rotation-corrected 
total uncertainty 

(2σ; µT) 
DOC1 29 37 22   
DOC2 22 40. 27   
DOC3 17 (N), 31 (S) 17 (N), 32 (S) 13 (N), 21 (S)   
DOC4 15 (N), 18 (S) 13 (N), 10 (S) 8.9 (N), 10. (S)   
DOC5 19 21 11   
Mean 22.1 27  54 21 

Note: The first column gives the sample name; the second column gives the raw ARM paleointensity from a 1274	
  
comparison NRM and ARM loss in a given coercivity range with the exception of DOC4S, which has an IRM-based 1275	
  
paleointensity; the third column gives the paleointensity after correction for anisotropy using measured 1276	
  
anisotropies of ARM acquisition; the fourth column gives the uncertainty in the paleointensity accounting for the 1277	
  
statistical uncertainty from linear regression and the uncertainty in the ARM calibration factor f; the fifth column 1278	
  
gives the paleointensity for the ambient field after correction for the rotation of chondrules during cooling; the sixth 1279	
  
column gives the uncertainty in the rotation-corrected paleointensity, taking into account the uncertainty in column 1280	
  
four and the uncertainty of the rotation correction (see Section 4). 1281	
  

1282	
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