
1. Introduction
The lifetimes of protoplanetary disks (PPDs) have important implications for the formation of planetary systems 
that emerge from them. Determining the lifetime of PPDs (i.e., the dissipation of the gas) constrains the formation 
time of gas giants and when gas-driven planetary migration can occur. The lifetimes of PPDs have been measured 
astronomically through observations of dust infrared spectral energy distributions (SEDs) (Haisch et al., 2001; 
Hernández et al., 2007). SED observations have provided evidence that disks pass through different stages during 
their evolution from that of protostars to transition disks (disks that have low or no near-infrared excess and high 
mid-to far-infrared excess) and to debris disks (no remaining gas) (Ercolano & Pascucci, 2017; Owen, 2016). 
With the exception of a few observed PPDs that are likely in the transition phase, the majority (∼90%) of 
observed PPDs are either in the PPD phase with a protostar or completely dissipated (Owen, 2016). This obser-
vation has been interpreted to suggest that PPDs have a two time-scale evolution during their lifetime: during 
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the first evolutionary stage, which lasts ∼3–5 million years (Myr), the disk evolves via magnetohydrodynamic 
and/or hydrodynamic processes, with angular momentum transported outward that enables accretion onto the 
star (Armitage & Kley, 2019; Gorti et al., 2016); during the second stage, the remaining gas disperses rapidly, 
in ≲1 Myr (Ercolano & Pascucci,  2017). Several modes of disk dispersal have been proposed (Ercolano & 
Pascucci, 2017), including photoevaporation by the central star (Alexander et al., 2006) or a nearby high-mass 
star (Concha-Ramírez et  al.,  2019; Scally & Clarke,  2001), magnetohydrodynamic (MHD) winds (Armitage 
et al., 2013; Bai, 2016; Shadmehri & Ghoreyshi, 2019; Suzuki et al., 2016), planet formation (Zhu et al., 2011), 
grain growth (Dullemond & Dominik, 2005), and close-binary effects (Ireland & Kraus, 2008). The two-timescale 
evolution is generally consistent with gas dissipation by photoevaporation and/or magnetohydrodynamic winds. 
Because the lifetimes of PPDs are far greater than the times over which we can observe them, testing the 
two-timescale hypothesis through observations of any one PPD is essentially impossible.

However, the two-timescale hypothesis can be tested using paleomagnetic measurements of our solar system's 
PPD, also known as the solar nebula. Due to the coupling of magnetic fields with gas, the nebular magnetic 
field is a proxy for the presence of gas in the disk, and thus the lifetime of the disk (Wang et al., 2017; Weiss 
et  al.,  2021). By obtaining paleomagnetic measurements from meteorites that formed at different times and 
locations, it is possible to constrain the lifetime and spatial evolution of the PPD of our solar system. Previous 
paleomagnetic studies of meteorites have provided evidence for a large-scale magnetic field present in the disk up 
to at least 𝐴𝐴 3.9

+0.4

−0.5
 Myr after the formation of the calcium-aluminum-rich inclusions (CAIs) (Borlina et al., 2021; 

Cournede et al., 2015; Fu et al., 2014). Additional studies have also found evidence for the dissipation of the gas at 
<3 AU (inner solar system) by 3.2–5.0 Myr after CAI-formation, with Pb-Pb ages indicating a mean dissipation 
time by 3.71 ± 0.2 Myr after CAI-formation (Wang et al., 2017; Weiss et al., 2021).

Here we use carbonaceous chondrites to obtain better constraints on the timescale of the dissipation of the 
solar nebula. Carbonaceous chondrites are unmelted accretional aggregates of refractory inclusions (CAIs and 
ameboid olivine aggregates), chondrules, and matrix, which likely formed in the 3–7 AU region (i.e., outer solar 
system) (Scott & Krot, 2013). In this study, we investigate the magnetic record of bulk subsamples of carbona-
ceous chondrites that contain all of these constituents. If not overprinted or remagnetized, chondrules and refrac-
tory inclusions are expected to carry pre-accretional magnetic records, while the matrix would have recorded a 
post-accretional magnetic record obtained during parent body alteration. Paleomagnetic measurements conducted 
with bulk samples are likely to provide magnetic records from the matrix material, because if chondrules and 
refractory inclusions are randomly oriented in the bulk and, even if magnetized, the magnetic moments of the 
inclusions cancel out, the matrix would dominate the magnetic record (see Supplementary Information).

We report on paleomagnetic measurements of bulk matrix-rich material of two carbonaceous chondrites from the 
CO group. A previous study of the CV chondrite Kaba provided an upper limit on the magnetic field at 3–7 AU 
of <0.3 μT at 𝐴𝐴 4.2

+0.8

−0.7
 Myr after CAI-formation (Doyle et al., 2014; Gattacceca et al., 2016). We further investigate 

this region by targeting another group of carbonaceous chondrites that likely acquired a post-accretional magnetic 
record in this region but that, unlike Kaba, is much less likely to carry thermally induced parent body magnetic 
overprints. If magnetite could have acquired its magnetic record during alteration in the parent body, we show 
that the matrices of the CO chondrites carry no stable natural remanent magnetization (NRM) despite having high 
fidelity magnetic recording properties and ferromagnetic minerals that formed after accretion. We show that the 
lack of magnetization in the matrix of the CO chondrites, together with previous paleomagnetic measurements, 
suggests that the dissipation of the outer solar system nebula occurred by ∼4.2 Myr after CAI-formation. By 
comparing the inner and outer solar system lifetimes of the nebula, we find that the outer solar nebula dissi-
pated <1.5 Myr after the dissipation of the inner solar nebula, suggesting that our solar nebula passed through a 
dual-timescale evolution. We also discuss future work necessary to obtain robust records of the solar nebula by 
conducting paleomagnetic and rock magnetic measurements of bulk chondrites. This includes obtaining more 
high-precision ages from relevant meteorites and conducting experimental work to establish the mechanisms for 
acquisition of magnetic field records during parent body alteration, including if secondary magnetite can record 
crystallization remanent magnetization (CRM) imparted by the solar nebula field.
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2. Materials and Methods
2.1. Samples

In this study, we focused on the type 3.03 CO chondrite Allan Hills (ALH) A77307 (Bonal et al., 2007) and on 
the type 3.00 CO chondrite Dominion Range (DOM) 08006 (Davidson et al., 2019). We selected these samples 
for several reasons. First, they formed magnetite during aqueous alteration on their parent body, so they can 
potentially provide constraints on the intensity of the local ambient magnetic field present during this process 
(Doyle et al., 2014). Second, they have ferromagnetic inclusions (e.g., magnetite; see below) with high-fidelity 
paleomagnetic properties (Alexander et al., 2018; Davidson et al., 2019; Sridhar et al., 2021). Third, they experi-
enced very minor heating after parent body aqueous alteration, thereby better preserving a magnetic record dating 
to the time of this early alteration rather than slightly later during subsequent metamorphic heating and cooling 
(Davidson et al., 2019).

2.1.1. CO Carbonaceous Chondrites

Subsamples ALHA77307,157 (0.57 g) and DOM 08006,102 (2.8 g) were obtained from the US Antarctic Mete-
orite program (ANSMET). These were chipped from the meteorite at NASA Johnson Space Center (JSC) and did 
not contain any faces from band sawing at JSC that could have resulted in thermal remagnetization during cutting 
(e.g., Mighani et al. (2020); Tikoo et al. (2017)). Each subsample contained fusion crust on one of their faces.

Both meteorites experienced aqueous alteration and metamorphism on their parent body as indicated by the pres-
ence of a small fraction of metal (∼2 vol.%) in the matrix and on the edges of chondrules, with most of the metal 
having been altered to magnetite (Bonal et al., 2016; Davidson et al., 2019). ALHA77307 experienced minor 
terrestrial weathering (Ae grade) and is estimated to have experienced a peak parent body metamorphic tempera-
ture between 200 and 300°C (Bonal et al., 2016). DOM 08006 has experienced minor terrestrial weathering (A/B 
grade) (Davidson et al., 2019) and has experienced similar or slightly lower peak temperatures in the parent body 
than ALHA77307 (Alexander et al., 2018). ALHA77307 and DOM 08006 did not exceed peak shock pressures of 
5 GPa (Li et al., 2021; Scott et al., 1992). Overall, these observations suggest that ALHA77307 and DOM 08006 
potentially carry records of magnetic fields acquired during parent body aqueous alteration.

The paleomagnetism of the CO chondrites has been briefly studied before (see Weiss et al. (2010) for the complete 
list of magnetic measurements with CO chondrites). A previous study conducted thermal demagnetization of 
saturation magnetization of four CO3 chondrites (Herndon et al., 1976), which found that one contains magnet-
ite as the major magnetic phase, while the remaining samples contained magnetite along with iron metal as the 
main magnetic phases. Two previous exploratory paleomagnetic studies obtained paleointensities from CO chon-
drites. Measurements of bulk subsamples of the CO3 chondrite Acfer 333 identified a low coercivity component 
(0–15 mT) associated with an isothermal remanent magnetization (IRM) (likely from a collector's hand magnet) 
and a high coercivity component (30–120 mT) with a paleointensity of 6 μT (Gattacceca & Rochette, 2004). 
Another study of bulk subsamples of the CO3.05 Yamato 81020 meteorite reported a high blocking temperature 
(320–640°C) component with a paleointensity of 9 μT (Nagata et al., 1991). A paleomagnetic study of dusty 
olivine chondrules from ALHA77307 and DOM 08006 suggest that these meteorites have not been remagnet-
ized since accretion to the parent body due to their random high coercivity magnetic directions among mutually 
oriented chondrules (Borlina et  al., 2021). Here we use ALHA77307 and DOM 08006 to conduct a detailed 
paleomagnetic study with their bulk samples.

Previous mineralogical and petrological studies of the matrix of DOM 08006 have reported the presence of 
the ferromagnetic minerals kamacite (FexNi1-x; with x = 92–93), magnetite, and pyrrhotite (Fe1-xS; with x ∼ 0) 
(Alexander et al., 2018; Davidson et al., 2019; Schrader et al., 2021). Similar minerals have been reported for 
ALHA77307 (Alexander et al., 2018; Davidson et al., 2019; Grossman & Brearley, 2005; Schrader et al., 2021). 
The amount of magnetite (6–8 wt.%) is higher than sulfide (2–3 wt.%) and metals (1–2 wt.%) in the matrix of 
DOM 08006 (Alexander et al., 2018). Below we discuss why magnetite is likely to dominate the magnetic record 
of these samples. In a recent study, first-order reversal curves of DOM 08006 show a tri-lobate geometry, which is 
consistent with the magnetic carriers being predominately in vortex state (Sridhar et al., 2021). Because magnet-
ite is the most abundant magnetic recorder and has the highest susceptibility (see Section 2.1.2), we conclude 
that the magnetite grains are dominantly in the vortex state, such that they are robust magnetic recorders with 
relaxation times greater than the age of the solar system (Nagy et al., 2019).
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Because magnetite formed during parent body alteration (Davidson et al., 2019) and was not subsequently heated 
above 300°C, the magnetic record of these samples should be predominately in the form of CRM. No radio-
genic ages have been reported for ALHA77307 and DOM 08006. Previous work determined a  53Mn- 53Cr age 
from  aqueously formed fayalite of 𝐴𝐴 5.1

+0.5

−0.4
 (2σ) Myr after CAI-formation from MacAlpine Hills (MAC) 88107, 

a chondrite that formed from precursor material that had isotopic similarities to that of the CO parent body but 
has not been categorized as a CO chondrite (Doyle et al., 2014; Torrano et al., 2021). As such, this measured 
age is likely a proxy for the youngest possible age of magnetite formation on the CO chondrite parent body. 
Furthermore, Al-Mg ages of chondrules from CO chondrites suggest that they formed at 2.1 ± 0.8 Myr after 
CAI-formation (Borlina et  al.,  2021; Kita & Ushikubo,  2011) and recent modeling to explain the inventory 
of CAIs among different chondrite groups suggests that the CO chondrite parent body accreted at ∼2.7 Myr 
after  CAI-formation (Desch et al., 2018). Thus, we can place a lower limit on the alteration age of the CO chon-
drites of 2.7 Myr after CAI-formation, while an upper limit can be obtained by using MAC 88107's alteration age 
of 5.1 Myr after CAI-formation.

2.1.2. Magnetite as the Main Magnetic Carrier of Bulk Samples

Because bulk samples contain magnetic minerals that are pre-accretional (e.g., kamacite) and post-accretional 
(e.g., magnetite) in origin, it is important to establish which one of them will dominate the magnetization record. 
The NRM M, measured in the laboratory, is proportional to the magnetic field B, experienced by the sample, 
through:

M =
𝜒𝜒𝑅𝑅

𝜇𝜇0

B, (1)

where χR is the remanent susceptibility of the sample (Dunlop & Özdemir, 1997) and μ0 is the vacuum permea-
bility. We can write χR as (Kletetschka & Wieczorek, 2017):

𝜒𝜒R ∼
Mrs

cMs

=
s

c
, (2)

where Mrs is the saturation remanent magnetization, Ms is the saturation magnetization, s = Mrs/Ms is the square-
ness ratio, and c is a grain-shape dependent constant. Thus, for a sample that contains magnetite and kamacite, we 
can determine χR based on the sum of the remanent susceptibilities of each mineral through:

𝜒𝜒𝑅𝑅 = 𝜒𝜒mag + 𝜒𝜒kam, (3)

𝜒𝜒mag ∼ 𝑠𝑠mag, (4)

𝜒𝜒kam ∼ 𝑠𝑠kam, (5)

where χmag and smag are the remanent susceptibility and squareness of the magnetite and χkam and skam are the 
remanent susceptibility and squareness of the kamacite, where we have assumed the grain-shape dependent 
constants for magnetite and kamacite are similar (ckam ∼ cmag). Taking the ratio between Equations 4 and 5, we 
have:

𝜒𝜒mag

𝜒𝜒kam

=
𝑠𝑠mag

𝑠𝑠kam
. (6)

Because most magnetite is likely to be in the single-vortex and single-domain state while kamacite is likely to 
be multi-domain, we can assume smag/skam > 100 (Dunlop, 2002). Thus, χmag > 100χkam, indicating that magnetite 
will be the main magnetic carrier of the NRM in these samples.

2.1.3. Formation Region of the CO Carbonaceous Chondrites

The existence of a dichotomy in various stable isotopic systems (Kruijer et al., 2020; Scott et al., 2018) provides 
evidence that carbonaceous and non-carbonaceous meteorites formed in two distinct reservoirs. Although the 
exact locations for these reservoirs are unclear, it is generally thought that carbonaceous chondrites likely formed 
at >3 AU (Brasser & Mojzsis, 2020; DeMeo & Carry, 2014; Desch et al., 2018; Kruijer et al., 2020; Morbidelli 
et al., 2015). Measurements of water contents from CI, CM, CR, and LL chondrites provide evidence that carbo-
naceous chondrites formed at <7 AU (Sutton et al., 2017). Thus, we assume the formation region of the carbo-
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naceous chondrites to be between 3 and 7 AU. We also assume that chondrite parent bodies originate from the 
midplane region of the PPD because drag forces on 0.1-mm-sized grains lead them to settle on the midplane of 
the PPD, resulting in the formation of the parent bodies in that region (Weiss et al., 2021).

2.2. Paleomagnetic and Rock Magnetic Experiments

Sample preparation and paleomagnetic analyses were conducted in the Massachusetts Institute of Technology 
(MIT) Paleomagnetism Laboratory. Samples from each meteorite were obtained by cutting with a wire saw 
cooled with ethanol to avoid acquisition of partial thermal remanent magnetization (pTRM) during cutting. We 
obtained eight mutually oriented samples from ALHA77307 and eleven mutually oriented samples from DOM 
08006. Table 1 summarizes the mass and distance from the fusion crust to the outer edge of each sample. Pale-
omagnetic measurements were obtained in a magnetically shielded room (residual field ∼200 nT) using a 2G 
Enterprises Superconducting Rock Magnetometer (SRM) 755R equipped with an automatic alternating field 
(AF) three-axis degausser and remagnetization system (Kirschvink et al., 2008). The three-axis moment noise 
level of the MIT 2G SRM is <1 × 10 −12 Am 2 (Wang et al., 2017).

We AF demagnetized four samples from ALHA77307 (one containing fusion crust and the remaining from 
>1.8  mm away, into the interior) and eight samples from DOM 08006 (one containing fusion crust and the 
remaining from >1 mm away, into the interior). These samples were glued with cyanoacrylate cement onto a 
nonmagnetic quartz holder with magnetic moments of <4 × 10 −12 Am 2. Samples were demagnetized with AF 
up to 145 mT to identify NRM components. We measured the magnetic moment after the AF application in each 
one of three directions and averaged the measurements to reduce spurious anhysteretic remanent magnetiza-
tion (ARM) and gyroremanent magnetization (GRM) (Stephenson, 1993). We also applied ARMs (AC field of 
260 mT and DC bias field of 50 μT) to these samples and AF demagnetized them up to 145 mT. Paleointensities 
were estimated for these samples using the ARM method (Tikoo et al., 2014).

We followed the in-field zero-field zero-field in-field (IZZI) double heating protocol to obtain paleointensities 
(Yu et al., 2004). Heating measurements were performed using an ASC Scientific TD48-SC thermal demagnet-
izer in air with thermal accuracy better than ±5°C. Samples were heated to the set temperature for 20 min and 
cooled within 40 min to room temperature. For ALHA77307 and DOM 08006, we initiated the IZZI protocol 
at 325 and 50°C, respectively, with steps below these being only thermally demagnetized (i.e., only heating in 
zero-field). The IZZI protocol was conducted in steps of 50°C, with a 50 μT bias field and pTRM checks in 
100°C steps to determine whether thermochemical alteration could have occurred during the measurements. We 
note that failed pTRM checks in the absence of thermochemical alteration can also occur due to the presence of 
multi-domain magnetic carriers (Wang & Kent, 2021). Samples were taped to nonmagnetic quartz holders for 
measuring their magnetic moment. We thermally demagnetized four samples of ALHA77307 (two containing 
fusion crust and two interior samples) to identify NRM components and obtain additional paleointensity esti-
mates. Initially, three interior samples of DOM 08006 were thermally demagnetized. However, two of these 
broke into two mutually oriented subsamples each at 350°C, leading to five thermally demagnetized samples. 
We conducted the IZZI protocol with two of these five samples. For three samples of ALHA (two fusion crusted 
and one interior), we removed low coercivity components (up to 21 mT) with AF demagnetization prior to the 
start of the IZZI protocol. We AF demagnetized to the same levels after each in-field step during the protocol. 
We also thermally demagnetized an ARM application (AC field of 145 mT and DC bias field of 50 μT) of two 
ALHA77307 samples, following AF demagnetization of the NRM, to identify the Curie temperature of the ferro-
magnetic carriers.

Fits for both the ARM and IZZI paleointensities were obtained either using ordinary least squares (OLS) or 
reduced major axis (RMA) (Borlina et al., 2021; Smith, 2009). The quality of the results from the IZZI protocol 
were quantified using the PICRIT03 criteria (Paterson et al., 2014), which quantify thermochemical alteration 
during the protocol. Principal component analysis (PCA) was used to determine the direction and maximum 
angular deviation (MAD) of the magnetic components identified during the AF and thermal demagnetization 
(Kirschvink, 1980). To identify any origin trending components, we calculated the deviation angle (DANG). 
For samples in which DANG  <  unanchored MAD, we calculated the PCA with an anchored fit (Tauxe & 
Staudigel, 2004).
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Sample
Weight 
(mg)

Distance from 
fusion crust 

(mm) Component
Range (mT 

or °C) N
Declination 

(°)
Inclination 

(°)
MAD 

(°)
DANG 

(°)

Anchored 
declination 

(°)

Anchored 
inclination 

(°)
Anchored 
MAD (°)

NRM/
ARM

ALHA.a 5.51 fusion crusted LC 0–20.5 mT 41 118.5 −4.9 4.6 – – – – 4.8

HC 26–410 mT 125 288.6 9.4 3.4 2.4 289.8 9.1 2.7 –

ALHA.b 7.68 1.8 LC 0–39 mT 64 148.1 11.5 1.1 2.5 149 12.1 1.5 2.1

HC* 39–145 mT 87 175.5 3.7 33.7 – – – – –

ALHA.c 9.03 3.2 LC 0–58 mT 83 155.5 18.4 1.8 3.4 154.7 17.6 2.2 2.2

HC* 58–145 mT 68 358 −1.3 40.9 – – – – –

ALHA.d 6.15 4.9 LC 0–55 mT 80 163.2 15.8 3.6 4.1 161.7 14.8 3.4 1

HC* 55–145 mT 71 157.5 11.7 38.6 – – – – –

ALHA.e 1.10 fusion crusted LC 0–18.5 mT 36 119.3 −20.3 3.9 – – – – –

HT 251–580°C 17 277.4 0 10.9 19.2 290.7 0.7 10.7 –

ALHA.f 0.60 fusion crusted LC 0–19 mT 39 123.7 −11 5.1 – – – – –

HT 251–580°C 20 281.3 9.1 16.1 20.8 294.7 6.7 10.5 –

ALHA.g 2.00 4.5 LT 0–425°C 11 158.9 5.6 5.7 – – – – –

HT* 425–580°C 12 357.1 −3.3 33.5 34.9 357.8 27.7 19.8 –

ALHA.h 0.60 5.8 LC 0–21 mT 42 152.8 6.5 5.5 – – – – –

LT 51–375°C 8 112.9 −2.1 33.9 32.9 144.1 −4.5 14.1 –

HT* 375–570°C 13 160.8 −6.6 30.5 – – – – –

DOM.a 1.03 fusion crusted HC 0–145 mT 150 32.8 46.9 2.2 1.6 32.6 47.7 1.8 2.75

DOM.b 1.37 1.0 LC 0–10 mT 20 30.4 3.9 4 12.6 30.4 −4 6.6 0.14

HC* 10–145 mT 131 147.7 −77.1 40.3 – – – – –

DOM.c 2.34 2.0 LC 0–7.5 mT 15 29.6 6.7 3.7 – – – – 0.04

HC 19–145 mT 113 236.3 −37.6 17.3 13.3 244.9 −36.3 13.9 –

DOM.d 1.61 3.1 LC 0–6 mT 12 34.3 16.8 5.5 – – – – 0.27

MC 6–17.5 mT 24 80.7 −30.2 30 – – – – –

MC 17.5–32 mT 23 204.5 −62.6 25.6 48.9 303.4 −54.7 13.4 –

HC* 32–145 mT 94 309.1 11 39 – – – – –

DOM.j 1.75 7.6 LC 0–28 mT 53 120.2 53.4 4.4 – – – – 0.64

MC 28–45 mT 18 200.8 75.4 18.8 7.9 189.8 69.9 9.2 –

HC* 45–145 mT 81 149.7 38.7 49 – – – – –

DOM.k 3.28 6.9 LC 0–9.5 mT 19 66.1 22.6 4.9 – – – – 0.24

MC 9.5–24 mT 30 72.9 46.5 12.8 39.5 114 32.1 14.8 –

HC* 24–145 mT 103 171.8 −30.6 42.3 – – – – –

DOM.l 3.50 5.8 LC 0–6 mT 12 35.6 11.7 2.6 – – – – 0.33

MC 6–28 mT 42 207 12.9 40.3 – – – – –

HC 28–145 mT 98 100.4 −22.7 35.2 11.3 94.7 −15.5 21 –

DOM.m 1.71 4.8 LC 1–15.5 mT 30 45 29.7 10.6 37.9 57.5 50.1 19.8 0.22

HC* 15.5–
145 mT

120 119.8 54.2 44.4 – – – – –

DOM.g 1.78 2.0 LT 0–350°C 8 357.1 −23.2 20.2 – – – – –

HT* 350–650°C 7 352.2 −37.9 33.8 – – – – –

DOM.
ha**

1.13 3.0 LT 0–350°C 8 39.2 −9.1 8.2 – – – – –

HT* 350–650°C 7 10.6 15.9 33.4 – – – – –

Table 1 
PCA Fits for ALHA77307 and DOM 08006
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Because the non-fusion-crusted samples contain CRMs, both the ARM and the IZZI methods cannot reliably 
reproduce in the laboratory the natural process by which the NRM was acquired by these samples. Therefore, 
knowledge of the ratio of CRM to ARM and CRM to thermal remanent magnetization (TRM) is required to obtain 
paleointensity estimates from these experiments. Unfortunately, these are poorly constrained. Previous studies 
determined a TRM to ARM ratio f’ of 3.33 for magnetite and Fe-Ni bearing samples, which has an estimated 
2σ that could be of at least a factor of 5 (Weiss & Tikoo, 2014). For alteration timescales of a year to millions of 
years, such as those experienced by carbonaceous chondrites (Dyl et al., 2012; Ganino & Libourel, 2020; Krot 
et al., 2006), TRM/CRM can be ∼1–2 (McClelland, 1996). For shorter alteration timescales (∼10 3 s), this ratio 
can be as large as ∼5–10 (McClelland, 1996). For this study, we assume that TRM ∼ CRM and we use f’ = 3.33 
for the ARM method. We note that the paleointensities and recording limits described here are likely to be 
underestimations and future experiments are necessary to fully determine the CRM to ARM ratio as we discuss 
in Section 5.

We sought to estimate the minimum paleointensity that we could recover from our samples using the ARM 
method (Bryson et al., 2017; Tikoo et al., 2012). We determined this for each sample by applying a sequence of 
ARMs (AC field of 145 mT) with DC bias fields ranging from 1 to 10 μT. We then attempted to retrieve these 
paleointensities using the ARM method described above (using an ARM bias field of 50 μT) in the same coerciv-
ity range used to determine the paleointensity. We quantified the accuracy and precision of the retrieved paleoin-
tensity estimates with deviation of the retrieved magnetic field from the applied field (D’) and the uncertainty of 
the retrieved field (E) metrics (Bryson et al., 2017; Tikoo et al., 2012). Again, we assumed f’ = 3.33 such that the 
range of applied CRM-equivalent paleointensities were 0.3–3 μT. For a given sample, we estimate the minimum 
paleointensity that can be recovered as the lowest value for which a sample presented −0.5 < D’ < 1 and E < 1.

We also experimentally determined the viscous remanent magnetization (VRM) acquisition and decay rate of 
one of our samples from DOM 08006 to determine what fraction of the NRM could have been acquired through 
VRM. We exposed a previously demagnetized sample for 37 days in a terrestrial field of 46 μT and measurements 
were taken periodically during this time. VRM decay was measured while the sample was kept inside a magnet-
ically shielded room (∼200 nT) for 14 days and measured periodically.

3. Results
3.1. ALHA77307

All AF-demagnetized samples contained a low coercivity (LC) component (blocked up to 58 mT) that had direc-
tions with overlapping MADs (Figure 1; Table 1). The fusion-crusted samples also contained a high coercivity 
(HCf) component blocked between 26 and 410 mT (Figure 1). By comparison, further AF demagnetization of 

Table 1 
Continued

Sample
Weight 
(mg)

Distance from 
fusion crust 

(mm) Component
Range (mT 

or °C) N
Declination 

(°)
Inclination 

(°)
MAD 

(°)
DANG 

(°)

Anchored 
declination 

(°)

Anchored 
inclination 

(°)
Anchored 
MAD (°)

NRM/
ARM

DOM.
hb**

2.23 3.1 LT 0–200°C 5 42.3 −9 7.4 – – – – –

HT* 200–650°C 10 335.6 30.2 40.2 – – – – –

DOM.
ia***

2.71 3.8 LT 0–350°C 8 34.8 −6.4 13.9 – – – – –

HT* 400–600°C 5 198.8 −6.1 20.1 – – – – –

DOM.
ib***

0.67 3.8 LT 0–350°C 8 34.8 −6.4 13.9 – – – – –

HT* 400–600°C 5 171.5 8.8 27.1 – – – – –

Note. The first column shows the sample name, the second shows the weight (in mg) of the sample, the third shows the distance from the fusion crust (in mm; “fusion-
crusted” if the sample contained fusion crust), the fourth shows the name of the component (LC = low coercivity, MC = medium coercivity, HC = high coercivity, 
LT = low temperature and HT = high temperature), the fifth shows the range of levels/temperatures used in the PCA fit (in mT or °C), the sixth shows the number of 
data points in the PCA fit, the seventh, eighth, and ninth show the declination, inclination, and maximum angular deviation (MAD) for the fit without anchoring to 
the origin, the tenth shows the deviation angle (DANG) between anchored and non-origin-anchored fits, the eleventh, twelfth, and thirteenth show the origin-anchored 
declination, origin-anchored inclination, and origin-anchored MAD for the fits, and the fourteenth shows the NRM to ARM (AC field of 145 mT with a DC bias field 
of 50 μT) ratio. * indicate non magnetized range; ** and *** show subsamples from one sample.
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the interior samples to 145 mT demonstrated that they contained little or no stable magnetization in this high 
coercivity (HC) range after removal of the LC component (Figure 1; Figure S1 in Supporting Information S1). 
PCA fits to the HC range for three of the five interior subsamples yield directions similar to the LC component 
despite large MADs and noisy demagnetization.

Using the ARM method, the fusion-crusted samples yielded an apparent paleointensity of 358.5 ± 15.8 μT (these 
and all other reported uncertainties are 2σ) for the LC component and a paleointensity of 26.7 ± 0.8 μT for the 
HCf component (Figure S2 in Supporting Information S1). The presence of an LC component with clustered 
directions among all four samples and the high apparent paleointensity retrieved from the LC component suggest 
that ALHA77307 was exposed to contamination from a magnet (i.e., IRM) after atmospheric entry. We note that 
the fact that the fusion-crusted samples were not completely IRM-remagnetized (i.e., they have both LC IRM 
overprint and the HCf component) and that the paleointensity of the HCf component has a strength similar to 
Earth's magnetic field implies that the HCf component is likely a TRM acquired during atmospheric entry. The 
presence of an HCf component in the fusion-crusted samples and not in interior samples also demonstrates that 
ALHA77307 was not completely thermally remagnetized by atmospheric entry or IRM-remagnetized after land-
ing. The fact that two subsamples presented LC-like direction for their HC fits may be because a small fraction of 

Figure 1. AF and thermal demagnetization of samples from ALHA77307. Selected orthographic projections of NRM vector endpoints during AF and thermal 
demagnetization for samples (a) ALHA.a, (b) ALHA.e, (c) ALHA.b, and (d) ALHA.g. Closed symbols show the north-east (N–E) projection of the magnetization 
and open symbols show the up-east (U–E) projection of the magnetization. Selected AF and thermal steps are labeled. (a) and (c) show AF demagnetization from 
fusion-crusted and interior samples (>1 mm away from fusion crust), respectively. (b) and (c) show thermal demagnetization from fusion-crusted and interior 
samples, respectively. (f)–(g) show equal area stereonets with the directions of low coercivity/low temperature (LC/LT) and high coercivity/high temperature (HC/
HT) components from all samples measured from ALHA77307. Open and closed symbols represent upper and lower hemispheres, respectively. Red symbols show 
components from thermal demagnetization, while blue symbols show components from AF demagnetization. Squares show fusion-crusted samples, while circles show 
interior samples. Black data points in equal area stereonets show the HC components from dusty olivine chondrules from Borlina et al. (2021).
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grains demagnetizing in the HC range have residual IRM not demagnetized in the LC range, as may occur when 
none of the three AF axes are not coaligned with the IRM field direction (Stephenson, 1983).

The ARM method applied to the apparently nonmagnetized HC range of the interior samples (Figure S2 in 
Supporting Information S1) yielded a paleointensity of 2.2 ± 0.9 μT (Table 2). Although the 2σ uncertainty does 
not formally encompass zero paleointensity, this may be due to residual undemagnetized IRM overprint of some 
grains in the HC range or spurious ARM acquired from the AF. In any case, the low paleointensity value and the 
lack of a unidirectional and stable component in the HC range (Figure S2 in Supporting Information S1) suggest 
that a weak or null field was present when ALHA77307 acquired its magnetic record. Figure 2 and Table 2 show 
that the interior sample (ALHA.d) can record fields >0.9 μT. We note that even though the HC components 
of  the interior samples have high MADs, the means of two interior samples are similar to the direction of the LC 
component. As discussed above, this suggests that the presence of an IRM overprint could have implications for 
the HC range, specifically making it challenging to identify potential magnetic records in this range. If we ignore 
the interior samples that had HC components similar to the direction of the LC components, we have one sample 
(ALHA.c) that yielded a paleointensity of 1.5 ± 0.5 μT and can record fields >1.5 μT (Table 2).

Thermal demagnetization of a 50  μT ARM applied to two of the interior samples that were previously AF 
demagnetized shows that the magnetic remanence is carried by sulfide, magnetite (the main magnetic carrier; 
see Section 2.1.2), and Fe-metal, likely awaruite (Figure S3 in Supporting Information S1), consistent with the 
expected mineralogy of CO chondrites (Section 2.1.1).

The results of the IZZI protocol are presented in Table 3 and Figure S4 in Supporting Information S1. After the 
removal of the LC component from the fusion-crusted samples, we observed high temperature (HTf) components 
(250–580°C) oriented close to the directions of the HCf components (Figure 1). The fusion-crusted samples 
successfully passed the PICRIT03 criteria, indicating minimum thermochemical alteration during laboratory 
heating. The paleointensities retrieved from the HTf components were of 13.9  ±  4.7  μT and 13.9  ±  5.4  μT 
(Table 3; Figure S4 in Supporting Information S1). These are within error of the ARM paleointensities retrieved 
from the HCf component given the uncertainties in the values of ARM/CRM and TRM/CRM. One interior 
sample (ALHA.g) had an LT component (0–425°C) similar in direction to the LC components of the other 
samples followed by an origin-trending HT component (425–580°C) oriented close to the direction of the 
laboratory field. The latter may have resulted from thermochemical alteration during the heating experiments 
(Figure 1d). The other interior sample (ALHA.h; LC removed with AF prior to the IZZI protocol) also had an 
LT component (51–475°C) oriented in the direction of the LC components of the other samples (Figure S1d in 
Supporting Information S1). Due to thermochemical alteration during heating experiments, both interior samples 
fail multiple PICRIT03 alteration selection criteria (Table 3; Paterson et al., 2014), which implies that the HT 
component paleointensities of the interior samples cannot be reliably estimated.

In summary, the LC/LT component common to all samples is likely an IRM that did not completely overprint the 
sample, almost certainly acquired during sample handling. The HCf/HTf component, which is only present in the 
fusion-crusted samples, is consistent with magnetization acquired during heating from atmospheric entry in Earth's 
magnetic field. The lack of components, large MADs, and the fidelity tests among interior samples suggest that 
the ancient field environment was less than 0.9 μT when ALHA77307 acquired its magnetization. Nonetheless, 
the IRM overprint in the low coercivity range makes it challenging to obtain robust constraints from ALHA77307.

3.2. DOM 08006

All AF-demagnetized DOM 08006 samples from the interior had a common LC component blocked up to 
28 mT (Figure 3 and Figure S5 in Supporting Information S1; Table 1). The fusion-crusted sample had a single 
origin-trending HCf component blocked up to 145 mT (Figure 3). Using the ARM method, we obtained a paleo-
intensity of 39.5 ± 0.4 μT for the HTf component of the fusion-crusted sample, consistent with Earth's magnetic 
field strength as recorded during atmospheric entry (Table 2; Figure 4).

Four interior samples had medium coercivity (MC) components with coercivities up to 45 mT (Figure 3), but 
no stable HC magnetization blocked beyond this. A fifth sample had an HC component between 19 and 145 mT 
(Figure S5a in Supporting Information S1). The remaining two samples did not carry any components blocked 
above 15 mT. PCA of the HC range yields scattered directions and MAD values >40° for most samples (Figure 3; 
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Sample
Distance from fusion 

crust (mm) Range (mT) N ρ Fit type
Paleofield 

(μT) 95% conf int (μT)
Recording 
limit (μT)

ALHA.a fusion crusted 0–10 20 1 OLS 358.5 15.8 –

26–145 100 0.99 RMA 26.7 0.8 –

ALHA.b 7.7 0–10 20 0.99 OLS 206.9 10.2 –

39–145 87 0.8 RMA 2 0.3 –

ALHA.c 3.2 0–9 18 0.99 OLS 247.7 16.3 –

55–145 71 0.5 OLS 1.5 0.5 >1.5

ALHA.d 4.9 0–10 20 0.99 OLS 113.3 7.3 –

55–145 71 0.54 OLS 3 0.6 >0.9

Mean 2.2 only high coercivity and no fusion crust

Std. error 0.4

95% conf. int 0.9

DOM.a fusion crusted 0–145 150 1 RMA 39.5 0.4 –

DOM.b 0.9 0–10 20 0.97 OLS 16.4 2.2 –

10–145 131 0.14 OLS 0.1 0.1 >1.5

DOM.c 2.0 0–7.5 15 0.98 OLS 28 3.4 –

19–145 113 0.97 RMA 4.1 0.2 >0.3

DOM.d 3.1 0–6 12 0.93 OLS 29.5 8.1 –

6–17.5 24 0.94 RMA 5.4 0.8 –

17.5–32 23 0.87 RMA 6.4 1.5 –

32–145 94 – OLS −0.02 0.7 >3

DOM.j 7.6 0–28 53 1 RMA 18.5 0.6 –

28–45 18 1 OLS 7.1 1.8 –

45–145 81 0.27 OLS 0.8 0.6 >0.9

DOM.k 6.9 0–9.5 19 1 OLS 17.9 1.3 –

9.5–24 30 0.97 RMA 5.7 0.5 –

24–145 103 – OLS −0.3 0.2 >1.5

DOM.l 5.8 0–6 12 0.97 OLS 34.1 5.7 –

28–145 98 0.83 RMA 3.4 0.4 >0.9

DOM.m 4.8 1–15.5 30 0.94 RMA 12.9 1.6 –

15.5–145 120 0.3 OLS 0.3 0.2 >1.5

Mean 1.2 only high coercivity and no fusion crust

Std. error 0.7

95% conf. int 1.4

Table 2 
Paleointensities From the ARM Experiment With Samples From ALHA77307 and DOM 08006
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Table 1). The LC and MC components are likely associated with VRM and/or low temperature parent body 
thermochemical alteration. To assess this, we analyzed the VRM acquisition and decay properties of sample 
DOM.m following the AF demagnetization experiments. We measured a VRM acquisition rate of of 1.15 × 10 −6 
Am 2 kg −1 μT −1 and a VRM decay rate that was shallow at first (∼10 3 s) with a decay rate of 2.06 × 10 −8 Am 2 kg −1 
μT −1, followed by an increase in the decay rate to a value of 8.17 × 10 −7 Am 2 kg −1 μT −1 (Figure 5). Because 
Antarctic meteorites typically have terrestrial ages of a few tens of thousands of years (Jull, 2006) with some 
surviving for up to 2 million years, we estimate that ∼52% of the NRM of the DOM.m could have been acquired 
in 10,000 years on the Earth's surface, consistent with the magnetic moment carried by the LC component.

The ARM method yielded a mean paleointensity of 1.2 ± 1.4 μT for the HC range (Figure 4 and Figure S6 
in Supporting Information S1; Table 2). Similar to the interior samples from ALHA77307, the lack of stable, 
unidirectional components in the HC range, the paleointensities within error of zero retrieved from the ARM 
method, and the demonstrated capacity for gaining ARM in the same nonmagnetized range (Figure 4 and Figure 
S6 in Supporting Information S1) indicate that a weak to null field was present when the magnetic record was 
acquired. We chose to not include DOM.c and DOM.l as part of our paleointensity analysis. DOM.c contains 
a well-constrained HC component (19–145 mT, MAD = 13.9°) that is not observed in any other sample and 
records a paleointensity of 4.1 ± 0.2 μT. DOM.l also contained an HC component (28–145 mT, MAD = 21°) 
with a distinct direction than that of DOM.c, which yields a paleointensity of 3.4 ± 0.4 μT, which is higher than 
its fidelity limit of 0.9 μT (Figure 6; Table 2). These records are not observed in any of the other subsamples. 
Even though magnetic directions of DOM.c and DOM.l are distinct, these could have been acquired at different 
times in the solar nebula. Nonetheless, because parent body alteration extends for periods of time in the order of 
millions of years (see Section 2) and there is no evidence for multiple alteration events in the parent body (Doyle 
et al., 2014), the magnetic record is likely to be an average of the magnetic field. We conclude that the records 
from DOM.c and DOM.l are due to the presence of large or highly magnetic chondrules and refractory inclusions 
in the bulk samples with pre-accretional magnetization and/or with spurious remanence acquired during AF 
demagnetization (Weiss et al., 2010).

Not including DOM.c and DOM.l results in a mean paleointensity of 0.2 ± 0.4 μT. The fidelity test for interior 
samples from DOM 08006 (Figure 6; Table 2) show that the sample with the best fidelity record is DOM.j, 
recording fields >0.9 μT. We conclude that the HC magnetic record was likely acquired in an environment with 
a paleointensity of <0.9 μT.

The thermal experiments identified LT components (blocked up to 350°C) in all samples whose direction is 
similar to the direction of the LC components (Figure 3). No components were observed blocked above 350°C, as 
indicated by the scattered directions and large MADs yielded by PCA fits (Figure 3; Table 1). The two samples 
on which we conducted the IZZI experiment failed multiple PICRIT03 alteration selection criteria. Thus, paleo-
intensities and components direction are unlikely to be robust (Figue S7 in Supporting Information S1; Table 3).

In summary, the LC/LT/MC/MT components can be associated with low temperature parent body thermochem-
ical alteration and/or VRM acquisition and the fidelity test indicates that the HC range of DOM 08006 recorded 
a field <0.9 μT.

Table 2 
Continued

Sample
Distance from fusion 

crust (mm) Range (mT) N ρ Fit type
Paleofield 

(μT) 95% conf int (μT)
Recording 
limit (μT)

Mean 0.2 only high coercivity, no fusion crust, DOM.c and 
DOM.l not includedStd. error 0.2

95% conf. int 0.4

Note. The first column shows the sample name, the second shows the distance from the fusion crust (in mm; “fusion-crusted” if the sample contained fusion crust), 
the third shows the range of AF levels used in the paleointensity fit (in mT), the fourth shows the number of data points used in the paleointensity fit, the fifth shows 
the parametric correlation (ρ) between NRM and ARM datasets, the sixth shows the type of fit used to calculate the paleointensity (OLS = ordinary least squares; 
RMA = reduced major axis), the seventh shows the paleointensity (in μT), the eighth shows the calculated 95% confidence interval of the paleointensity fit (in μT), 
and the ninth shows the recording limit of the sample (in μT) obtained from Figures 2 and 6. For each sample (ALHA77307 and DOM 08006) we calculated mean 
paleointensities, along with the standard error and the 95% confidence interval.
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4. Discussion
In the early solar system, there were at least four sources of magnetic fields that could conceivably have exceeded 
0.9 μT: the solar wind magnetic field, impact-generated fields, a parent body core dynamo magnetic field, and 
the solar nebula magnetic field. Below we discuss the implications of the magnetic record obtained from the CO 
chondrites and previous measurements for each one of these possibilities. We note that this discussion assumes 
that the magnetite is capable of having recorded a CRM during parent body alteration. We discuss in Section 5 
why this might not be the case and future directions to address this.

4.1. Implications for the Solar Wind Magnetic Fields

Previous studies have discussed the possibility of the solar wind as a source of remanence recorded by the parent 
bodies of meteorites (Oran et al., 2018; O’Brien et al., 2020). MHD simulations indicate that the solar wind 
magnetic field could instantaneously have been amplified to a few μT, but the time-averaged field that would 
be recorded as a CRM in our meteorites would be several orders of magnitude lower than this value (Oran 

Figure 2. E and D’ values calculated for samples from ALHA77307. Values below (a) and between (b) the dashed lines represent reliable paleomagnetic fidelities. The 
coercivity range, of each sample, used to calculate the paleointensities were used to calculate the E and D’ values. The CRM analogs were calculated using f’ = 3.33 
from ARMs (AC field of 145 mT) with DC bias fields of 10, 5, 3, and 1 μT (estimated CRM-equivalent fields of 3, 1.5, 0.9, and 0.3 μT).

Sample Distance from fusion crust (mm)
Range 
(°C) N

Lab field 
direction 

(dec,inc) (°)
Paleofield 

(μT)
95% conf 
int (μT) DRATS f β q CDRAT

Max. 
DRAT

Number 
of pTRM 

checks

ALHA.e fusion crusted 400–580 13 (0,0) 13.9 4.7 5 1.1 0.3 2.8 5.1 17.8 6

ALHA.f fusion crusted 400–580 13 (0,0) 13.9 5.4 0.5 1 0.4 2.3 0.5 7.8 6

ALHA.g 4.5 540–580 12 (0,0) 1.5 8.9 34.6 0.4 5.9 −0.1 51.9 23.4 6

ALHA.h 5.8 475–580 10 (0,0) −7.3 10.2 3 1.5 1.4 −0.8 3.9 62.8 6

DOM.ia 3.8 0–350 8 (180,0) 23.1 20.7 35 2.5 0.9 2.2 30.4 17.1 3

400–600 5 2.8 4.5 13 0.7 1.6 0.2 14.9 4.9 5

DOM.ib 3.8 0–350 8 (180,0) 23.1 20.7 35 2.5 0.9 2.2 30.4 17.1 3

400–600 5 3.6 5.1 13 0.9 1.4 0.4 14.7 5.3 5

Note. The first column shows the sample name, the second shows the distance from the fusion crust (in mm; “fusion-crusted” if the sample contained fusion crust), 
the third shows the range of temperatures used in the paleointensity fit (in °C), the fourth shows the number of data points used in the fit, the fifth shows the direction 
of the laboratory field, the sixth shows the paleointensity (in μT), the seventh shows the calculated 95% confidence interval of the paleointensity fit (in μT), the eighth 
through thirteenth show the paleomagnetic parameters DRATS, f, β, q, CDRAT, and maximum DRAT from Paterson et al. (2014), and the fourteenth shows the number 
of pTRM checks conducted during the IZZI experiment.

Table 3 
Paleointensities and Calculated Paleomagnetic Criteria (PICRIT03 From (Paterson et al., 2014)) From the IZZI Experiment for ALHA77307 and DOM 08006
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et al., 2018). Our findings from CO chondrites place an upper limit to the time-averaged solar wind magnetic field 
of <0.9 μT, consistent with these studies.

4.2. Implications for Impact and Dynamos in Planetesimals

Planetesimals have been proposed to have sustained magnetic fields through different mechanisms. A planetesimal 
dynamo could have been generated by advection of an interior liquid metallic core (Sterenborg & Crowley, 2013). 
Alternatively, magnetic fields could have been produced transiently during impacts (Weiss et  al., 2010). Our 
records could imply that at the time that the magnetic record was acquired, fields with intensities <0.9 μT (due to 
a dynamo, crustal remanence from a previous dynamo, or impact-generated field) were present on the CO parent 
body. Weak fields such as the upper limit of our measurements are within the values predicted by core dynamo 
scaling laws (Weiss et al., 2010). Furthermore, models of thermal convection-driven dynamos suggest that field 
generation could start by ∼4.5–5 Myr after CAI-formation (Bryson et al., 2019), relatively close to the timing 
of magnetic acquisition of our samples. In summary, any magnetic field on the parent body at the time of CO 
magnetization was weaker than <0.9 μT.

Figure 3. AF and thermal demagnetization of samples from DOM 08006. Selected orthographic projections of NRM vector endpoints during AF and thermal 
demagnetization for samples (a) DOM.a, (b) DOM.b, (c) DOM.g, and (d) DOM.ha. Closed symbols show the north-east (N–E) projection of the magnetization 
and open symbols show the up-east (U–E) projection of the magnetization. Selected AF and thermal steps are labeled. (a)–(b) show AF demagnetization from 
fusion-crusted and interior samples (>1 mm away from fusion crust), respectively. (c)–(d) show thermal demagnetization from interior samples. (e)–(g) show equal 
area stereonets with the directions of low coercivity/low temperature (LC/LT), medium coercivity/medium temperature (MC/MT), and high coercivity/high temperature 
(HC/HT) components from all samples measured from DOM 08006. Open and closed symbols represent upper and lower hemispheres, respectively. Red symbols show 
components from thermal demagnetization, while blue symbols show components from AF demagnetization. Squares show fusion-crusted samples, while circles show 
interior samples. Black data points in equal area stereonets show HC components from dusty olivine chondrules from Borlina et al. (2021).



Journal of Geophysical Research: Planets

BORLINA ET AL.

10.1029/2021JE007139

14 of 20

4.3. Solar Nebular Magnetic Fields and Implications for the Dissipation of PPDs and Planetary 
Formation

Previous measurements support the presence of nebular fields in the early solar system (Borlina et al., 2021; 
Cournede et al., 2015; Fu et al., 2014, 2021). The youngest record of the solar nebula in the inner solar system 
comes from LL chondrules at 2.03 ± 0.81 Myr after CAI formation (Fu et al., 2014; Weiss et al., 2021), and 
the youngest record in the outer solar system comes from the CM chondrites at 𝐴𝐴 3.9

+0.4

−0.5
 Myr after CAI-formation 

(Cournede et al., 2015; Fujiya et al., 2012). We note that I-Xe ages for the CMs have been reported as 2.9 ± 0.39 
Myr after CAI-formation in the form of an abstract (Pravdivtseva et al., 2013) and recent  53Mn- 53Cr ages support 
a younger alteration time of 𝐴𝐴 3.9

+0.4

−0.5
 Myr after CAI-formation (Fujiya et al., 2012). Figure 7 shows the results of 

the CO chondrites in context with those of previous studies (Fu et al., 2014, 2020, 2021; Biersteker et al., 2019; 
Borlina et al., 2021; Bryson et al., 2017, 2020; Cournede et al., 2015; Gattacceca et al., 2016; Wang et al., 2017; 
Weiss et al., 2017). We present in Figure 7a magnetic field models as a function of the distance from the Sun. 
Shown are three sets of curves, each assuming magnetic fields drove accretion at rates ranging from 10 −7 to 
10 −9 𝐴𝐴 M☉ year−1 as typically observed for actively accreting young stellar objects (Hartmann et al., 1998; Weiss 
et al., 2021). The first and second curves assume radial-azimuthal and vertical-azimuthal magnetic field stresses 
driving accretion in the case when the nebular field and the disk angular moment are aligned, while the third 
curve assumes vertical-azimuthal stresses when the nebular field and the disk rotation are anti-aligned. Recent 

Figure 4. ARM paleointensity experiments for the selected samples (a) DOM.a, (b) DOM.b, (c) DOM.j, and (d) DOM.m from DOM 08006. Shown is NRM lost 
during stepwise AF demagnetization up to 145 mT and ARM lost during AF demagnetization up to 145 mT of an ARM (AC field of 145 mT with a DC bias field of 
50 μT). Paleointensities (f’ = 3.33) and their 95% confidence intervals are reported. The red lines represent the range of coercivities used to calculate the fit.
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studies have supported the presence of magnetic inhomogeneities in the 
early solar system (Borlina et al., 2021; Fu et al., 2021), which suggest that 
magnetic fields might not decay monotonically as proposed by theoretical 
models of solar nebula magnetic fields.

Measurements from dusty olivine chondrules in LL ordinary chondrites (Fu 
et al., 2014) are consistent with predictions from magnetically driven accre-
tion at rates between 10 −8 and 10 −7 𝐴𝐴 M☉ year−1 and provide lower limits to 
the accretion rate when compared to that reported by Borlina et al.  (2021) 
from dusty olivine chondrules in CO chondrites. Comparing the accretion 
rate inferred from the lower limit of the paleointensity from the LL chon-
drules (Fu et al., 2014) to the models shown in Figure 7a, we obtain a value of 
∼10 −8 𝐴𝐴 M☉ year−1 . This model assumes an aligned configuration between the 
magnetic field and rotation of the disk. Under this configuration, a field of 
∼10 μT would suggest that the solar nebula was still present in the outer solar 
system. Comparing the CO and CV bulk magnetic records with models that 
assume accretion rates >10 −8 𝐴𝐴 M☉ year−1 , we observe that the upper limits 
from this study (<0.9 μT) and that of Kaba (<0.3 μT) fall below the expected 
magnetic models by an order of magnitude. Assuming that accretion is 
magnetically mediated and that the magnetic field decayed smoothly in the 
early solar system, the upper limits on the paleointensities of the CO and CV 
chondrites suggest an absence of a nebula in the outer solar system nebula.

 53Mn- 53Cr ages of fayalite from the CV3 Asuka 881317 indicate an alteration 
age of 𝐴𝐴 4.2

+0.8

−0.7
 Myr after CAI formation (Doyle et al., 2014), which is within 

the error of the I-Xe age from Kaba of 4.50 ± 1.66 Myr after CAI formation (Pravdivtseva et al., 2013). We note 
that the Kaba's  53Mn- 53Cr age reported in Gattacceca et al. (2016) used the San Carlos olivine standard that needs 
to be corrected in future measurements (Doyle et al., 2014). Instead, we adopt the  53Mn- 53Cr ages of fayalite 
from the CV3 Asuka 881317 of 𝐴𝐴 4.2

+0.8

−0.7
 Myr after CAI formation as the Kaba alteration age (Figure 7b). Together, 

the CV and CO magnetic data suggest the dissipation of the outer solar system solar nebula by 2.7–5 Myr after 
CAI-formation, with the CV magnetic record providing the most well-constrained evidence for the dissipation of 
the nebula in the outer solar system of ∼4.2 Myr after CAI-formation. This is broadly consistent with the recent 
models that suggest that chondrules from the CB carbonaceous chondrites Gujba and Hammadah al Hamra 237, 
which are thought to have formed at 𝐴𝐴 4.6

+0.5

−0.5
 Myr after CAI formation and 𝐴𝐴 4.5

+0.9

−0.9
 after CAI formation, respectively, 

as a result of high velocity impact between planetesimals in an environment where the nebular gas had already 

Figure 5. VRM acquisition and decay over a period of ∼40 days of DOM.m, 
a 1.71 mg sample from DOM 08006. Closed symbols show measurements 
of the VRM decay experiment, open symbols show measurements of 
the VRM acquisition experiment, solid line shows linear fit of the VRM 
decay experiment, and dashed line shows linear fit of the VRM acquisition 
experiment.

Figure 6. E and D’ values calculated for samples from DOM 08006. Values below (a) and between (b) the dashed lines represent reliable paleomagnetic fidelities. The 
coercivity range, of each sample, used to calculate the paleointensities were used to calculate the E and D’ values. The CRM analogs were calculated using f’ = 3.33 
from ARMs (AC field of 145 mT) with DC bias fields of 10, 5, 3, and 1 μT (estimated CRM-equivalent fields of 3, 1.5, 0.9, and 0.3 μT).
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dissipated (Krot et al., 2005) and with simulations of these impacts that indicate that the nebula dissipated by ∼5 
Myr after CAI formation (Johnson et al., 2016).

We can now establish the dissipation time of the solar nebula between the inner and outer solar system as well 
as within the outer solar system. Magnetic measurements suggest that the inner solar nebula dissipated by 
3.71 ± 0.23 Myr after CAI formation (Wang et al., 2017; Weiss et al., 2021). Comparing the angrite age with 
that of the CV chondrites would suggest that the solar nebula dissipated within <1.5 Myr between the two reser-
voirs. If, independently, we compare the CM chondrite age with that of the CV chondrites, we obtain a dispersal 
time in the outer solar system solar nebula of <1.6 Myr after the CM magnetic record. These two upper limits 
on the differential dissipation time between and within the reservoirs suggest a rapid dissipation of the disk: 
together with the evidence that the disk existed for at least ∼3 Myr, it supports a dual-timescale evolution of 
the solar system PPD. Models suggest that a two-timescale evolution of the disk is consistent with magnetically 
driven and/or photoevaporative winds predominately driving PPD dissipation (Armitage et  al.,  2013; Clarke 
et al., 2001; Shadmehri & Ghoreyshi, 2019) with potential influence of external photoevaporation aided by other 
stars (Concha-Ramírez et al., 2019).

Finally, the dissipation of the disk sets the limit for the accretion of gas to the gas giants (Weiss & Bottke, 2021). 
Thus, if we take the age of the CVs as the first evidence for the dissipation of the solar nebula in the outer solar 
system, that indicates that the gas giants stopped accreting mass sometime between 3.5 and 5 Myr after CAI 
formation.

5. Future Directions for Solar Nebula Paleomagnetism
While previous measurements (Cournede et al., 2015; Fu et al., 2021; Gattacceca et al., 2016) and those reported 
in this study can potentially provide important information about the lifetime of the solar nebula, two key aspects 
that are fundamental to obtaining robust records of the solar nebula magnetic field are largely unconstrained. First, 
additional high-precision ages from meteorites are necessary. Determining when alteration occurred in various 
meteorite parent bodies is crucial to establish when CRMs may have been acquired. Future studies that include 
age measurements of the alteration products in the meteorites (ideally dating the formation of the ferromagnetic 

Figure 7. Summary of previous paleomagnetic studies along with results from this study and models of the magnetic field from the solar nebula. Points show 
paleomagnetic constraints from LL chondrules (Fu et al., 2014), CO chondrules (Borlina et al., 2021), bulk NWA 7325 achondrites (Weiss et al., 2017), bulk angrites 
(Wang et al., 2017), bulk CV (Kaba) chondrites (Gattacceca et al., 2016), Fe-sulfides in CV (Allende) (Fu et al., 2021), CR chondrules (Fu et al., 2020), Rosetta 
observations of comet 67P Cheryumov Gerasimenko (Biersteker et al., 2019), and this study. Red symbols show samples that are likely from the inner solar system 
(<3 AU) and blue symbols show samples that are likely from the outer solar system (>3 AU). (a) Solid lines show predicted midplane magnetic field: solid lines show 
field due to vertical Maxwell stress (zϕ; Equation 16 of Bai and Goodman (2009)) and dashed lines show field due to radial Maxwell stress (Rϕ; Equation 7 of Bai 
and Goodman (2009)), both assuming the nebular magnetic field and sense of disk rotation are aligned. Dotted lines show the field due to vertical Maxwell stress (zϕ; 
Equation 7 of Bai and Goodman (2009)), assuming nebular magnetic field and sense of disk rotation are anti-aligned (radial component cancels out for this case). All 
curves were calculated assuming accretion rates of 10 −9 (bottom curve), 10 −8 (middle curve), and 10 −7 (top curve) 𝐴𝐴 M☉ year−1 . (b) Points show paleomagnetic constraints 
from (a) as a function of age.
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minerals of interest), including in CO chondrites, will be able to provide the precision necessary to establish more 
reliable timing of the solar nebula dispersal.

Second, as briefly discussed in Section 2.2, the CRM to ARM ratio for magnetite that formed during aqueous 
alteration of metal is undetermined. While chondrules and refractory inclusions likely acquired TRMs due to their 
pre-accretionary thermal histories, the magnetic record of bulk aqueously altered samples is usually carried in the 
form of CRMs. Unfortunately, very little is known about the mechanism of CRM acquisition during parent body 
alteration and how it can affect the recovered paleointensity. A recent study suggests that magnetite can form 
through different pathways in chondrites (Sridhar et al., 2021). Magnetite grains in most CM and CO chondrites 
likely formed through pseudomorphic replacement of metal, while magnetite in framboids and plaquettes, which 
are found in comparatively high abundance in several chondrites, including the CM Paris, are thought to have 
formed through the dissolution of sulfide and precipitation of magnetite in these exotic morphologies. For the 
case that magnetite forms through replacement of metal, previous studies of alteration pseudomorphic reactions 
in terrestrial samples have observed that certain minerals can inherit the NRM carried by the precursor phase 
(Heider & Dunlop, 1987; Jiang et al., 2017). Because Fe-Ni metal across a bulk chondrite subsample is expected 
to carry a nonuniform remanence (because it will carry several non-unidirectional pre-accretionary remanences), 
it is possible that the absence of a remanence recorded by magnetite corresponds to a signal inherited from the 
metal. This could fundamentally impact the paleointensities obtained from CRMs carried by magnetite in CM 
chondrites (Cournede et al., 2015), CV chondrites (Fu et al., 2021; Gattacceca et al., 2016), and CO chondrites in 
this study. For the CMs, for example, the lack of HT components that demagnetize between the Curie tempera-
tures of pyrrhotite and magnetite in most CM chondrites from Cournede et al. (2015) was interpreted to be due to 
alteration during laboratory heating. A second interpretation is that the magnetite inherited the remanence from 
its parent metal and, as a result, does not contain an HT component associated with magnetite. This interpretation 
is consistent with pyrrhotite in CM chondrites carrying a CRM, indicating that a field was seemingly present at 
some point during the alteration sequence of these meteorites, but there being no record of this remanence in 
the magnetite among most meteorites in this group. Notably, the magnetite in Paris does appear to carry a CRM, 
which is consistent with this meteorite containing a large proportion of magnetite framboids and plaquettes 
that are likely to have recorded more traditional CRMs as the grains in these morphologies grew through their 
blocking volumes as they were precipitated. This interpretation could also explain the absence of a remanence in 
the CV Kaba at temperatures above the peak metamorphic temperature reached on the parent body (Gattacceca 
et al., 2016). This would suggest that the absence of a remanence may in fact not reflect the dissipation of the 
disk and its associated field but instead, the inability of magnetite to record a remanence when it forms through 
aqueous alteration of metal. To determine whether robust records of the solar nebula can in fact be recovered 
from bulk samples of aqueously altered chondrites, it is crucial to conduct experimental work to determine how 
magnetite in different families of chondrites could acquire CRMs.

6. Conclusions
We report paleomagnetic measurements of bulk samples from the CO chondrites ALHA77307 and DOM 08006. 
If magnetite could have recorded ambient fields during parent body alteration, the CO chondrite records indicate 
that the ambient field was <0.9 μT. Combining these results with previous paleomagnetic measurements, we 
suggest that the nebular gas in the carbonaceous chondrite region (∼3–7 AU) dissipated within 3.5–5 Myr after 
CAI-formation. Comparing the time of the dissipation of the nebula in the outer solar system with that from the 
inner solar system indicates that the difference in dissipation ages between the two reservoirs was <1.5 Myr. This 
supports a dual-timescale evolution of the solar system PPD, consistent with magnetically driven winds and/or 
photoevaporation as processes that mediated the dissipation of the solar system PPD. Additionally, the end of the 
solar nebula indicated that the gas giants stopped accreting by 3.5–5 Myr after CAI-formation. We also highlight 
issues in using magnetite in bulk carbonaceous chondrites to determine nebula field records and the future work 
necessary for such records to be acquired, as well as obtaining more ages from alteration products to obtain 
high-resolution temporal records from the nebula. We also discuss how there is a possibility that paleomagnetic 
measurements of carbonaceous chondrites that have been interpreted as evidence for the absence of a field in the 
solar nebula, including this study, might be a result of nonideal magnetic acquisition during parent body alter-
ation. Overall, future experimental work to understand the mechanisms of CRM acquisition in parent bodies is 
critical to reliably obtain records of the solar nebula.
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Data Availability Statement
All data needed to evaluate the conclusions in the paper can be found through the Magnetics Information Consor-
tium (MagIC) Database: doi:10.7288/V4/MAGIC/19362 (Borlina et al., 2022).
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Below we discuss why the matrix dominates the magnetic record of bulk samples and we 
present the supplementary figures.  
 
Text S1. Magnetic record from matrix dominates bulk samples 
 An average bulk sample used in this study has a volume of ~1 mm3 = 1×10-9 m3. In 
DOM 08006, chondrules represent 67% of the volume in the bulk material with an average 
radius of 133 µm (Davidson et al., 2019). Assuming that a chondrule is a sphere, the 
average volume of a chondrule in a CO chondrite is of 9.9×10-12 m3. Thus, a typical bulk 
size sample from a CO chondrite used in this study has ~68 chondrules. The expected net 
moment M of the summation of N chondrules that are randomly located in bulk samples 
with a magnetic moment m is given as 𝑀 = 𝑚√𝑁 (Biersteker et al., 2019; Heslop, 2007). 
The average value of m for dusty olivine chondrules in CO chondrites is 3.7×10-11 Am2 

(Borlina et al., 2021). If we assume the magnetic moment of dusty olivine chondrules to 
be representative of all chondrules in CO chondrites, an upper limit of the expected 
magnetic contribution from all chondrules in a typical bulk size sample is ~9.6×10-10 Am2 

or ~0.96 Am-1. However, dusty olivine chondrules only represent 1 in 100 chondrules in 
CO chondrites; if we were to instead assume that only dusty olivine chondrule carry 
magnetic moments in bulk samples, we obtain a lower limit on the moment contribution 
from chondrules of ~3.1×10-11 Am2 or 0.031 Am-1. From the NRM measurements of DOM 
08006 reported here, the average bulk sample has an NRM moment of 2.3×10-9 Am2 or 
magnetization 2.3 Am-1. This value is at least two times greater than 0.96 Am-1, which 
represents the overestimation of the magnetic moment of the chondrule population, and 
two orders of magnitude higher than our lower limit of 0.031 Am-1. Thus, matrix material 
is likely to dominate the magnetic record of bulk samples.  
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Fig. S1. Remaining AF and thermal demagnetization of samples from ALHA77307 showing orthographic 
projections of NRM vector endpoints during AF and thermal demagnetization for samples (A) ALHA.f, (B) 
ALHA.c, (C) ALHA.d and (D) ALHA.h. Closed symbols show the north-east (N-E) projection of the magnetization 
and open symbols show the up-east (U-E) projection of the magnetization. Selected AF and thermal steps are labeled. 
(A) and (D) show thermal demagnetization from fusion-crusted and interior samples (>1 mm away from fusion 
crust), respectively. (B-C) show AF demagnetization from interior samples.  
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Fig. S2. ARM paleointensity experiment for samples (A) ALHA.a, (B) ALHA.b, (C) ALHA.c and (D) ALHA.d 
from ALHA77307. Shown is NRM lost during stepwise AF demagnetization up to 145 mT and ARM lost during 
AF demagnetization up to 145 mT of an ARM (AC field of 145 mT with a DC bias field of 50 µT). Paleointensitites 
(f’ = 3.33) and their 95% confidence intervals are reported along with the red line that represents the range of 
coercivities used to calculate the fit. 
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Fig. S3. Thermal demagnetization of ARM (AC field of 145 mT with a DC bias field of 50 µT) for samples ALHA.c 
(black) and ALHA.d (blue). Shown is magnetic moment as a function of temperature. Vertical lines indicates the 
Curie temperature of magnetic minerals.  
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Fig. S4. NRM remaining versus partial TRM (pTRM) gained during progressive laboratory heating for samples (A) 
ALHA.e, (B) ALHA.f, (C) ALHA.g and (D) ALHA.h from ALHA77307. Blue triangles show pTRM checks. The 
red lines show the measurements used to compute paleointensity values. (A-B) show fusion-crusted samples that 
had their LC overprint demagnetized with AF to 21 mT. (C) shows interior sample that did not have the LC overprint 
removed. (D) shows interior sample that had the LC overprint removed by AF to 21 mT. (A), (B) and (D) were 
demagnetized to 21 mT pre-in-field steps during the IZZI experiments.  
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Fig. S5. Remaining AF and thermal demagnetization of samples from DOM 08006 showing orthographic projections 
of NRM vector endpoints during AF and thermal demagnetization for samples (A) DOM.c, (B) DOM.j, (C) DOM.k, 
(D) DOM.l, (E) DOM.m, (F) DOM.hb, (G) DOM.ia and (H) DOM.ib. Closed symbols show the north-east (N-E) 
projection of the magnetization and open symbols show the up-east (U-E) projection of the magnetization. Selected 
AF and thermal steps are labeled. (A-E) show AF demagnetization from interior samples (>1 mm away from fusion 
crust). (F-H) show thermal demagnetization from interior samples.  
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Fig. S7.  Vector-subtracted NRM from NRM/400 oC versus partial TRM (pTRM) gained during progressive 
laboratory heating for samples (A) DOM.i, (B) DOM.ia and (C) DOM.ib from DOM 08006. Blue triangles show 
pTRM checks. The red line shows the measurements used to compute paleointensity values. Sample DOM.i split 
into two subsamples (DOM.ia and DOM.ib) during the 400 oC step. (A) shows demagnetization of sample DOM.i 
up to 400 oC. (B-C) show the remaining demagnetizations for subsamples DOM.ia and DOM.ib.  
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Fig. S6. Remaining ARM paleointensity experiments for samples (A) DOM.c, (B) DOM.d, (C) DOM.k and (D) 
DOM.l from DOM 08006. Shown is NRM lost during stepwise AF demagnetization up to 145 mT and ARM lost 
during AF demagnetization up to 145 mT of an ARM (AC field of 145 mT with a DC bias field of 50 µT). 
Paleointensitites (f’ = 3.33) and their 95% confidence intervals are reported, along with the red line that represents 
the range of coercivities used to calculate the fit. 
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