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Supplementary Text

1. Formation Region of Chondrules from the Carbonaceous Chondrites

The existence of a dichotomy in various isotopic systems (e.g., Ti, Mo, Cr, O, Ru, W, Ni) for bulk
meteorite samples provides evidence that carbonaceous and non-carbonaceous meteorites may
have formed in two distinct reservoirs (2, 3). An equivalent dichotomy is also observed between
chondrules from ordinary chondrites [i.e., LL chondrules (//)] and carbonaceous chondrites [i.e.,
CO chondrules (3, 55, 56)]. The exact location and nature of these reservoirs is still under debate.
Nonetheless, because carbonaceous chondrites are likely derived from the water rich C-type
asteroids (57, 58), we take their current location at >3 AU as a reference for the location of the
carbonaceous reservoir in the early solar system. Furthermore, measurements of the isotopic
composition of water in carbonaceous meteorites suggests that most of these samples did not
originate beyond 7 AU (59). Finally, astronomical observations indicate that meteorites and their
components likely formed in the midplane region of the protoplanetary disk (10, 60). Thus, we
take the formation region of the CO chondrules to be somewhere between 3-7 AU in the midplane
of the early solar system. These regions are similar to, although more restrictive than, the formation
regions envisaged by ref. (6) and less restrictive than estimated by ref. (61).

2. Paleomagnetic Tests to Determine the Origin of the Magnetization
Two paleomagnetic tests were conducted to determine the robustness and the origin of the high
coercivity (HC) magnetization of the chondrules: the unidirectionality test and the conglomerate
test (/7). For a magnetization acquired by a chondrule in a uniform background field, we expect
subsamples of the same chondrule to have HC paleodirections within error of one another. To test
this, we split three chondrules (DOC3, DOCS5, and DOC6) into two mutually oriented pieces, each
of which we then AF demagnetized and measured (Fig. 2). Comparing the HC directions for the
subsamples from each chondrule, we found that all three pairs of subsamples have internally
consistent HC magnetization orientations, with mean directions within each other’s MADs,
supporting our conclusion that the dusty olivine chondrules acquired a stable, homogeneous TRM.
The conglomerate test establishes whether chondrules have been remagnetized since their
accretion onto the CO parent body. Remagnetization can occur due to post-accretional thermal
metamorphism and/or aqueous alteration on the parent body, heating during atmospheric entry,
secondary magnetic minerals produced during terrestrial weathering, and/or and isothermal
remanent magnetization (IRM) during sample handling. Because the chondrules were accreted
onto the parent body in random directions, chondrules that have not been remagnetized since
accretion should exhibit random HC directions. This is indeed what we observe (Fig. 2). Using
Egs. (3) and (4) from ref. (34), we calculated the critical value Ro that the resultant of N
nonrandomly oriented unit vectors exceeds 95% of the time. We then we compared this with the
length of the resultant of the HC vectors for chondrules from each meteorite, R. When R < Ry, we
cannot reject the hypothesis that the vectors are random with 95% confidence. Table S2
summarizes the results for the chondrules from ALHA 77307 and DOM 08006, showing that the
random hypothesis cannot be rejected with 95% confidence for both samples. This shows that
chondrules from both samples were not remagnetized since their accretion to the parent body.
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Fig. S1. Schematic showing the sample mounting procedure. (A) Oriented thick sections from
the meteorites ALHA 77307 and DOM 08006 were cut and then polished. Dusty olivine targets
were identified using reflective light. Orientation diagram is shown on the top right. (B) A region
around the sample was excavated prior to chondrule extraction. (C) Chondrules were extracted
using two methods described in the text. (D) Samples were mounted on nonmagnetic quartz disks
with standoffs to protect sample from rubbing against the SQUID microscope window.

3. Mineralogy of the chondrules

Fig. S4 shows the BSE images (Figs. S4A and D) together with interpretations of the WDS data
(Figs. S4B and E) for each sample. Tables S3-S4 summarize the measurements from the WDS
analyses for distinct grains. In both samples, we observe the presence of micrometer and sub-
micrometer sized Fe kamacite (a-Fe) inclusions in forsterite (Tables S3 and S4) supporting the
identification of these inclusions as dusty olivine chondrules (25). In DOC2, only we also observed
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Fig. S2. AF demagnetization of dusty olivine chondrules from ALHA 77307. (A) DOCI. (B)
DOC2. Shown are orthographic projections of the NRM vector endpoints. Closed symbols show
the Y-X projection of the moment; open symbols show Z-X projection of the moment. Samples
were oriented in the same coordinate system as samples shown in Fig. 1A-B. Colorbar shows the
AF level of the steps. Opaque symbols denote datapoints averaged across multiple AF levels while
semi-transparent symbols denote unaveraged data. Averaged levels are summarized in the Table
S1.

a single martensite (a2-FessNi2o) and single magnetite inclusion, with the latter likely associated
with minor alteration on the parent-body.

Figs. S4C and S4F show quantum diamond microscopy (QDM) maps showing
demagnetized NRM (Fig. S4C) and an ARM acquisition (Fig. S4F) of the same samples that we
obtained BSE images and conducted WDS analysis. We observe from both maps that the
distribution of the magnetic field is uniform, consistent with the presence of fine Fe grains
distributed uniformly throughout the sample’s volumes. This spatial distribution is characteristic
of the iron metal in dusty olivine chondrules. These maps are also inconsistent with large
concentrations of Fe on the grain exterior and/or along cracks where secondary minerals typically
form during aqueous alteration. Overall, these observations further support our conclusion that
these chondrules contain a magnetic record of the nebular field formed prior to their accretion on
the parent body.

4. Assessing Remanence Anisotropy

Anisotropy in samples can bias paleointensity and paleodirection estimates (62). To establish if
our chondrules required anisotropy corrections, we conducted consecutive ARM acquisitions for
each chondrule. Fig. S7 shows ARM acquisitions in a 200 pT bias field for the samples from which
we obtained paleointensities. We used an AC field of 400 mT for DOC1, 410 mT for DOC2, 100
mT for DOC3a, 60 mT for DOC3b, 100 mT for DOC4, 60 mT for DOC5a, 75 mT for DOC 5b,
70 mT for DOC 6a, and 100 mT for DOC 6b. For samples DOC1, DOC2, DOC3a, DOC3b and
DOCA4, the applied direction of the ARM was directly in the -z direction. For samples DOCS5b and
DOCG6b the direction of the applied ARM was in the +z direction. Overall, the direction of the
acquired ARM is within 15% of the direction of applied field for all samples. Because of this, we
chose not to apply an anisotropy correction to any of our samples.
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Fig. S3. AF demagnetization of dusty olivine chondrules from DOM 08006. (A) DOC3a. (B)
DOC3b. (C) DOCA4. (D) DOC5a. (E) DOC5b (F) DOC6a. (G) DOC6b. Shown are orthographic
projections of the NRM vector endpoints. Closed symbols show the Y-X projection of the moment;
open symbols show Z-X projection of the moment. Samples were oriented in the same coordinate
system as the samples in Fig. 1C-D. Colorbar shows the AF levels of the steps. Opaque symbols
denote datapoints averaged across multiple AF levels while semi-transparent symbols denote
unaveraged data. Averaged levels are summarized in the Table S1.
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Fig. S4. BSE images, WDS analysis and QDM maps for samples DOC2 (A-C) and DOC6b
(D-F). (A and D) BSE images with a white square showing the zoom in for (B) and (E). (B and
E) Magnified view of the BSE images in (A) and (D). WDS analysis shows the presence of pure
Fe in forsterite (oliv.) indicating that these samples are dusty olivine grains. We also observe the
presence of Fe,Ni metal inclusions and a magnetite (mag.) inclusion in the sample. (C and F)
QDM maps of the samples with dashed lines depicting the outline of the grains shown in (A) and
(D). (C) QDM map showing the last step of the demagnetization of a 200 uT ARM. (F) QDM
maps showing an ARM application (DC field 200 uT, AC field 100 mT) oriented in the into-the-
page direction. The saturation points in the QDM map are artifacts from the diamond. In both
maps, the magnetization originates from the region where the dusty olivine Fe grains are located.

5. Temporal or spatial variation?

To determine the probability that the measurements from the non-carbonaceous reservoir (//) and
those obtained in this study from the carbonaceous reservoir reflect a temporal variation in the
accretion rate, we conducted two numerical experiments using Monte Carlo simulations.
Specifically, we sought to test the hypothesis that a single step change in the magnetic field and,
by implication in the accretion rate, at some time #* could explain the differences in accretion rates
inferred from LL versus CO chondrules. A step change in the field is a limiting case because, if
optimally timed, it would be more likely to produce a larger difference in average paleointensity
between the two groups of chondrules than higher frequency field variations.

We started by fitting a normal distribution to the Al-Mg ages of the chondrules from
Semarkona (LL3.0) and Y-81020 (C0O3.0) (/2). For Semarkona, we obtained a mean = 2.0 Ma
after CAl-formation and standard deviation o= 0.4 Ma, while for Y-81020 we obtained a mean u
= 2.2 Ma after CAl-formation and standard deviation o = 0.4 Ma. For the first experiment, we
randomly drew 5 ages [the number of chondrules used in ref. (//) to determine the mean LL dusty
olivine chondrule paleointensity]| from the normal distribution of LL ages to represent the LL
chondrules from the non-carbonaceous reservoir. Similarly, we randomly drew 7 ages (the number
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Fig. SS. Paleointensity experiments for ALHA 77307. Shown is NRM lost versus ARM lost
during AF demagnetization of dusty olivine chondrules. (A) DOCI1. (B) DOC2. Red line shows
the least squares fit over the coercivity range used to calculate the paleointensity. Table S5 shows
the paleointensity and the 95% confidence interval for the fit.

of chondrules used to determine the paleointensity in this study) from the normal distribution of
CO ages to represent the chondrules we measured from the carbonaceous reservoir. The random
sampling from the normal distribution used the function normrnd in MATLAB. We repeated this
experiment for values of #* between 1 and 3 Ma after CAI formation to span the range of
chondrules ages. Because the LL and CO paleointensities support an aligned configuration
between the rotation axis of the disk and the net vertical magnetic field (see main text), we used
Eq. (3) from ref. (/0) taking f* = 10 and m = 10 to calculate the accretion rates. Using the mean LL
paleointensity of 54 uT and a formation region of 2 AU (3), and the mean CO paleointensity of
101 uT from this study with a formation region of 5 AU, we obtained accretion rates of 3.9x10~
solar masses (M) year! and 1.3x107 M, year!, respectively. We took the calculated LL accretion
rate as the low accretion rate value (M),,,), while the calculated CO accretion rate was taken as
the high accretion rate value (Mhigh). We identified two scenarios for the step change of the
accretion rate: (1) the accretion rate increased at #* and (2) the accretion rate decreased at ¢*. If the
randomly selected age was < ¢* for the increase/decrease case the low/high accretion rate was
assigned. If the randomly selected age > ¢*, for the increase/decrease case a high/low accretion
rate was assigned. We then averaged the accretion rate values for each reservoir and for each case.
This experiment was conducted 100,000 times. For each scenario, we calculated the ratio of the
mean accretion rate in the carbonaceous reservoir and the mean accretion rate in the non-
carbonaceous reservoir. Experiments that had this ratio > Mhigh /M= 1.3%x107 Mg year!/3.9x10°
¥ Mg year! ~33 were taken as realizations supporting a time-varying accretion rate in the first 3
Ma after CAI formation. We found that the highest probability of such scenario is 0.37% (Table
S6; Figs. S8 and S10A-B).

We also took a more conservative approach in which we used the +1c upper bound on the
LL paleointensities (/) of 54 + 21/2 = 64.5 uT to calculate M,,,, and the mean -1 lower bound
on the CO paleointensities (this study) of 101 —48/2 =77 uT to calculate Mhigh. For this case, we
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Fig. S6. Paleointensity experiments for DOM 08006. Shown are NRM lost versus ARM lost
during AF demagnetization of dusty olivine chondrules. (A) DOC3a. (B) DOC3b. (C) DOCA4. (D)
DOCS5b. (E) DOC6b. Red line shows the least squares fit over the coercivity range used to
calculate the paleointensity. Table S5 shows the paleointensity and the 95% confidence interval
for the fit.

also assumed that both samples formed at 3 AU. Using the same equations as before, we obtained
Miow = 1.5%10® M year! and My;g, = 2.2x10%'s Mg year. Similarly to the previous analysis,
experiments that had the ratio between the mean accretion rate in the carbonaceous reservoir to the
mean accretion rate in the non-carbonaceous reservoir > Mhigh /M =2.2x10° Mg year'/1.5x10°
8 M year! ~1.46, were taken as realizations that would satisfy that the measured magnetic fields
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Fig. S7. ARM acquisition by dusty olivine chondrules from ALHA 77307 and DOM 08006.
Each datapoint shows the ARM direction with a bias field of 200 uT and AF indicated in section
6. Red circles show the direction of the applied bias magnetic field. We also subtracted the last
NRM datapoint from the ARM acquisition.

[from ref. (/7) and this study] support a time varying accretion rate in the first 3 Ma after CAI
formation. The highest probability of such scenario was 0.40% (Table S6; Figs. S9 and S10C-D).

Finally, we also conducted Monte Carlo simulations using recently reported Al-Mg ages
with smaller measurement spot sizes for chondrules from Semarkona (63, 64) and chondrules from
the carbonaceous reservoir (Acfer 094 and Kaba) (65, 66). Note that some of these measurements
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Fig. S8. Monte Carlo simulations assessing the possibility that a temporal change in accretion
rates can explain the differences in accretion rates inferred from CO and LL paleointensities.
Each plot shows a histogram of the mean accretion rate in the carbonaceous reservoir (Mcc) over
the mean accretion rate in the non-carbonaceous reservoir (Mnc). Left column shows simulations
for an accretion rate that decreases at #*. Right column shows simulations for an accretion rate that
increases at *. From top to bottom are simulations for different choices of #*. Red line indicates
the threshold ratio of 33.

for Y-81020 have only appeared in abstract form. These recent Al-Mg measurements suggest that
the formation time of chondrules in the non-carbonaceous and the carbonaceous reservoir were
not contemporaneous and that previously reported measurements (/2) were affected by
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Fig. S9. Monte Carlo simulations assessing the possibility that a temporal change in accretion
rates can explain the differences in accretion rates inferred from CO and LL paleointensities.
Each plot shows a histogram of the mean accretion rate in the carbonaceous reservoir (Mcc) over
the mean accretion rate in the non-carbonaceous reservoir (Mnc). Left column shows simulations
for an accretion rate that decreases at #*. Right column shows simulations for an accretion rate that
increases at *. From top to bottom are simulations for different choices of #*. Red line indicates
the threshold ratio of 1.46.

disturbances of the Al-Mg system due to parent-body metamorphism (63). For the non-
carbonaceous reservoir, we used a mean of 4 = 2.0 Ma after CAl-formation and a standard
deviation of o= 0.1 Ma, while for the carbonaceous reservoir we used a mean of = 2.4 Ma after
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Fig. S10. Probabilities from Monte Carlo simulations. Each datapoint represents the percentage
of cases from 100,000 simulations in which our measurements represent temporal variations. ¢*
represents the time that the accretion rate (left) decreases and (right) increases, assuming ages for

the two reservoirs reported in ref. (11). (A, B) Assumes a threshold ratio of 33. (C, D) Assumes a
threshold ratio of 1.46.

CAl-formation and a standard deviation of o= 0.2 Ma. Experiments that had the ratio between the
mean accretion rate in the carbonaceous reservoir to the mean accretion rate in the non-
carbonaceous reservoir > Mhigh /Myow ~33 were taken as realizations that would satisfy that the
measured magnetic fields [from ref. (//) and this study] support a time varying accretion rate in
the first 3 Ma after CAI formation. The highest probability of such scenario was 32.7% (Table S6;
Fig. S11A-B). We also assumed a ratio > Mhigh /M;ow ~1.46 and the highest probability in this
case was 32.4% (Table S6; Figs. S11C-D).

Overall, our simulations show that it is unlikely, even for the most conservative cases, that

the samples obtained for this study and from previous measurements have recorded magnetic fields
that are consistent with a temporal variation in solar accretion rate.
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Fig. S11. Probabilities from Monte Carlo simulations. Each datapoint represents the percentage
of cases from 100,000 simulations in which our measurements represent temporal variations. ¢*
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a threshold ratio of 1.46.
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5-20;
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80-100
HC 20-90 11 231 8 Y 1121 347 9.6
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HC 5-50 6 32.1 14 Y 77.9 352 187
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HC 5-85 12 168 37.7 N 305.1 10 16.8
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DOC5b DOM B 8 1.7E-12 %%-_:;%’ HC 0-55 6 154 239 N 310.8 369 154
DOC6a DOM T 6 1.3E-12 40-50 HC 0-70 7 24 1 32.2 Y 599 -67.8 241
DOC6b DOM T 6 1.3E-10 55-100 HC 0-77.5 12 7.4 4 Y 157 -574 55

Table S1. Summary of PCAs of the dusty olivine chondrules. The first column lists the sample name, the second column lists the meteorite
(“ALHA” for ALHA 77307 and “DOM” for DOM 08006), the third column lists the orientation of the sample as measured in magnetometer
coordinates following the diagram from Fig. S1, the fourth column lists the magnetic moment of the NRM in Am?, the fifth column lists the steps
that were averaged in mT, the sixth column lists the name of the component (“LC” for low coercivity and “HC” for high coercivity), the seventh
column lists the range used to calculate the fit in mT, the eighth column lists the number of steps used to calculate the component, the ninth
column lists the maximum angle deviation (MAD) for the non-anchored component, the tenth column lists the deviation angle (DANG) for the
component, the eleventh column denotes whether the component is anchored (“Y” for yes and “N” for no), the twelfth through fourteenth columns
list the declination, inclination and MAD for the component.



Length of the Critical length of the

Meteorite N resultantofthe o1t of the vectors (Ro)
vectors (R)
ALHA 77307 2 1.51 1.85
DOM 08006 4 1.48 3.02

Table S2. Summary of the Watson’s randomness test for each meteorite. The first column lists the
meteorite name, the second column shows the number of chondrules, the third column shows the calculated
length of the results of the vectors, the fourth column shows the critical length of the resultant of the vectors
for a 95% confidence interval.



Sample Analysis SiO2 TiO2 AlkOs Cr.0s; FeO MnO MgO Ca0O Na20 NiO ZnO0  Total

DOC2 Forsterite 42.52  0.00 0.02 0.40 0.87 0.30 56.64 0.14 - - - 100.89
Forsterite 42.79  0.02 0.02 0.40 1.09 0.19 56.00 0.11 - - - 100.63
Forsterite 4255  0.01 0.02 0.38 0.72 0.22 56.18 0.24 - - - 100.33
Forsterite 42.62  0.02 0.05 0.37 0.73 0.25 56.62 0.16 - - - 100.81
Forsterite 42.58  0.01 0.03 0.32 0.69 0.24 56.54 0.14 - - - 100.55
Magnetite  1.48 0.00 0.08 265 82.03 0.06 0.62 0.12 - 2.57 0.00 89.61

DOC6b Forsterite 41.45 0.03 0.02 0.52 1.38 0.29 56.42 0.18 - - - 100.28
Forsterite 41.67  0.00 0.03 0.49 1.84 0.28 57.30 0.18 - - - 101.79
Forsterite 41.93  0.00 0.02 0.43 2.26 0.24 56.08 0.19 - - - 101.16
Forsterite 41.88  0.00 0.02 0.50 1.40 0.19 56.50 0.20 - - - 100.70
Forsterite 42.73  0.00 0.04 0.45 1.45 0.22 56.15 0.20 - - - 101.24
Magnetite  0.93 0.00 0.02 0.21 88.11 0.04 1.30 0.01 2.34 0.00 92.97

Table S3. Summary of WDS analysis of forsterite and magnetite conducted in samples DOC2 and DOC6b. The first column shows the
sample name, the second column shows the interpretation of the mineral, the third through thirteenth columns show the concentration of each
element (weight percent), and the fourteenth column shows the sum of the percentages.



Sample Analyses Fe Ni Cr Mn P S 0) Total
DOC2 Fe 93.64 0.06 0.91 0.05 0.03 0.03 3.55 98.26
Fe 94.13 0.06 1.05 0.01 0.02 0.00 2.89 98.17

Fe 93.36 0.06 1.21 0.11 0.03 0.02 4.18 98.97
Fe,Ni 68.12 20.35 1.11 0.00 0.46 0.75 9.94 100.73

Fe,Ni 77.82 4.59 0.66 0.04 0.45 0.45 11.43 95.44

DOC6b Fe 97.57 0.03 0.29 0.00 0.02 0.00 0.36 98.27

Fe 97.27 0.02 0.25 0.03 0.02 0.01 0.62 98.21

Fe 97.16 0.04 0.30 0.05 0.03 0.02 1.36 98.95

Table S4. Summary of WDS analysis of metal grains in samples DOC2 and DOC6b. The first column shows the sample name, the second
column shows the interpretation of the mineral, the third through seventh columns show the concentration of each element (weight percent), and
the eighth column shows the sum of the percentages.



Range

Paleointensity

95% Confidence

Sample Meteorite (mT) N P Fit Type ") Interval (uT)
DOCH1 ALHA 0-100 61 0.7 RMA 25.3 4.8
DOC2 ALHA 20-115 60 0.8 RMA 35.3 6.4

ALHA mean 30
95% confidence Interval 10

DOC3a DOM 20-75 72 0.2 OLS 20.5 26.3
DOC3b DOM 5-50 60 0.9 RMA 55.9 6.9
DOC4 DOM 5-90 108 0.8 RMA 30 3.9
DOC5b DOM 5-55 50 0.7 RMA 102.1 19.2
DOC6b DOM 5-50 60 1 RMA 85.1 6.7

DOM mean 59

95% confidence Interval 31

Mean Paleointensity 51

95% confidence Interval 24

Corrected Mean 101
Paleointensity

95% confidence Interval 48

Table S5. Summary of the statistics of the paleointensity of the dusty olivine chondrules. The first column lists the sample name, the second
column lists the meteorite (“ALHA” for ALHA 77307 and “DOM” for DOM 08006), the third column lists the AF range used for the fit to in
mT, the fourth lists the number of measurements used in the fit to ANRM versus AARM, the fifth column lists the correlation coefficient
associated with fits, the sixth column lists the fit type (“RMA” for reduced major axis and “OLS” for ordinary least squares), the seventh column
lists the paleointensity calculated from the fit in uT, and the eighth column lists the 95% confidence interval of the fit. For each meteorite, we
also show the mean and the 95% confidence interval. At the bottom, we list the grand mean and the grand mean corrected for chondrule spin
along with their 95% confidence intervals.



Probability of Temporal Variation in Accretion Rate

Threshold = 33
Rne=2 AU, Rec=5 AU Time of field change (t*, Ma after CAl formation)
Ages from ref. (11)

1.0 1.5 2.0 2.5 3.0
Field decreases at t* 0% 0% 0% 0% 0%
Field increases at t* 0% 0.005% 0.372% 0% 0%

Threshold = 1.46
RBnec = Rec=3 AU Time of field change (t*, Ma after CAl formation)
Ages from ref. (11)

1.0 1.5 2.0 2.5 3.0
Field decreases at t* 0% 0% 0.001% 0% 0%
Field increases at t* 0% 0.001% 0.404% 0.001% 0%

Threshold = 33
Rne = Rec=3 AU Time of field change (t*, Ma after CAl formation)
Ages from refs. (37-60)

1.0 1.5 2.15 2.5 3.0
Field decreases at t* 0% 0% 0% 0% 0%
Field increases at t* 0% 0% 32.372% 0.026% 0%

Threshold = 1.46
Rne = Rec=3 AU Time of field change (t*, Ma after CAl formation)
Ages from refs. (57-60)

1.0 1.5 2.15 2.5 3.0
Field decreases at t* 0% 0% 0% 0% 0%
Field increases at t* 0% 0% 32.388% 0.003% 0%

Table S6. Summary of selected Monte Carlo simulations used to the determine the probability that the measurements considered in
this study represent a time variation in the accretion rate. Shown are the probabilities for two distinct thresholds values, two distinct
locations for the carbonaceous and non-carbonaceous reservoirs, and two distinct set of ages. The two distinct thresholds (see Section 5)
represent the ratio between the accretion rate in the carbonaceous reservoir and the accretion rate in the non-carbonaceous reservoir. Columns
two through six show the probabilities for the nebular field changing at a time #*, where t* =1, 1.5, 2, 2.5 and 3.0 Ma after CAI formation,
respectively. The first row of each table shows the probability for the cases in which the accretion rate increases at ¢*, while the second row
of each table shows the probability for the cases in which the accretion rate decreases at #*.
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