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PLANETARY SCIENCE

History of the solar nebula from
meteorite paleomagnetism

Benjamin P. Weiss'*, Xue-Ning Bai?*, Roger R. Fu®

We review recent advances in our understanding of magnetism in the solar nebula and protoplanetary disks (PPDs).
We discuss the implications of theory, meteorite measurements, and astronomical observations for planetary for-
mation and nebular evolution. Paleomagnetic measurements indicate the presence of fields of 0.54+0.21 G at ~1 to
3 astronomical units (AU) from the Sun and >0.06 G at 3 to 7 AU until >1.22 and >2.51 million years (Ma) after solar
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system formation, respectively. These intensities are consistent with those predicted to enable typical astro-
nomically observed protostellar accretion rates of ~1 08 M@year‘1, suggesting that magnetism played a central
role in mass transport in PPDs. Paleomagnetic studies also indicate fields <0.006 G and <0.003 G in the inner and
outer solar system by 3.94 and 4.89 Ma, respectively, consistent with the nebular gas having dispersed by this
time. This is similar to the observed lifetimes of extrasolar protoplanetary disks.

INTRODUCTION

Newly formed Sun-like stars are surrounded by planar distributions
of circumstellar material known as protoplanetary disks (PPDs) (I).
PPDs form as consequence of the collapse of molecular cloud cores
under angular momentum conservation and are a critical intermediate
stage of solar system formation (2). They consist mostly of hydro-
gen and helium gas, with about ~1% by mass solids (i.e., dust) that
serve as the building blocks for planetary bodies. The hundreds of
PPDs currently accessible to astronomical observations have typical
radii of 10" to 10* astronomical units (AU) and masses ranging
from 10~* to 107! (median, ~1072) solar masses (Mg) (2). About half
of all PPDs disperse between ~2 and 4 million years (Ma) after col-
lapse of their parent molecular clouds (3, 4). Recently, PPDs have
been found to have rich substructures (5, 6), which may suggest
that they form planets extremely efficiently.

PPDs actively accrete onto their host protostars. Typical accre-
tion rates are ~1078 M@yearfl for the bulk of PPD lifetimes (7) but
can be several orders of magnitude higher at early phases and drop
to <107'° M, year ! as disks disperse (8). Accretion requires effi-
cient transport of disk angular momentum, and we will shortly show
that a prominent role for magnetic fields in this process is likely
unavoidable. Depending on the mechanisms involved, the expected
field strength can be directly estimated for any given accretion rate.
Because angular momentum transport further governs the overall
gas dynamics (e.g., flow properties such as the level of turbulence)
and the long-term mass evolution of the disk, it is the central focus
of the theory of PPDs.

Measuring the magnetic field strength in PPDs therefore offers a
unique opportunity to test disk theory with far-reaching implica-
tions for planet formation. Thus far, astronomical observations
have yet to unambiguously constrain the strength and morphology
of magnetic fields in the planet-forming regions of PPDs (9). How-
ever, beginning with the formation of calcium aluminum-rich in-
clusions (CAIs) at ~4567 Ma ago and lasting several Ma, our own
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solar system is thought to have transitioned through a PPD phase
known as the solar nebula. The present-day solar system preserves a di-
versity of records of its formation and evolution dating back to this
early epoch, largely in the form of meteorites. Recently, laboratory
analyses of natural remanent magnetization (NRM) in meteorites
have provided time-resolved and spatially-resolved constraints on the
magnetic field intensity in the solar nebula (10). Because many me-
teoritic materials are thought to have been magnetized in the solar
nebula or shortly after the solar nebula dispersed, they currently
provide the best available data on magnetic fields for testing the disk
theory and its relationship with solar system formation.

Here, we review recent advances in the theory of disk magnetic
fields and the status and implications of astronomical and meteorite
records for PPD magnetism. We discuss how meteorite studies have
enabled measurements of field strength (paleointensity) over space
and time and how these measurements can help distinguish between
various proposed mechanisms for angular momentum transport,
formation of chondrules, and the lifetime of the nebula and its im-
plications for giant planet formation.

THEORY
Mechanisms governing angular momentum transport
Formation of PPDs from the collapse of prestellar and protostellar
cores in molecular clouds is a natural consequence of angular momentum
conservation. The subsequent evolution of such a disk into the present-day
solar system, in which >99% of the mass is within the Sun and >99%
of the angular momentum is carried by the planets, required the in-
ward transfer of mass. Angular momentum conservation, in turn,
required that the angular momentum originally carried by this mass
be transferred to a smaller amount of mass that flows outward.

In cylindrical coordinates (R, ¢, z), angular momentum conser-
vation is given by (11)
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where we take the disk to be bounded vertically between vertical
locations zpot and ziop, Z is the disk surface density, j = QR is the
specific angular momentum at radius R, € is the Keplerian angular
velocity, M, is the accretion rate (defined as negative for inward
flows), B = (Bg, By, B,) is the magnetic field, v = (vg, vs,v,) is the local
velocity of disk material, the symbol § represents deviation from
mean flow velocities, and the overbar indicates time and spatial
averages. [We use centimeter-gram-second units in the main text of
this paper and have listed Systéme International (SI) versions of the
equations in the Supplementary Materials (note that 1 G = 100 pT)].
The first two terms represent the rate of change of angular momentum
of disk material per unit radius and the net flow of angular momentum
at radius R associated with accretion flows, respectively. The terms in
the two parentheses in the third and fourth terms correspond to the
R¢ and zo components of the stress tensor 7, representing the angu-
lar momentum flux transported along the R and z directions, re-
spectively. Angular momentum transport can be of hydrodynamic
(first terms in each parenthesis) and/or magnetic (second terms in
each parenthesis) in origin. These terms are known as the Reynolds
stress and Maxwell stress, respectively. Note that although there is
also a contribution from self-gravity, we have ignored this for brev-
ity and because it is likely important only in the earliest phases of
disk formation.

Contribution from positive 7, transports angular momentum
radially outward, causing the inner disk region to lose angular
momentum and accrete onto the protostar, whereas the outer disk
gains angular momentum and expands. It is custom to parameterize
the stress tensor as Ty = aP, where P is the pressure and o is a di-
mensionless constant, resulting in the so-called a-disk model (12).
In steady state with M, constant in radius and assuming an isothermal
equation of state, P = p c2, for isothermal sound speed c,, one sees that
the accretion rate is M, = 2m0X c,. For a standard minimum mass
solar nebula (13) disk model with surface density = = 1700 g cm ™
(R/AU)? and temperature T = 280 K (R/IAU) Y2, one finds M.
~83x1078 Moyear’l(a/0.0l Y(R/AU) V2, Thus, a typical PPD ac-
cretion rate of 10™® Mgyear™", if solely driven by radial transport,
generally requires o ~ 107 to 107,

The effect of 7, transports angular momentum vertically, car-
ried out by a wind. Note that the hydrodynamic part of 7, does
not contribute to the net angular momentum loss because it simply
describes the angular momentum of materials advected by the wind
and thus does not extract extra angular momentum from the disk.
Only the magnetic part of 7, extracts additional angular momen-
tum from the disk, which drives the entire disk to accrete. This illus-
trates that wind-driven accretion must be magnetic in nature.

From the above, we see that hydrodynamic mechanisms can con-
tribute to radial transport of angular momentum. This is generally
attributed to waves and turbulence and in particular requires correlated
fluctuations in radial and azimuthal velocities (i.e., a positive pdvgd v,
term). On the other hand, mechanisms involving magnetic fields can
transport angular momentum both radially and vertically, for which
turbulence is not necessary. Below, we briefly review our current
understandings from both perspectives and conclude that magnetic
mechanisms likely dominate.

Hydrodynamic turbulence

Overview

Hydrodynamic angular momentum transfer mechanisms generally
rely on the onset and sustenance of turbulence, which is closely re-
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lated to the hydrodynamic stability of the disk [see recent reviews
(14, 15)]. When ignoring thermodynamics, the stability of a disk is
described by the well-known Rayleigh criterion (16), which states
that a rotating, inviscid system is linearly stable to axisymmetric per-
turbations as long as j increases radially outward (9j/dR > 0) (Fig. 1)
(17). In particular, consider a particle of mass M on a circular orbit,
initially at position Ry with initial specific angular momentum j, =
QoR,* and angular momentum €. Because of angular momentum
conservation, the parcel experiences an effective potential that in-
cludes a centrifugal term ®ggr = Pg + j02/ (2R%), where ®g = — GM/R
and G is the gravitational constant. It can be shown that ®¢ has a
minimum at R = Ry, meaning that a circular orbit is stable to small
perturbations. Thus, the Rayleigh criterion holds for Keplerian disks.

Hence, studies of hydrodynamic disk instabilities typically fall into
two categories. First, consider the subcritical transition to turbulence.
It is well known that linearly stable flows may become unstable to
developing turbulence at large Reynolds numbers, where the Reynolds
number is defined as Re = LV/v for system size L, characteristic
velocity V, and fluid kinematic viscosity v (18). Triggering such a
transition requires finite-amplitude fluctuations and is thus termed
“subcritical.” However, it is not yet clear whether such a transition
occurs for Keplerian rotation profiles [see (19)]. An extrapolation of
numerical simulations conducted up to Re ~ 10* in the Rayleigh-stable
regime toward Keplerian rotation found the critical Reynolds number
Re, for such a transition to be on the order of 10'° or higher (20),
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Fig. 1. Linear stability of accretion disks. Consider three flows with shears in fluid
velocity, v (gray). (A) In a nonrotating flow, small displacements of fluid parcels (green)
from initial position x = xo lead to unbounded motion (black curved arrow). (B) A
rotating flow with angular velocity Q(R) for radius R in which the specific angular
momentum j = QR* decreases with R forms a strong shear such that despite the
restorative influence of the Coriolis force F.= —2Qxv (red arrow), the motion is
unbounded. (C) In a rotating Keplerian flow, dj(R)/dR > 0, leading to reduced shear
compared to that of (B). As a result, the Coriolis force confines the motion into epicyclic
trajectories (black loop). (D) Stability of a parcel on a circular orbit around R = R, (gray
line) over two disk potentials @;(R) [corresponding to (B)] and ®@,(R) [corresponding
to (Q)], where ji(R)= \/R3d<1>,~/dR (for i =1, 2) increases with R for @, (as for a point
mass potential) and decreases with R for @, (here more steeply than for a point mass).
We have set ji(Ro) = j2(Ro) = jo. Pefr1 has @ minimum at R = Ry (motion is stable),
whereas @t has a maximum at R = Ry (motion is unstable). (A) and (C) after (17).
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which is comparable to the typical Reynolds numbers of PPDs. How-
ever, upon transition to turbulence, the Reynolds stress scales as Re, '
such that the aforementiond high value of Re, essentially makes
angular momentum transport negligible.

Second, in recent years, several hydrodynamic instabilities have
been discovered after considering more realistic disk thermal struc-
tures. Assuming adiabatic perturbations, the linear stability of a
rotating disk subject to axisymmetric perturbations is described by
the so-called Solberg-Hgiland criteria (14, 15, 21), which combine
the Rayleigh criterion with the Schwarzschild criterion that convec-
tion is driven by a positive entropy gradient. The Solberg-Hgiland
stability criteria are usually well satisfied in PPDs. However, the
criteria may not be applicable because PPDs are not necessarily adi-
abatic: Gas is heated mainly by stellar irradiation, while suffi-
ciently rapid cooling brings gas to equilibrium temperatures on
time scales much shorter than the orbital time scale such that the
gas is locally isothermal. Only in the opposite limit of slow cooling
is the adiabatic regime relevant. Real disks are likely in between
these regimes, having different cooling times in different regions
depending on physical properties like the local disk structure and dust
abundance.

Candidate hydrodynamic instabilities

Three purely hydrodynamic instabilities have recently been consid-
ered for PPDs: the vertical shear instability (VSI), the related pro-
cesses of convective overstability (COS) and subcritical baroclinic
instability (SBI), and the zombie vortex instability (ZVI). A detailed
discussion for each of the instabilities is beyond the scope of this
review; readers are referred to (14, 15) for further information.
Here, we summarize the main requirements for each instability to
operate, their possible existence in PPDs (see Fig. 2), and the likely
outcomes.

The VSI draws its free energy from the vertical gradient of azi-
muthal velocity v,. This vertical shear arises because, with stellar
irradiative heating, the radial pressure gradient in the disk generally
varies with height. The VSI requires the gas to be close to locally
isothermal (i.e., having a cooling time scale shorter than ~1% of the
local orbital time), a condition that is likely satisfied in a radial range
of about 10 to 100 AU (22). Simulations show that the VSI leads to
vigorous turbulence dominated by vertical motion. It achieves
o values up to 1072 in the limit of instantaneous cooling (23) and
a values of several times 107 for more realistic cooling rates (24).

Height (z/H)

10 100
R (AU)

Fig. 2. Regions in the disk where various hydrodynamic instabilities may operate.
Shown are the estimated locations where each of three hydrodynamic instabilities—
the VSI (blue), COS (white), and ZVI (red)—is expected to dominate based on cooling
time calculations for a specific disk model and under the assumption that magnetic
fields are not present. Adopted from (75) with permission.
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These fall short of the 1072 value required for them to dominate
angular momentum transport in outer disks.

The COS derives its free energy from a radial entropy gradient
similar to convection (25, 26). While radial convection is inhibited
by disk rotation, the COS is achieved by allowing thermal relaxation
so that epicyclic oscillations are boosted by buoyancy (27). The COS
is most efficient when the cooling time scale is comparable to the
orbital time scale. The nonlinear saturation of the COS is the SBI [a
process actually discovered earlier (28, 29)], which amplifies existing
vortices over hundreds of orbital time scales. The vortices launch
density waves that transport angular momentum outward with o
values of up to a few times 107 (29, 30). The result strongly depends
on the outward radial entropy gradient, which, in typical models
within 20 AU, is likely present mainly in the disk upper layer (rather
than the midplane region where it would be more effective) (15).

The ZVI derives from the finding that vortices in stably stratified
disks can excite “baroclinic critical layers” at some distance via buoyancy
waves, which subsequently create copies of themselves (31, 32) that
eventually lead to turbulence with volume-filling vortices. The ZVI
is a nonlinear instability that requires a finite-amplitude vorticity
field to be triggered. It also requires the gas to behave nearly adia-
batically (i.e., have a relaxation time of 210 orbital times) such that
the regions in which it may operate are primarily limited to the very
optically thick inner ~1 AU of PPDs (33). Numerical studies so far
are limited to local simulations, the contribution to angular momentum
transport is likely small, and the associated Reynolds stress is well
below the desired level (34).

In addition to the above processes, there is also the well-known
gravitational instability (GI) (35). The GI is triggered when the
Toomre Q value (36) Q = ¢,Q/(nGY) falls below unity, possibly lead-
ing to very efficient angular momentum transport by spiral density
waves and shocks (37). However, the onset of the GI requires a high
surface density, which, if present, likely occurs only in the very early
phases of PPDs [e.g., (38, 39)]. Spiral density waves and shocks can
also be generated from a massive outer companion [e.g., (40)] to
which angular momentum can efficiently transported when the
density jump across the shock approaches order unity (41); however,
this scenario is unlikely to be applicable to the solar nebula as Jupiter
is unlikely to have accommodated the angular momentum of the
entire solar nebula (which is expected to be more than 10 times more
massive than Jupiter and extending well beyond Jupiter’s orbit).
Recent high-resolution disk surveys have reported a paucity of spiral
patterns (5, 6), consistent with the general absence of GI in the bulk
disk population. Another possibility is the Rossby wave instability
(42), which is triggered in localized regions such as pressure extrema
or disk gap edges. Although the Rossby wave instability tends to devel-
op into large-scale vortices in the vicinity of such regions (43, 44), it
is unlikely to affect angular momentum transport at the global scale.

To summarize, a range of pure hydrodynamic instabilities may
operate in PPDs under certain thermodynamic conditions. While we do
not fully understand whether they exist and, if so, their potential effects
on PPDs, current studies tend to suggest that they either are not present
for the bulk of the PPD lifetime or do not provide sufficient angular
momentum transport to account for typical PPD accretion rates.

Magnetohydrodynamic mechanisms

Overview

Magnetic fields have long been thought to play an important role in
the gas dynamics of PPDs (45), and mechanisms involving magnetic
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fields are now thought to be primarily responsible for angular
momentum transport in PPDs. As mentioned earlier, the magnetic
field can contribute to radial and vertical transport of angular mo-
mentum via the R¢ and z¢ components of the Maxwell stress tensor,
respectively. Even without knowledge of detailed disk microphysics,
some important constraints can already be obtained relating accre-
tion rates and magnetic field strength (46, 47).

More specifically, if accretion is mainly driven by radial trans-
port through the R¢ component of the Maxwell stress, we have
Myej =21 RZLZ(WB‘I,/ 4r), where the overbar again indicates time
and spatial averages and L, is the total thickness over which the stress
is exerted [e.g., on the order of a few scale heights, H = ¢,/Q (48),
with H ~ 0.03 AU at 1 AU for a Sun-like star]. B, is expected to be the
dominant field component because any radial field is easily sheared to
produce By. Ignoring B, and assuming that, on average, By, is a factor
f> 1larger than B, we obtain [analogously to equation 16 of (47)]

. _ _1\1/2
Bumidry = 0.72G (M/Mg)"* (Moec/ 10 My ™)~ (fH/L,) '

(R/AU)fll/S (2)

where B4 is the midplane field. Taking f ~ 50 and L, ~ 6H (see the
“Relating paleomagnetic measurements to astrophysical constraints”
section), one finds that the prefactor becomes 2.0 G.

On the other hand, if accretion is mainly driven by vertical trans-
port (via a magnetized disk wind emerging from the disk surface),
then assuming symmetry about the disk midplane, one finds that
Maeij = 81tR3|m/ 47 |base> Where the subscript indicates the field
strength at the base of the wind (usually several scale heights above
and below the midplane). Similarly, assuming that, on average, B, is
afactor f' > 1 larger than B, at the wind base, we obtain [analogously
to equation 7 of (47)]

Bmid,zc]) = mease,zd) = m(0065G) (M/MG) 1

(Moo 10 Moy ™! 12 .12 ~5/4 3)
acc @y ) f (R/AU)

where we further assume that the midplane field is some factor m of
the field at the wind base. Taking f ~ 10 (see the “Relating paleo-
magnetic measurements to astrophysical constraints” section), one
finds that the prefactor becomes 0.21 G.

A few remarks are in order regarding the above relations. First,
these results are fairly general and are independent of disk surface
density. Radial transport only weakly depends on disk temperature
(through H). Second, given similar field strength, vertical transport
is more efficient than radial transport by a factor of R/H, which is
due to the large lever arm (R) for wind-driven accretion, whereas
the Ro stress is exerted only over the disk thickness L, ~ a few H.
Third, while Eqgs. 2 and 3 offer separate constraints on field strengths
for the two mechanisms, Eq. 2 expresses field strength averaged over
the bulk disk and Eq. 3 indicates surface field strength. Fourth, the
two mechanisms can coexist such that Egs. 2 and 3 would reflect
their individual contributions to accretion rates. Fifth, unlike previ-
ous expressions relating field strength to accretion rate (10, 47),
Egs. 2 and 3 are not lower limits but instead direct estimates of
the field with uncertainties reflected in the factors of f, f', and m,
respectively.

Magnetic mechanisms
The main physical mechanisms responsible for radial and vertical
transport are the magnetorotational instability (MRI) (49) and mag-
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netized disk winds (50), respectively. A basic understanding of these
two mechanisms can be obtained from two physical processes.

The first is the decomposition of the Lorentz force per unit vol-
ume (51). In the ideal magnetohydrodynamic (MHD) limit (i.e., for
well-ionized gas; see below), it is given by

1 _ (VxB)xB _ B? B? _
F=gJxB=-——p——=x_-V.g=Fr+Fp (4)
where k = b- Vb = —R./R? is the curvature vector of the field

with curvature radius R,, b is a unit vector in the direction of B, and
V, denotes the components of the gradient perpendicular to B. The
two terms on the right are the magnetic tension, Fr, and magnetic
pressure, Fp, both of which are perpendicular to B. Equation 4
shows that magnetic field lines tend to straighten (act against bending)
and spatial variations in magnetic field strength exert a pressure that
can expel gas toward weaker field regions.

The second physical process is that Keplerian shear in the disk
constantly generates toroidal field from radial field. In the ideal
MHD limit, the magnetic induction equation 0B/dt = V X (vg x B)
(see below) for a Keplerian velocity profile, vk, yields 0By/ot = — (3/2)QxBg.

For the MRI, consider two fluid elements along a vertical field line
that are located at different heights in the disk (Fig. 3A). If one element
is slightly displaced radially inward, it will orbit slightly faster, while
if the other is displaced radially outward, it will orbit more slowly.
The radial field resulting from this displacement is then sheared to
produce toroidal field. The curvature in this field builds up magnetic
tension, attempting to bring the two elements back to their initial
positions. The tension thus acts like a spring, with the tension growing
as the two elements are increasingly separated. However, the torque
resulting from the spring reduces/increases the angular momentum
of the inner/outer element, making it spiral inward/outward. The
process runs away, giving rise to the MRI. In ideal MHD, the growth
of the MRI saturates by generating vigorous turbulence (52) that
can transport angular momentum radially outward with typical
values o ~ 1072 in the absence of a net vertical field threading the
disk (53). With a net vertical field, a at saturation increases with
disk magnetization and can even reach order unity (54). Because
the R Maxwell stress usually dominates over Reynolds stress by a
factor of ~4 to 5, accretion under these conditions is mainly mag-
netically controlled.

Magnetized disk winds require the disk to be threaded by a net
vertical (poloidal) field. Because parent molecular clouds are mag-
netized (55), their fields may have been inherited by the disks as they
are likely dragged in and bent radially outward during cloud collapse
(2). At the disk surface layer, shear in the disk constantly generates
toroidal field from the radial component of the outward-bent poloidal
field (but with opposite signs at the two disk sides), making the
toroidal field increasingly stronger. This has two consequences
(Fig. 3B). First, magnetic pressure gradually builds up and eventually
pushes the gas away from the disk, launching a wind. Note that this
interpretation applies when the vertical field is relatively weak like
that in PPDs (11), in contrast to the originally-proposed bead-on-
wire centrifugally driven wind that requires a strong vertical field
(50). Second, the process that amplifies radial into toroidal field
increasingly pinches the poloidal field lines in the disk against the
direction of rotation. Magnetic tension associated with this pinched
field exerts a torque on the disk that opposes disk rotation, thereby
extracting disk angular momentum corresponding to the z¢ com-
ponent of the Maxwell stress. The property of the wind is primarily
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Fig. 3. Angular momentum transport by magnetic fields in a PPD. (A) The MRI.
Shown is evolution at four different times (1 to 4). Left and right panels show edge-on
and top views of disk. Q denotes the direction of disk rotation. Grey denotes gas
and yellow circle denotes the Sun (not to scale). 1: Two gas parcels (green) are ini-
tially located within a narrow annulus. 2: Displacement of one parcel inward and
the other outward (black arrows in top view) decreases the outer parcel’s angular
velocity and increases that of the inner parcel. The field, B (black curves), then ex-
erts a spring-like attractive force, Fr (blue arrows). 3 and 4: This continues to exert
atorque on the parcels (Ro Maxwell stress) that causes them to further drift apart.
This process runs away and eventually generates turbulence that also contributes
to angular momentum transport via R¢ Maxwell and Reynolds stresses. (B) The
magnetized disk wind. The disk is initially threaded by a poloidal field. Keplerian
shear of the radial field component produces a toroidal field. The Lorentz force
associated with the vertical gradient of magnetic pressure, Fp, launches a wind.
The tension force, Fr, from pinching of the field against the direction of rotation
extracts angular momentum from the disk. (C) The HSI. Left: Starting with a vertical
field, a perturbation in the ¢ direction creates a radial current J, which yields a Hall
drift velocity along the —J direction. Right: When the initial field and disk rotation
are aligned (left subpanel), this drift rotates the perturbed field counterclockwise
in the plane of the disk, producing a radial field component. This radial field is then
sheared to generate toroidal field that reinforces the initial perturbation, leading
to angular momentum transport via Ry Maxwell stresses [e.g., right subpanel of
(A)]. For an anti-aligned initial field (right subpanel), the Hall drift and shear reduce
the initial perturbation. Right of subpanel (C) after (48, 72).

controlled by the strength of the poloidal field threading the disk,
with stronger field extracting angular momentum faster.
Complications from microphysics

Considering more physical details leads to substantial complications.
PPDs are distinguished from other astrophysical accretion disks
(e.g., black holes) in that they are extremely poorly ionized such that
the coupling between gas and magnetic field is weak. This is because
PPDs are generally too cold for collisional (thermal) ionization to
occur unless temperatures exceed ~10° K (56). Instead, the bulk
disk relies on nonthermal sources of ionization, particularly cosmic
rays (57), stellar X-rays (58), and stellar ultraviolet radiation (59).
The typical ionization fraction is of order 107'% to 10™* in the mid-
plane at several AU and boosted to 10™* to 107 in the disk atmo-
sphere at a wide range of radii. Weakly ionized gas experiences
nonideal MHD effects such that the magnetic field is no longer frozen
into the fluid. There are three nonideal MHD effects: ohmic resis-
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tivity, the Hall effect, and ambipolar diffusion (AD) (46, 60). Physically,
they correspond to electron-neutral collisions, electron-ion drift, and
ion-neutral drift, respectively, which allow field lines to drift relative
to the gas and/or to dissipate in different ways. They are reflected in
the nonideal MHD magnetic induction equation (46, 60), which de-
termines how magnetic fields evolve

B _ vxwxB) -2V xmod +nud xb+1ad) ()

where v is fluid velocity (i.e., velocity of the neutrals), J= (c/4n) V x
B is the current density, ¢ is the speed of light, and the subscript L
represents the component perpendicular to b. The three terms in
the right parentheses are the ohmic, Hall, and AD terms, with cor-
responding magnetic diffusivities no, Ny, and na. The strength of
nonideal MHD effects is characterized by the three Elsasser numbers,
Aopa = vi/(no,H,A Qx), where v4 = B/+4mp is the Alfvén speed.
These effects are considered strong when the corresponding Elsasser
numbers are less than or equal to order unity. In most cases, it can
be shown that ng o< x, ", N o< x. '(B/p), and ny o< x, ' (B/p)?, where
X, is the ionization (i.e., electron) fraction. This specifies the relative
importance of the three effects: Ohmic resistivity dominates in the
densest regions (midplane of inner disk up to ~10 AU, where Ag is
well below unity), AD dominates in the most tenuous regions [the
surface layer of inner disk and the entire outer disk, where A4 is
found to be of order unity (60)], and the Hall-dominated region lies
in between.

Significant progress has been made in the past decade in under-
standing how individual nonideal MHD effects affect the local gas
dynamics, particularly on the MRI, and the global dynamics when
all these effects are combined with realistic ionization chemistry. A
detailed description is again beyond the scope of this review. Here,
we highlight some main results.

Ohmic resistivity is the best-studied. It suppresses the MRI when
Ao falls below order unity (61). When only ohmic resistivity is con-
sidered, it creates a “dead zone” in the midplane region of the inner
disk (62, 63). AD can suppress the MRI for a strong field and damp
the MRI for a weak field. The threshold field strength decreases with
increasing AD (64). When ohmic resistivity and AD are combined,
it is found that the MRI in the inner disk (~1 to 10 AU) is entirely
suppressed in the disk vertical column (65). As a result, angular
momentum transport requires the presence of a large-scale poloidal
field threading the disk, which launches the magnetized disk wind. The
wind is launched from the disk surface layer, where gas and magnetic
fields are better coupled due to the higher level of ionization from
stellar far-ultraviolet radiation (65, 66). Note that because wind-driven
accretion is highly efficient in angular momentum transport, only
a weak net vertical field is needed to drive accretion at the desired
rate of ~10"*Mg year™’, corresponding to a plasma B (defined as the
ratio of the gas pressure to the magnetic pressure) of the order 10°
in standard solar nebular models. This picture likely also applies to
the outer disk (beyond ~10 AU), which is entirely dominated by
AD except that the outer disk can be weakly MRI turbulent (67, 68)

Equation 5 shows that unlike in the ohmic or AD-dominated
regimes, in the Hall-dominated regime (ny significant compared to
Mo and n,), the field evolution depends on the polarity of the verti-
cal disk field [this is also in contrast to the geodynamo, which is in
the ohmic regime (69)]. When the net vertical field is aligned with
disk rotation (i.e., B - Q > 0), it results in the Hall-shear instability
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(HSI), which strongly amplifies the horizontal (both radial and azi-
muthal) fields (70-72). In this context, the magnetic field has an effec-
tive drift (Hall drift) speed, vy, in the direction of —J as can be in-
ferred from Eq. (5) (this is essentially the electron-ion drift speed). To
understand the HSI, consider an initially vertical magnetic field in
the disk perturbed in the ¢ direction (Fig. 3C). The Hall effect pre-
serves the amplitude of the perturbed field and the Hall drift makes
this pattern of magnetic perturbation rotate counterclockwise, pro-
ducing a radial field component. The shear flow then generates to-
roidal field from the radial field that reinforces the perturbation,
leading to instability. With both radial and toroidal fields amplified,
the HSI yields a strong R¢p Maxwell stress that leads to efficient radial
transport of angular momentum. Unlike the MRI, the HSI itself does
not generate turbulence and associated Reynolds stresses, although
it can enhance turbulence if the MRI were active (73-75). In PPDs,
the Hall effect is always accompanied by ohmic resistivity or AD,
with the disk remaining largely laminar and launching disk winds.
The wind also advects horizontal field out of the disk, which balances
field growth and hence determines the saturation level of the HSI.
As a result, contributions to angular momentum transport from
Tre and Ty, are typically found to be comparable. In the case of op-
posite polarity (B - < 0), the Hall drift leads to clockwise rotation,
and subsequent shear will generate toroidal fields that reduce the
original perturbation. As a result, the horizontal field is reduced
toward zero (70, 73), thus contributing negligibly to angular momen-
tum transport, although the configuration can be subject to a non-
axisymmetric instability that produces bursts of weak turbulence (76).

Theoretically, we anticipate that the initial conditions for star
formation should not distinguish between the aligned and anti-
aligned cases. However, it has been shown that the Hall effect also
plays an important role during disk formation stage, resulting in
different disk initial sizes depending on the polarity (77, 78). Thus,
disks with different magnetic polarities are likely born differently,
although it is unclear whether such bimodality is present in observed
disk populations. Hence, current theoretical studies treat the two
cases as equally probable.

Recently, global disk simulations that incorporate all three non-
ideal MHD effects have been achieved (79, 80). Figure 4 shows sim-
ulation snapshots under standard PPD parameters for both field-aligned
and anti-aligned cases (79). It was found that in the aligned case, the
horizontal field in the disk inner region (~1 to 10 AU) is amplified
so much by the HSI that it does not change sign until reaching the
surface at one side of the disk. Toward the outer region where the
Hall effect (and hence the HSI) weakens, the change in sign occurs
at the midplane. Transport of angular momentum by laminar Maxwell
stress (radially) and by disk winds (vertically) makes similar contri-
butions. For the anti-aligned case, the field configuration also shows
a high level of asymmetry. The toroidal field is again the dominant
field component, only changing sign at the very uppermost layer on
one side of the disk. Without the HSI, the toroidal field is much
weaker than for the aligned case. The bulk disk is weakly turbulent,
although there are only minor spatial and temporal fluctuations in
the total field strength that do not affect the overall field configuration
(these fluctuations can be absorbed to the f or f* and m factors in
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Fig. 4. Numerical simulations of the magnetic field evolution in a PPD. (A and B) Magnetic field configurations from two-dimensional axisymmetric simulations incor-
porating all nonideal MHD effects. (A) Vertical field aligned with disk rotation. (B) Vertical field anti-aligned with disk rotation. Shown in color is the scaled toroidal field
strength (By/Gauss)- (R/AU). Black contours mark poloidal field lines, and white contours mark the total field strength in Gauss. (C and D) Vertical profiles of the radial,
azimuthal, and vertical components of the magnetic field at 7 AU from the simulations shown in the top panels for vertical field aligned (C) and anti-aligned (D) with disk

rotation. Simulations from (79) after evolving about 1200 and 1800 years.
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Egs. 2 and 3). In both the aligned anti-aligned cases, the wind plays
a major (if not overwhelming) role in driving disk accretion.
Relating paleomagnetic measurements to astrophysical constraints
As discussed below, an individual meteoritic sample (e.g., chondrule
or bulk matrix sample) provides measurements of the paleomagnetic
field strength. Accompanying information includes an estimate of the
age and location (usually the midplane region at some radius) of
the meteorite magnetic record, as well as the duration over which
the magnetic record has been averaged (see the next section). Con-
straining solar nebula conditions requires that paleomagnetic mea-
surements be understood in the context of a model of the nebular
magnetic field. This can be achieved either by directly comparing
with the best available PPD simulations or by using the more gen-
eral relations Eqgs. 2 and 3. Direct comparison with simulations has
the advantage of having access to information about the entire radi-
al and vertical profiles of magnetic fields (as in Fig. 4). However, the
physical parameters of the primordial solar nebula are poorly known.
On the other hand, Eqgs. 2 and 3 are the most general but require
proper understanding of the physical mechanisms that drive disk
angular momentum transport and depend on physical parameters of
£ L f,and m.

The best understanding may be to combine both approaches,
where we start from the framework of Egs. 2 and 3 and quantify the
uncertainties in the predicted value of B using the best-available
simulations. Below, we discuss the situation in the inner disk (i.e.,
R 510 AU). On the basis of recent simulations incorporating all
nonideal MHD effects, it is found that when the net vertical field is
aligned with the disk rotation, the midplane field is dominated by
By, which is amplified to order 102 times B,, while By and B, are
comparable in strength. At the wind-launching region, B, is about a
factor of 10 times B.. In the anti-aligned case, B, ~ 10B, throughout
the disk (from the midplane to the wind base). Because wind-driven
accretion dominates, we may use Eq. 3 and take f ~ 10 for a rough
estimate of the wind base toroidal field for both cases. In addition,
we may take m = 10 and 1 for aligned and anti-aligned cases, respec-
tively. For the aligned case, given that radial transport also makes
significant contributions, we may also use Eq. 2, taking f ~ 50, L, ~
6H, which yields a field strength similar to the estimate from Eq. 3
at 1 AU. Simulations suggest that varying the fiducial parameters
(e.g., surface density, magnetization, thermodynamics, and ionization
and diffusivity models) modestly changes these ratios. These varia-
tions can lead to changes in f, L,, f', and/or m in Egs. 2 and 3 by a
factor of a few such that we estimate an overall factor of up to ~3
uncertainty in the field strength from these considerations.

Three additional issues are worth mentioning. First, there may
be modest localized spatial variations in the field. In particular, B,
must change sign and go through zero when traversing vertically
across the disk, at which location the disk field largely consists of
just the vertical component. This means that the field values pre-
dicted from Egs. 2 and 3 would be overestimates within a narrow
range of disk heights. This may be more of an issue in the outer disk
where the current sheet likely lies around the midplane (see also Fig. 4).
The net vertical magnetic field may also be subject to localized radial
variations on scales of a few times H superimposed on the general
radial trend (81, 82), although the variation may be more modest
for total field strength. The total field strength may also vary in
response to local variations such as condensation fronts (82) and,
probably more importantly, from planet formation (although the
latter has not been well quantified). Although the uncertainty asso-
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ciated with such spatial variations can be considered as different
realizations of the previously mentioned uncertainties and hence can
be readily absorbed into the uncertainty associated with the factors
£.f, and m, here, we conservatively increase the uncertainty in field
strength from the aforementioned factor of ~3 to now a factor of ~5.

Second, the background field may experience temporal variations
that could be recorded by quickly-cooled meteoritic materials as a
range of paleointensities that are individually snapshots of the field.
Although existing global simulations have been run only up to a few
thousand years, it appears that at least in the inner disk, no signifi-
cant changes (e.g., in the direction of B,) occur other than some
secular changes in total field strength from the slow, long-term evo-
lution of magnetic flux. Therefore, the time-averaged (over at least
>1000 years) and instantaneous field strengths at a given location in
the disk are expected to be similar.

Third, if the meteoritic object (e.g., chondrule) is itself spinning
rapidly relative to the field variations, then it will record the projec-
tion of the background field on the body’s spin axis, which will, on
average, reduce the apparent paleointensity by a factor of 2 for a
population of bodies with randomly oriented but non-tumbling
spin axes (83). The uncertainty associated with this effect can be
reduced to a negligible level if a sufficient number of paleomagnetic
measurements are measured and averaged from chondrules formed
within a restricted location and time window.

Additional uncertainties arise from the disk accretion rate. Astro-
nomical observations can only measure instantaneous accretion rates
onto the protostar that are not necessarily the same as the accretion
rate at a certain radius. Furthermore, the measured stellar accretion
rates are typically uncertain by a factor of 2 to 3. Individual disks
can also differ significantly from each other, and there is an overall
trend that accretion rate decreases with age, reaching up to 10™° M,
year ! at the youngest ages (in the so-called class 0 phase in the first
~10° years), down to well below the standard value of 10~® M, year™".
In particular, disks with young ages (<1 Ma) likely experience FU
Orionis-like (typically class 0) or EXOr-like (typically class I/II)
outbursts, which are interpreted as episodic boosts of the accretion
rate by a factor of up to a few hundred or up to a few tens, respec-
tively (84). Our ignorance about nebular accretion rates limits the
use of paleointensities to constrain nebular physics. A median value
of ~1078 Mg year“1 for a 1 Mg, star is a reasonable estimate for the
bulk lifetime of the solar nebula (i.e., class II phase), modulo uncer-
tainties by up to a factor of a few. Given that the field strength de-
pends on the square root of the accretion rate (see Egs. 2 and 3), this
uncertainty is ~3'%, unless we are considering the accretion rates at
the very early phases of the solar nebula or near the end of disk life-
time. Combining all of the above uncertainties (i.e., associated with
the factors of f, L., f', and m; spatial variations of the field; and accre-
tion rate), we estimate that at most times and locations in the disk,
the total uncertainty on the predicted field as a function of distance
is less than or equal to an order of magnitude.

These uncertainties apply to predictions of the nebular field
strength from theory and simulations to compare with measured
paleointensities. Conversely, as discussed below, paleointensity mea-
surements can be used to constrain accretion rates or the formation
location of the meteorites, with uncertainty factors again propagating
according to Eqs. 2 and 3.

Multiple constraints can help reduce uncertainties. For example,
multiple paleomagnetic measurements from samples originating from
different heliocentric distances and different ages can be considered
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collectively in the context of the theory. In the meantime, astro-
nomical observations of young PPDs are also on the verge of pro-
viding useful constraints to disk magnetic fields, as we discuss next.

ASTRONOMICAL OBSERVATIONS

As mentioned earlier, disk magnetic fields are likely inherited from
the star formation process. The existence of magnetic fields in mo-
lecular clouds and protostellar cores is well established [see (55) for
areview]. This was achieved mainly through two techniques: obser-
vations of dust polarization and of the Zeeman effect.

In the interstellar medium (ISM), any irregular-shaped dust
grain in an anisotropic radiation field can be spun up around its
short axis. The spinning grain can then acquire a magnetic moment
along this axis due to surface charges and/or the Barnett effect (in
which a spinning body with unpaired electrons can spontaneously
acquire a magnetization proportional to the rotation rate) (85). In
the presence of a magnetic field, its spin axis will then precess
around the magnetic field and eventually align with the field due to
dissipation [e.g., (86)]. Once aligned, dust extinction of initially
unpolarized background light after passing through the dusty re-
gion would be strongest for polarization oriented perpendicularly
to the sky-projected field orientation, Bpps. This means that back-
ground starlight should exhibit linear polarization along Bpps. On
the other hand, thermal emission from the dust (mostly at wave-
lengths comparable to or longer than the dust grain size) is primarily
linearly polarized along the long axis that is perpendicular to Bpos.
Observations of both kinds of emission are extensively used to study
magnetic fields in the ISM and star-forming regions and have re-
vealed a link between magnetic field orientations, gas densities, and
kinematic structures on a variety of scales [see (87-89)].

The Zeeman effect describes the splitting of spectral lines into
multiple components of slightly different frequencies in the presence
of a magnetic field. The amount of splitting is proportional to B.
However, for the ISM field strength, the splitting is usually too small
to be spectrally resolved, such that its effect is mainly exhibited as
circular polarization whose polarization degree is proportional to
the line-of-sight component of the field, By os. In the ISM, the Zeeman
effect has been detected in atomic H, OH, and CN lines, as well as in
masers, all in submillimeter to radio wavelengths. These measure-
ments have measured field strengths over a wide range of densities
from ~10 pG from diffuse clouds to up to a few mG in molecular
cores [e.g., (55)].

Primarily, efforts to measure magnetic fields in disks have
focused on measuring polarized dust continuum emission, which is
expected to largely probe the disk midplane region (for optically
thin dust) and also to sense the surface of edge-on systems. This
approach is challenging partly because disks are small (about 107
the size of molecular clouds and 107> the size of prestellar cores),
and hence, resolution and sensitivity requirements are highly de-
manding. Early attempts yielded either only upper limits (90, 91) or
positive detections whose inferred field configuration is somewhat
puzzling under the assumption of magnetic alignment (92-94).

With respect to theory, because of grain growth and the fact that
gas in PPDs is much denser than that in the molecular cloud, it is
likely that dust spin becomes collisionally damped before it can pre-
cess around the magnetic field toward alignment (95, 96). In addition,
several mechanisms have been proposed to produce submillimeter
continuum polarization without involving magnetism. In particular,
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it has been realized that thermal emission from submillimeter-sized
dust can be scattered by other dust (called self-scattering) to yield
linearly polarized radiation (97, 98). The polarization pattern and
polarization fraction depend on disk inclination and can be used to
constrain dust properties.

The situation has been revolutionized with the advent of the
Atacama Large Millimeter/submillimeter Array (ALMA). With or-
ders of magnitude improvement in resolution and sensitivity, it has
enabled spatially-resolved measurements of linear polarization pat-
tern for nearby PPDs. More than a dozen disks have been observed
so far, showing polarization intensities and orientations in the
majority of cases that are consistent with self-scattering (9, 99, 100).
However, the situation is more controversial for some observations
atlonger wavelength of 3 mm (101, 102), pointing to other mechanisms
such as radiative alignment (96) and aerodynamic alignment (103),
although these interpretations are also not without problems (104).
In addition, polarization in two young and edge-on systems appears
to be consistent with multiple origins, and magnetic dust alignment
remains compatible with the data (105). Overall, there is a paradigm
shift in the disk community that dust continuum polarization has a
commonly nonmagnetic origin, but the detailed mechanisms are
still under active research.

Recently, ALMA has opened up the possibility of measuring circular
polarization, and it has become possible to constrain the line-of-
sight field strength via the Zeeman effect. Modeling suggests that
using the CN line [which is likely the most sensitive tracer of the
surface layer and outer region (106)], a positive detection requires
an area-averaged mean line-of-sight field strength of the line-emitting
region to be at least 1 to 10 mG given the current sensitivity of ALMA
(107). Given the required sensitivity, typical spatial resolutions would
be at least several tens of AU for disks in nearby star-forming regions.
So far, several observational studies are being conducted, but no
positive detection has yet been reported (108). The fact that the disk
magnetic fields are likely smooth (as the MRI is largely suppressed)
minimizes cancellations along the line of sight. In the meantime,
on the basis of the discussion above, we anticipate younger disks
with higher accretion rates (exceed 10~ Mg year ') to be promising
candidates.

In addition to the above, molecular line emission (i.e., rotational
transitions) can become linearly polarized either parallel or perpen-
dicular to the magnetic field due to the Goldreich-Kylafis (GK) effect
(109). The GK effect results from the magnetic sublevels of the ex-
cited state deviating from local thermodynamic equilibrium due to
an anisotropic radiation field, which can be external or internal in
origin (e.g., from an anisotropic velocity gradient). It can be used to
map out the orientation (but not intensity) of the plane-of-sky mag-
netic field, but there is a 90° directional ambiguity. The GK effect
has been detected in evolved stars (110) and star-forming regions
including molecular outflows (111, 112). Forward modeling suggested
that the effect can potentially be detected in PPDs (113). Very recently,
marginal detections toward two disks by ALMA have been reported
(114), although the data are insufficient to infer field morphology.

PALEOMAGNETISM

Introduction

Natural remanent magnetization

A unique opportunity to study nebular magnetism is offered by our
solar system, for which we have planetary materials that recorded
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ancient magnetic fields. Their record is in the form of NRM, a macro-
scopic vector quantity that reflects the semipermanent alignment of
electron spins. NRM in planetary materials can, in principle, persist
for far longer than the age of the solar system, long after the decay
of the magnetizing field (115).

Paleomagnetic records from solar system materials are obtained
from laboratory analyses of meteorites and in situ spacecraft mag-
netometry of small bodies. Paleomagnetic studies are complemen-
tary with respect to astronomical observations for characterizing
nebular magnetism. Meteorite studies probe the conditions in our
own well-studied early solar system, while astronomical studies can
characterize a diversity of young stellar objects. Furthermore, as
mentioned above, paleomagnetic measurements likely constrain
the field in the midplane where planetesimal formation and radial-
azimuthal accretion occur, while astronomical observations using
the Zeeman effect would mainly provide area-averaged line-of-
sight field components of the line-emitting region, likely tracing the
disk surface.

Meteorite studies have four principle advantages over astronom-
ical observations. First, paleomagnetic measurements constrain
fields at extremely high spatial resolutions (down to the 0.1-mm or
smaller scale of chondrules and inclusions). Second, unlike the
model-dependent field strengths for dust polarization studies, they
enable direct and highly accurate measurements of field paleointen-
sities (in principle, up to 10% or better). Third, paleointensities typ-
ically have very highly accurate and precise ages (with uncertainties
as little as 0.1 Ma) due to the ability to date the samples using radio-
metric methods. Fourth, because meteoritic materials have acquired
their NRMs over time scales ranging from hours to millions of years
or longer depending on the sample, they can probe the time-averaged
field over a wide range of time scales along with the instantaneous
field measured astronomically.

On the other hand, there are several disadvantages of paleomag-
netic studies relative to astronomical observations. First, because
the original orientations of meteoritic materials in the nebula are
unknown, only the field paleointensity and not its paleodirection
can be inferred. Second, the locations at which planetary materials
acquired their NRMs may be difficult to constrain. Third, meteoritic
materials may have been derived from only a small fraction of the
volume of the solar nebula whose local conditions might not reflect
the mean state of the overall disk.

Small bodies and meteorites with paleomagnetic records dating
back to the early solar system are thought to mainly contain one of
four forms of NRM when they cool, crystallize, or accrete in the
presence of a steady ambient paleomagnetic field, Bpaeo. Igneous ma-
terials (e.g., chondrules) and thermally-metamorphosed materials
acquire a thermoremanent magnetization (TRM) during cooling
below the Curie temperature of their constituent ferromagnetic min-
erals (116). Materials in which ferromagnetic crystals grow and/or
experience recrystallization at low temperatures acquire a crystalli-
zation remanent magnetization (CRM) (116). Both TRM and CRM
have been identified in a diversity of meteorites. Compression-
decompression cycles due to impacts may have also imparted shock
remanent magnetization (SRM), although such magnetization has
not yet been unambiguously identified in natural samples (117).
Last, it has recently been proposed that meteoritic materials could
acquire an accretional detrital remanent magnetization (ADRM)
resulting from compass-needle alignment of their constituent grains
during gentle accretion (118). Although ADRM has not yet been
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recognized in meteorites, its terrestrial counterpart, known as de-
trital remanent magnetization, is ubiquitously observed in clastic
sediments on Earth.

For typical geologic and meteoritic materials, NRM is approxi-
mately proportional to the intensity of the ancient magnetizing field
for the typically weak (510 G) fields expected in the nebula (116)

MNRM = XBpaleo (6)

where Mygry denotes NRM and y is the remanence susceptibility, a
constant that depends on both the nature of ferromagnetic grains in
the sample and the form of magnetization.

To obtain Bp,le, from laboratory paleomagnetic measurements,
Mnry is measured after removing any partial magnetization over-
prints by degaussing and/or heating the sample in zero field. Then,
because y is not known a priori, the sample is remagnetized in a
known laboratory field, Bj,p, followed by measurement of the result-
ing magnetization, M. Assuming that y remains unchanged by
this process, the two resulting equations can be divided to obtain
Mynrm/Miab = Bpaleo/ Blab and solved for Bpaieo (116). In principle, this
requires that Mi,, have the same form of magnetization (i.e., TRM,
CRM, SRM, or ADRM) as MnrMm because each form of magnetiza-
tion will have a different value of . However, reproducing the mag-
netization process for ADRM and most forms of SRM and CRM is
currently essentially impossible in the laboratory given the unknown
conditions in which these forms of magnetization were acquired by
meteorites and the difficulty of recreating such conditions even if
they were known. This is far more straightforward for obtaining
paleointensities from natural TRMs, which involves heating and
cooling the samples in the laboratory. Even so, even such heating
experiments are challenging because they can cause the samples to
undergo thermochemical alteration that leads to changes in . To
alleviate the requirement that the laboratory remanence be pro-
duced by the same process that produced the NRM, a sample can
instead be given an analog magnetization like saturation isothermal
remanent magnetization (IRM) (exposure to a strong field at room
temperature) or anhysteretic remanent magnetization (ARM) (ex-
posure to an alternating field with superimposed DC bias field at room
temperature); if the ratio of the y value for IRM to that of TRM or
for ARM to TRM is independently known [e.g., through calibration
experiments on analog samples (119)], a paleointensity estimate can
be obtained with typical uncertainties of between a factor of ~2 and
up to an order of magnitude (120-122). Because CRMs usually have
lower intensities than TRMs acquired in the same field (at least for
ferromagnetic minerals that did not form as transformation products
of preexisting ferromagnetic minerals), only a minimum paleo-
intensity can usually be inferred from CRM-bearing meteorites (123).
Rock magnetism
Ferromagnetic minerals contain unpaired electron spins whose ori-
entations are mutually coupled by quantum mechanical exchange
interactions. Hence, they can form crystals with nonzero magnetic
moments that can record an ambient magnetic field in the form of
NRM. The most common ferromagnetic minerals in meteorites
used for nebular magnetic field studies are the metals kamacite
(a-Fe;_Ni, for x < ~0.05), martensite (0;,-Fe;_,Ni, for ~0.05 < x < ~0.25),
and awaruite (Fe;_,Ni, for ~0.67 < x < ~0.75); the iron oxide mag-
netite (Fe304); and iron sulfides like monoclinic pyrrhotite (Fe;_,Sy
for x < ~0.13) (124-126). Kamacite and martensite typically dominate
the remanence of unmetamorphosed ordinary chondrites and most
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basaltic achondrites, whereas magnetite and sulfides carry much of
the remanence in carbonaceous chondrites as well as in some
achondrites like angrites.

A critical requirement for successful paleomagnetic studies is
the identification of samples with high-fidelity magnetic recording
properties. This means that the samples should (i) have been capa-
ble of acquiring an NRM proportional to the paleofield as described
by Eq. 1, (ii) be able to retain this magnetization over at least
4.5 billion years, and (iii) be able to be cleaned of overprinting
remanence by laboratory thermal or alternating field (AF) demag-
netization. It has long been recognized that materials with a signif-
icant fraction of crystals with sizes in the single domain range
(whose electron spins are uniformly aligned within the grain) are
optimal magnetic recorders in this way (116). However, for some
ferromagnetic minerals like kamacite, the single domain size range
can be vanishingly narrow for grains with equant shapes (127). As
a result, FeNi-bearing meteoritic materials are instead common-
ly dominated by larger grains like those in the single vortex state
(for which the spins typically take the form of a uniformly oriented
core surrounded by a spiral structure). Nevertheless, very recent
advances in micromagnetic modeling have now established that
most single vortex grains can carry exceptionally high-stability NRM
that can be stable over the history of the solar system (128).

Several different kinds of materials have recently been identified
to likely carry high-fidelity records of nebular fields. In particular, a
small fraction of chondrules (typically 10% in ordinary chondrites
and even rarer in carbonaceous chondrites) contain submicrometer-
sized crystals of nearly pure Fe kamacite embedded in forsterite
called “dusty olivines” (Fig. 5). This metal is thought to have formed
during a reduction process before accretion. The metal’s fine grain
size means that much of it is in the single vortex size range (129-131).
Furthermore, its very low Ni abundance (<2 weight %) guarantees
that the metal grains did not undergo subsolidus phase changes
that can occur during slow cooling on the parent body long after
accretion and that may alter the paleomagnetic record (132, 133).
Hence, dusty olivine-bearing chondrules that remained below the
780°C Curie point of kamacite following formation are almost cer-
tain to contain a total TRM record of nebular magnetism.

Another class of high-fidelity ferromagnetic minerals in meteor-
ites are magnetite and pyrrhotite grains that typically formed during

i 2 Dustyolivines 200 pum s—

500 M —— 10 15

post-accretional aqueous alteration on the parent body. These
grains may contain a CRM (for meteorites that remained at low
temperature during and after metasomatism like CM chondrites) or
a TRM for heated meteorites (like metamorphosed CM chondrites).
Like dusty olivine metal, magnetite and pyrrhotite in meteorites
commonly form grains in the single domain and single vortex size
range, but they have the additional advantage of usually being much
more resistant than FeNi to thermochemical alteration during lab-
oratory heating (see above). Another limitation is that because
magnetite and pyrrhotite typically usually formed after accretion of
the parent body, it can be challenging to distinguish whether their
NRMs were acquired in the nebular field or that of a dynamo gen-
erated within the meteorite parent body (134).

Remagnetization processes

A central challenge faced by paleomagnetic studies is to establish
whether the NRM in a given sample formed in the early solar system in
the presence of a nebular magnetic field or instead is a more recent
overprint. Although atmospheric passage typically only thermally
remagnetizes the outer <0.3 cm of stony meteorites, many meteor-
ites are later essentially completely remagnetized by collector’s hand
magnets and weathering on Earth’s surface (125, 135). Furthermore,
even those meteorites that avoided remagnetization on Earth may
have already been remagnetized by thermal metamorphism, aqueous
alteration, and/or phase changes and heating from impacts on their
parent bodies following the dissipation of the nebula.

There are several ways that the age of the NRM can be estab-
lished. Radiometric ages can constrain the timing of thermal and
crystallization events. Petrographic and mineralogical analyses can
constrain relative formation ages of ferromagnetic minerals based
on their textures, compositions, and overprinting relationships
with other materials in a meteorite. For example, sulfide veins that
transect from a chondrule’s interior into the surrounding matrix [as
observed CV chondrites (136)] must postdate accretion. Further-
more, measurements of mutually oriented subsamples of a given
meteorite can provide direct relative age constraints on the time of
NRM acquisition (137). For example, the demonstration that the
NRM direction in the fusion crust and adjacent baked interior zone
is distinct from that of the deeper interior would indicate that the
meteorite has not been completely remagnetized as part of a single
remagnetization event after landing on Earth (125). Furthermore,
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Fig. 5. Dusty olivines as carriers of nebular magnetization. (A) Reflected light optical photomicrograph of dusty olivine-bearing chondrule in the LL Semarkona mete-
orite. Light gray regions are mostly forsterite, whereas darker gray regions outlined by white dashed lines are rich in dusty metal. (B) Transmission electron microscopy
image of four dusty olivine kamacite crystals (white ellipsoids) in forsterite (dark gray background). (C) Relaxation times at room temperature of kamacite cuboids with
aspect ratios of 1.5 as calculated by micromagnetic modeling and compared to the age of the solar system (gray line). Grains larger than 25 nm in diameter are in the
single vortex state, while smaller grains are in the uniform (e.g., single domain or flower) state. (A) and (B) after (70) and (C) after (730). Photo credit for (A): R. R. Fu, MIT.
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because the nebular field is not expected to exceed ~5 G in most
locations (e.g., Eqs. 2 and 3), a demonstration that the ratio of NRM
to saturation IRM is <10% indicates that the sample has likely
escaped exposure to a hand magnet (122, 125, 138). Last, the demon-
stration that relative magnetization directions of individual chon-
drules or other clasts and inclusions are collectively random (while
each individual object has magnetization that is uniformly oriented
within it) would indicate that their NRM predates assembly of the
meteorite (83). For chondrules, which are expected to have accreted
onto their parent body with orientations that are random relative to
the paleofield direction (assuming no ADRM forms), the observa-
tion of scattered magnetization directions can be taken as powerful
evidence that their NRMs formed before accretion.

Meteorite measurements

Overview

Although the paleomagnetism of meteorites has been studied since
the 1950s (139), the nature and meaning of meteorite NRM have
only begun to be understood in detail in the last decade. In particu-
lar, the identification of ferromagnetic minerals thought to have
formed in the early solar system along with tests of NRM stability
and age (see above) have recently enabled the identification of early
solar system magnetic field records in four chondrite parent bodies
(LL, CM, CV, and CR groups) and two achondrite parent bodies
(angrites and NWA 7325). We now review the paleointensity re-
cords from these meteorites. We only discuss samples for which
rock magnetic analyses, radiometric ages, and constraints on the
remagnetization history have established that the NRM is ancient
(e.g., no younger than 6 Ma after the formation of the solar system).
Ages of NRMs

The ages of the NRM records in these meteorites are precisely con-
strained by a variety of short- and long-lived radionuclide systems
(table S1). Because we are interested in the ages of the field records
relative to the formation of the solar system rather than their abso-
lute ages, we have calculated ages relative to CAls, which are the
oldest known solids and which are thought to have formed within
10° years of the collapse of the molecular cloud (140). The meteorite
materials used for dating are chondrules, secondary alteration min-
erals (magnetite and carbonate), and bulk igneous rocks (as well as
separates from these materials). The crystallization, thermal meta-
morphism, and aqueous alteration events experienced by these
materials have been dated using both the long-lived U-Pb system,
which provides absolute ages, and several short-lived systems
(Al-Mg, I-Xe, Mn-Cr, and Hf-W), which provide ages relative to a
standard whose absolute U-Pb age is independently known (141).
The use of relative chronometers relies on the assumption that the
initial abundance of the short-lived parent nuclide was homoge-
neous in the solar system where the standard and the sample of
interest formed. However, relative chronometers have the advan-
tage over U-Pb ages in typically having higher precision due to the
much shorter half-lives of their parent nuclides. A second advan-
tage of the Al-Mg and Hf-W systems, in particular, is that CAlIs
themselves are commonly used as a standard, meaning that uncer-
tainties associated with the absolute age of CAlIs do not contribute
to the uncertainty budget for these systems. This is relevant because
estimating the uncertainty of an age relative to CAIs should not
only include the nominal measurement uncertainties of any CAI
age but also take into account the consideration that there are two
different ages that have been obtained for CAls, which differ from
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each other by >3 SDs: 4567.30 + 0.16 Ma ago from (142) and
4567.94 + 0.21 Ma ago from (143) (with the caveat that only the
former age has been described in a detailed refereed publication).
Meteoritic materials acquired their NRMs over widely varying
time scales. Therefore, their paleomagnetic records represent aver-
age magnetic fields over these time scales. Chondrules are thought
to have typically cooled from the Curie point to ~0°C over time
scales of ~1 to 10° hours (144-146) such that they acquired a
near-instantaneous TRM record of the ambient field. By compari-
son, aqueous alteration of chondrites on their parent bodies is
thought to have a duration of >1 year (147) and up to several Ma (148)
such that post-accretional CRMs should provide a time-averaged
record of the field that could extend over a significant fraction of the
nebula’s lifetime.
Locations where NRMs were acquired
There are broad constraints on the formation locations of meteoritic
materials that enable interpretation of their magnetic records in the
context of nebular processes. With respect to their vertical positions
in the disk, drag forces on 0.1-mm-sized grains in the nebula may
lead them to settle below a height H above the midplane at 1 AU from
the Sun within ~10* years (149), consistent with observational evi-
dence of settling and the largely laminar environment expected from
theoretical considerations (see above) (150). Hence, it is expected
(although not required) that most meteorites and their constituent
chondrules and refractory inclusions should have recorded mag-
netic fields near the midplane. With respect to their radial positions
in the disk, observations of meteoroid trajectories indicate that
nearly all parent bodies were immediately derived from the asteroid
belt (2 to 3 AU) (151). However, this does not require that the me-
teorites were in the present-day asteroid belt during their formation.
In particular, it has recently been realized that known meteorites
are derived from two groupings (“carbonaceous” and “noncarbo-
naceous”) with distinct O, Cr, Ti, Mo, and W isotopic compositions
that are thought to sample two nebular reservoirs [e.g., (152)]. It
has been proposed that these two reservoirs were located within and
beyond proto-Jupiter’s orbit, respectively, where they had become
isolated when proto-Jupiter opened up a gap in the disk after reach-
ing its isolation mass. In particular, an analysis of the abundance of
CAIs and refractory elements in meteorites has predicted that non-
carbonaceous and carbonaceous parent bodies accreted at ~2 to 3
and 3 to 4 AU (153), whereas the similar oxygen isotopic composi-
tions of ordinary and carbonaceous chondrites suggest formation of
the latter within <7 AU (154).
Paleointensity results
We now summarize existing paleointensity constraints on the neb-
ular field (Figs. 6 to 8 and tables S1 and S2). Measurements of chon-
drules from the Semarkona LL chondrite (10) indicate the existence
of a near-instantaneous field of intensity 0.54 + 0.21 Gat ~1 to 3 AU
(153) at 2.03 £ 0.81 Ma after the formation of CAIs (Fig. 6). If chon-
drules formed by nebular shocks associated with planetary bow
shocks, then they are expected to record a field intensity similar to
that of the ambient unshocked nebula (155). Because the LL chon-
drules in Semarkona are magnetized in random directions, they
must have been magnetized before accretion and therefore recorded
the nebular field (see the “Remagnetization processes” section).
Paleomagnetic studies of seven CM chondrites (134) indicate
that they were magnetized by a field of >0.06 G at ~3 to 7 AU
(153, 154) at 2.90 £ 0.39 Ma after CAI formation (Fig. 6) (134). The
NRM:s within the CM chondrites are unidirectional and carried by
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Fig. 6. The nebular magnetic field as recorded by meteorites. (A and B) Chon-
drules from LL chondrite Semarkona (70). (C and D) Bulk samples of CM chondrite
Murchison (734). (E and F) Bulk samples of ungrouped achondrite NWA 7325 (724).
(A, C, and E) Evolution of magnetic moment in electromagnetic units (emu) during
AF or thermal demagnetization of NRM (gray and black symbols), ARM (A and C)
(red symbols), and TRM (E) (red symbols). Grey symbols denote secondary NRM
components and black symbols denote high-coercivity NRM components inter-
preted to be records of nebular field conditions. (B, D, and F) Equal-area stereonets
showing the directions obtained from least-squares fits (circles) and associated
maximum angular deviation values (ellipses; a measure of uncertainty) for the
high-coercivity components in five chondrules (B), two bulk subsamples (D), and
nine bulk subsamples (F). In (B), (D), and (F), open (closed) symbols and dashed
(solid) lines denote upper (lower) hemisphere projections. In (B), individual chon-
drules are denoted by distinct colors, with three chondrules yielding two mutually
oriented subsamples each. In (C) and (E), NRM is multiplied by 10 for visibility. ARMs
were acquired with a 2900 G AC field and 1 G bias (A) and a 1000 GAC fieldand 1 G
bias (B), while the TRM was acquired by heating to 800°C in a field of 0.3 G.

the magnetite-bearing aqueously altered matrix, requiring that they
were magnetized after accretion. They should have recorded the
time-averaged field, consistent with the difference between CM
I-Xe and Mn-Cr ages (table S2). The post-accretional nature of the
NRM in CMs means that the origin of the magnetizing field is
somewhat ambiguous. It may have been a product of the nebular
field or conceivably a more recent field like that of a core dynamo
within a partially differentiated CM parent body [e.g., (137)]. Ther-
mal modeling indicates that convective core dynamos in mantled
planetesimals should be delayed by at least 4 to 5 Ma after accretion
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(156, 157) due to thermal blanketing of the core by the silicate man-
tle, which was heated by the decay of the short-lived radionuclide
Al However, such a delay need not apply to dynamos powered by
other mechanisms like impacts (158) or mantle precession (159).
Assuming that the thermal blanketing constraint is relevant to the
CM parent body, the ~2 Ma age of CM chondrite NRM would indi-
cate that they recorded the nebular magnetic field. The CM data
therefore suggest that the nebular field in the outer solar system
lasted until at least ~2.51 Ma after CAI formation (Fig. 7).

Recent studies of four slightly younger meteorite groups found
no evidence of a nebular field (Fig. 7). Paleomagnetic studies of
chondrules from two CR chondrites demonstrate that they too pass
fusion crust and conglomerate tests (160). However, because of the
relatively low fidelity of their magnetic recording properties, only
an upper bound on the instantaneous field of 0.08 G at 3.68 + 0.22 Ma
after CAI formation at ~3 to 7 AU (153) can be placed on the nebu-
lar field from CR chondrules. The absence of primary magnetiza-
tion in the ungrouped achondrite NWA 7325 (124) indicates that it
cooled in a field of instantaneous intensity of <0.034 G at ~1 to
3 AU (161, 162) at 5.24 + 0.05 Ma after CAI formation (Fig. 6). Sec-
ond, the absence of stable high blocking temperature magnetization
in the Kaba CV chondrite (163) indicates that the time-averaged
ambient field was <$0.003 G at ~3 to 4 AU (153) at 4.08 + 0.81 Ma
after CAI formation. Third, the absence of primary magnetization
in three angrites (164) indicate that they too cooled in the absence
of a nebular field (instantaneous value, <0.006 G) at ~1 to 3 AU
(165) at a mean age of ~3.71 + 0.23 Ma after CAI formation.

Spacecraft measurements

Spacecraft have measured the magnetic field at the surface of two
asteroids, during flybys of five other asteroids, and at the surface of
a comet (166-168). Although two of the asteroid flybys have tenta-
tively identified remanent magnetic fields, these detections are am-
biguous. Moreover, several investigations placed stringent upper
limits on the mean asteroid NRM that are at the lower range of
the values measured for centimeter-sized samples of meteoritic
materials (<2 x 10°% emu g’l). However, because these missions only
constrained the magnetization averaged over spatial scales ranging
from 10 to 20 cm [as inferred from recent Hayabusa2 measure-
ments across the surface of asteroid (162173) Ryugu (167)] to
10° km® [as inferred from asteroid (21) Lutetia (169)], the intensity
of the finer-scale NRM in these asteroids may be well above these
limits. Furthermore, with the possible exception of the comet mea-
surements, the timing of the magnetization records in these aster-
oids is unknown because of the lack of radiometric and other ages
for their constituents. Therefore, the paleointensity constraints in-
ferred from meteorites are not inconsistent with lack of detections
of remanent magnetic fields around asteroids. An unprecedented
opportunity to synthesize magnetic field datasets from spacecraft and
laboratory measurements will be provided by returned Hayabusa2
and OSIRIS-REx samples to Earth in the next few years (170).

The magnetic field measurements measured by the Rosetta lander
Philae at the Jupiter family comet 67P Churyumov-Gerasimenko
offer a unique constraint on nebular magnetism. Other than being
the only near-field measurements at a comet, the 67P measure-
ments are also distinguished by the fact that they were taken as part
of a near-surface >1-km-long transect with four separate landings
during which the magnetometer sensor reached within 5 cm of the
surface (168). Philae constrained the magnetization of the comet to
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Fig. 7. Paleomagnetic constraints on nebular field as a function of time. Red
and blue colors denote the instantaneous (red) and time-averaged (over >1 to
10° years) (blue) paleointensities, respectively, from LL (10, 155) and CR chondrules
(160), bulk samples of CM chondrites (734), NWA 7325 (124), angrites (164), and a
CV chondrite (163), and spacecraft measurements comet 67P/Churyumov-Gerasi-
menko (771). Downward (upward) arrows indicate upper (lower) limits. Horizontal
lines show the predicted midplane field at 3 AU assuming that magnetic stresses
are driving accretion around a 1 Mg star. Solid and dashed lines denote field assum-
ing that the nebular field and sense of disk rotation are aligned, for which we as-
sume contributions from both R¢ (Eq. 2 with f= 50 and L,~6H) and z¢ (dashed) (Eq.
3 with f = 10 and taking m = 10) stresses, respectively. Dotted line denotes field
assuming that the nebular field and sense of disk rotation are anti-aligned, for
which we assume contributions from just z¢ stresses (dashed) (Eq. 3 with f'=10
and taking m = 1). For each case, fields are estimated for three assumed different
accretion rates: 107, 1078, and 1077 Mo year’1 (bottom, middle, and top lines). See
tables S1 and S2 for source data.

<5x 10 emu g™ for spatial scales of >10 cm (171). Other data from
Rosetta suggest that 67P accreted by pebble-pile processes, which
would indicate the presence of the nebula during its assembly (172).
In this case, 67P could have acquired ADRM in a sufficiently strong
nebular field. Given the evidence that solids in 67P and other Jupiter
family comets have chondrite-like compositions and mineralogies
(173, 174), assuming such an ADRM has been preserved since the
comet formed, the very low NRM intensity would constrain the lo-
cal nebular field to be <0.03 G (171). Given the expected formation
locations of Jupiter family comets like 67P, this would apply to
somewhere in the region 15 to 45 AU.

DISCUSSION

Support for a central role of magnetism in stellar accretion?
The paleointensity constraints on the nebular field of 0.54 + 0.21 G
at 2.03 + 0.81 Ma after CAI formation from LL chondrites and of
>0.06 G at 2.90 + 0.39 Ma after CAI formation from CM chondrites
are both consistent with the field predicted by Egs. 3 and 4 for ac-
cretion rates of ~10"® Mg year™" for a disk whose rotation vector
and magnetic field are aligned (see the “Relating paleomagnetic
measurements to astrophysical constraints” section) (Fig. 8). The
expected field for the case of anti-aligned polarity for this accretion
rate would be about an order of magnitude lower (Fig. 8). The
anti-aligned polarity would be consistent with the data if the disk ac-
cretion rate were on the order of ~10~ Mg year ' or higher. This is
not impossible if the disk evolution is far from steady state, but oth-
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erwise, if the bulk accretion rate is a non-increasing function of time
as observations suggest (7, 175), then the mass of the solar nebula
would have to be unusually massive, at least reaching a substantial
fraction of a solar mass.

Furthermore, the dependence of the field with distance as con-
strained by the LL chondrules, CM bulk chondrites, and Philae
measurements at 67P is broadly consistent with the predicted de-
crease in field with distance from the Sun (Fig. 8). In particular, the
lower limit from CM chondrites, together with the estimated field
strength from LL chondrites, is broadly consistent with a temporally
constant accretion rate. However, this tentative inference requires
more paleomagnetic data for confirmation.

Distinguish between chondrule formation mechanisms?
Nebular paleomagnetic records also constrain how the first solids
formed. In particular, chondrules are 0.1- to 1-mm-diameter igne-
ous inclusions found in nearly all primitive, undifferentiated mete-
orites. Their ubiquity in the meteorite record suggests that they may
have constituted a significant fraction of accreted mass in early-
forming planetesimals, although this may reflect bias in the formation
mechanisms and/or locations of chondrites. The formation mecha-
nism of chondrules remains vigorously debated, with nebular shocks
and planetesimal collisions being the subjects of most recent research.

Two observable features of chondrule NRMs can provide infor-
mation about chondrule formation. First, the existence of primary,
unidirectional NRM blocked across a range of temperatures implies
that the orientation of the chondrule rotation axis and the background
magnetic field remained stable over the time of NRM acquisition,
which likely ranged between hours to less than ~10 days (176). The
presence of such magnetization in Semarkona chondrules has been
used to argue for a chondrule number density of less than 4 x 107> cm ™
during chondrule formation and background PPD temperatures of
<230°C, which appears inconsistent with the current sheet and
short-circuit instability hypotheses for chondrule formation (176, 177).
This result further implies that magnetic fields in the solar nebula
during Semarkona chondrule formation were stable over hours to
~10-day time scales.

Second, the paleointensities derived from NRM components can
be compared to those predicted for different chondrule formation
mechanisms. Among these, the X-wind model posits the Sun as the
energy source that led to chondrule melting, while the impact model
invokes the energy derived from collisions between planetesimal
bodies. Shock waves in the nebular gas, generated at the large scale
by GIs or at the local scale by planetary bow shock, have also been
hypothesized to lead to chondrule formation. Predictions of strong
magnetic fields of >0.8 G from the X-wind model of chondrule for-
mation appear inconsistent with values recovered from Semarkona
and CM chondrules (10). Models of planetesimal impacts and bow
shocks suggest that chondrules formed by these processes should
record background nebular field intensities, while chondrules formed
by large-scale nebular shocks might record a field amplified by a
factor of up to 30 above the background (155, 177). This implies
that both planetesimal collisions and bow shocks are simultaneously
consistent with magnetically mediated nebular transport (see Egs. 3
and 4) and LL- and CM-derived paleointensities. Meanwhile, large-
scale shocks may also be consistent with magnetic transport and
the meteorite measurements if the field that magnetized CM mete-
orites is well significantly above the minimum paleointensities
inferred from those meteorites (i.e., well above 0.06 G).
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case, fields are estimated for three assumed different accretion rates: 107°, 1078, and 10~ Mg year™' (bottom, middle, and top curves). See tables S1.and 52 for source data.

Lifetime of the nebula?

Because the sustenance of magnetic fields requires the existence of
a conducting medium as a necessary (although not sufficient) con-
dition, the dispersal time of the nebula may be similar to the time
when strong magnetic fields like those expected for the nebula (see
predictions in Figs. 7 and 8) disappeared as inferred from the ab-
sence of paleomagnetism in meteorites younger than a certain age
(Figs. 7 and 8 and tables S1 and S2) (164). For example, the inter-
planetary magnetic field at 10 Ma after CAI formation is estimated
to have only been ~2 mG at 1 AU (178), which is more than an or-
der of magnitude below the weakest nebular fields predicted for an
accretion rate of 10~° Mg year™". The minimum lifetime of the neb-
ular field in the inner and outer solar system is constrained by the
NRM in LL chondrules and CM bulk chondrites, which have mini-
mum ages of 1.22 and 2.51 Ma after CAI formation, respectively
(95% confidence lower limits). These provide a minimum con-
straint on the lifetime of the nebular field in each location. The most
temporally precise constraint on the maximum lifetime of the neb-
ular field comes from the angrites (164). Using Eqs. 2 and 3, their
<0.006 G paleointensity constraint indicates that by 3.71 + 0.23 Ma
after CAI formation, accretion rates dropped in the inner solar
system (<3 AU) to <10™'* Mg year " and <10™'° Mg year ', assum-
ing that the disk rotation and poloidal fields were aligned and
anti-aligned, respectively. We favor the former upper limit because
the LL chondrule data support the aligned case for our solar sys-
tem. These results are broadly consistent with the <0.003 G con-
straint from the CV chondrite Kaba, which indicates a low accretion
rate in the outer solar system (~3 to 7 AU) (153, 154) at 4.08 +
0.81 Ma after CAI formation. However, because the Kaba paleo-
intensities are recorded by a CRM, this upper limit is uncertain
(see above).

The <107 Mg year " accretion rate inferred from angrites is
below the slowest observed accretion rates for PPDs (179-181). We
therefore place a 95% confidence upper limit on the lifetime of the
nebula in the inner solar system of 3.94 Ma after CAI formation
(164) (Fig. 7), calculated as the sum of the weighted U-Pb age for
two angrites and the 95% confidence limit on the angrite and CAI
U-Pb ages published in the refereed literature combined in quadra-
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ture (table S1). Likewise, we estimate a maximum lifetime for the
nebula in the outer solar system of 4.89 Ma (Fig. 7), calculated as the
sum of the Mn-Cr age for CV chondrules plus the 95% confidence
limits on the Mn-Cr ages, the U-Pb age of the D’Orbigny standard
and the U-Pb age of CAls added in quadrature (table S1). Overall,
the results indicate that the nebula had locally dispersed sometime
between 1.22 and 3.94 Ma after CAI formation in the inner solar
system and between 2.51 and 4.89 Ma in the outer solar system,
consistent with very recent independent estimates of the lifetime of
the nebular gas (182) and dust disk (183).

This result has implications for how the gas giants Jupiter and
Saturn formed. There are two main formation models for giant
planets. In the disk instability model, a sufficiently massive disk,
subject to the GI and rapid cooling, fragments into clumps within
<1000 years, which then cool to become giant planets (184). By
comparison, core accretion is typically a multistage process begin-
ning with the protracted growth of ~10 to 20 Mg followed by rapid
runaway gas accretion that, in total, typically requires 21 Ma
(184-186). The viability of the core accretion model requires that the
disk lifetime must therefore exceed ~1 Ma, consistent with astro-
nomical observations of young stellar objects (3). The minimum
1.22-Ma lifetime of the nebula established by paleomagnetic studies
therefore permits both the disk instability and core accretion mod-
els for gas giant formation in our solar system.

Constraining formation distances of meteorites?

It is conceivable that instead of using paleomagnetic studies to con-
strain the nebular field intensity, the unknown formation locations
of meteorites could be constrained using paleomagnetic measure-
ments if the radial dependence of the field intensity were inde-
pendently known. In particular, if it is assumed that accretion is
being driven by magnetic fields at an accretion rate of ~10™® Mg
year !, then the paleointensity measured from a given meteorite
or body from an unknown location could potentially constrain the
distance from the Sun at which it acquired its magnetic record. In
support of this possibility, existing data, although sparse, are
broadly consistent with the predicted radial dependence of the
nebular fields (Fig. 8). There are numerous uncertainties with such
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an approach, beginning with the requirement that magnetic
fields be driving accretion and also including assumptions about
angular momentum transport (from 7, versus 7y), the assumed
accretion rate, and the possibility of local field heterogeneities. As
implied by the discussion above, the uncertainty on the predicted
field as a function of the formation distance from the Sun has an
uncertainty of at least an order of magnitude (81).

In this context, two recent studies of the ungrouped C2 chon-
drites Tagish Lake and WIS 91600 measured weak to null paleointen-
sities (<0.0015 and 0.044 + 0.028 G, respectively) despite the inference
that they formed during the lifetime of the solar nebula (i.e., at <3 to
4 Ma after CAI formation). Using the above logic, these studies pro-
posed that these meteorites formed at the current location of Saturn
or beyond. This is broadly consistent with predictions from Fig. 8
assuming a minimum accretion rate of 10~ Mg year ", the weaker
midplane fields predicted for R¢ stresses, and that the disk rotation
and poloidal fields were aligned. If correct, this would provide evi-
dence for large-scale radial mass transport sometime during the last
few billion years and would support the proposal that these samples
may be from comet- or Kuiper belt-like parent bodies.

OUTLOOK AND UNSOLVED QUESTIONS
The study of PPD magnetism is advancing rapidly. From a theoretical
standpoint, the recent inclusion of all three diffusivities associated
with nonideal MHD effects in the state-of-the-art numerical simu-
lations has fundamentally improved our understanding of the role
of magnetic fields in driving angular momentum transport in disks.
More work is necessary to extend these studies to three dimensions
and to incorporate more realistic physics, especially for thermody-
namics and ionization chemistry [e.g., (187, 188)]. Moreover, the cur-
rent paradigm requires the presence of a net vertical magnetic flux
threading the disk, which directly determines the rate of angular mo-
mentum transport and the associated field strength. While such mag-
netic flux is likely inherited from the star formation process, it remains
to be understood how it evolves in disks [e.g., (189)], which is a more
fundamental question relating to the long-term evolution of disks
and disk magnetism. As we learn more in the near future, we antici-
pate that the overall interpretive framework outlined in this review will
remain valid, while some of the uncertainties may be narrowed down.

On the observational side, the search for magnetic field signa-
tures in disks continues. While polarized dust continuum emission
has thus far been found to be largely of nonmagnetic origin, it still
provides useful constraint on disk and dust properties. The marginal
detection of the GK effect (114) opens up a new approach to poten-
tially constrain the field morphology in disks. Anticipated near-
future measurements of the GK effect for more sources and spectral
lines will provide valuable information on our understanding of
disk magnetic fields. Probably the most promising technique for
magnetic studies is the prospect of directly inferring the line-of-sight
field strength from measuring the circular polarization signature of
CN (and possibly other molecular) lines due to Zeeman splitting
from ALMA. Although the extreme sensitivity requirement pre-
cludes spatially resolving the field, the information would still allow
for directly comparing the field strength with instantaneous accre-
tion rate to validate the theory.

The spatial and time dependence of the nebular field in our own
solar system remain poorly understood. These gaps will be addressed
with the continued paleomagnetic measurement of new meteorite
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groups. In particular, just 4 of the ~13 known chondrite groups and
just 2 achondrite parent bodies have been studied from the perspective
of constraining nebular magnetism. Measurements of a diversity meteor-
ites from different locations in the disk would further constrain the
time required for the nebular field to disperse within the inner ~7 AU
of the solar system. Furthermore, with regard to chondrites, field
records have been obtained from just chondrules and bulk matrix-
rich samples. Future analyses of CAls could provide field records
from the beginning of solar system history. Such data could also be
used to address the question of how CAls formed (190): Some forma-
tion locations (e.g., within <0.1 AU of the young Sun) predict that they
would record strong paleointensities, while others (e.g., in the expand-
ing envelope of a supernova) seem to predict near-zero field values.

In this regard, nebular field constraints from spacecraft mea-
surements of small bodies like comet 67P are especially valuable
because of the additional constraints on the parent body’s formation
location provided by the geologic context of in situ measurements.
Hence, future sample return missions, like those in progress to car-
bonaceous asteroids [e.g., (167)], are even more exciting, because
they will combine the advantage of geologic context with the sensi-
tivity and precision of laboratory measurements.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/1/eaba5967/DC1
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Supplementary Text

Equations in Systéme International (SI) units

The equations in the main text are given in cgs units, which are in common usage in the astronomical
community. Given that the geoscience and paleomagnetism communities typically use SI units (mks),
here we list the equations in the latter units:
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Table S1. Radiometric age constraints on meteorite records of nebular magnetism.

A. Meteorites that record a nebular magnetic field

. . . Age (Ma After  Uncert. Age (Ma Uncert.
Group Meteorites Lithology = Technique Standard/Ago) (Ma)! Standard After CAIs)? (Ma) Ref.
2.03 0.81 2.03 0.81
_ 3,4
LL Semarkona chondrule Al-Mg 0.75 0.81 CAls 0.63 0.81 (191)
2.03 0.81
3
L LR g (0.75) (0.81)
CM Murchison magnetite I-Xe® -1.7 0.2 Shallowater 2.90 0.39 (192)
Murchison carbonate Mn-Cr® 1.20 1.57 D'Orbigny 4.99 1.59 (193)
CM Y-791198  carbonate Mn-Cr® -0.11 1.11 D'Orbigny 3.68 1.14 (193)
CM ALH 83100 carbonate Mn-Cr® 0.95 0.79 D'Orbigny 4.75 0.83 (193)
CM Samaya carbonate Mn-Cr® -0.07 0.49 D'Orbigny 3.73 0.55 (193)
2.90 0.39
7 (3.54) (0.42)
Gl e (4.03) (0.45)
(4.66) (0.47)
Inferred minimum lifetime of nebular field in noncarbonaceous reservoir® >1.22
Inferred minimum lifetime of nebular field in carbonaceous reservoir® >2.51
B. Meteorites that record null to weak magnetic field conditions.
M4 5.24 0.05 5.24 0.05
Ungrouped NWA 7325 bulk Al-Mg 3.97 0.05 CAls 3.97 0.05 (194)
bulk U-Pb® 10 4563.4 2.6 - 3.90 2.60 (194)
5.24 0.05
- 2 (3.97) (0.05)
NWA 7325 null magnetization age (3.90) (2.60)
(4.54) (2.61)
Angrite D'Orbigny bulk U-Pb®: 12 4563.51 0.18 - 3.79 0.24 (119965)'
. P M4, 13 4.72 0.19 4.72 0.19 (197)
Angrite D’Orbigny bulk Al-Mg 4.96 0.04 CAls 4.96 0.04 (198)
. Sahara Do, 14 _ (195,
Angrite 09555 bulk U-Pb 4564.07 0.43 3.23 0.46 199)
. Sahara M4, 13 4.70 0.40 4.70 0.40 (197)
Angrite 99555 bulk — Al-Mg 5.05 0.05 CAls 5.05 0.05  (198)
Angrite A-881371 bulk U-Pb® 4562.4 1.6 - 4.90 1.61 (200)
3.71 0.23
. - 5 (4.35) (0.27)
Angrite null magnetization age (4.71) (0.17)
(5.00) (0.03)
GRA 95229 DR, 16 4563.24- ) ) _
CR LAP 02342 chondrule U-Pb 4567.26 0.04-4.06 (201)
chondrule Hf-w1? 3.62 0.28 CAls 3.62 0.28 (202)
M4, 18 3.68 0.22 3.68 0.22
chondrule  Al-Mg > 41 0.22 CAls 241 0.22 (203)
3.68 0.22
-fi e 19 (2.41) (0.22)
CR weak-field magnetization age (4.06) (0.66)
(0.04) (0.43)
Ccv Kaba magnetite I-Xe® -0.1 1.2 Shallowater 4.50 1.25 (192)
Kaba fayalite Mn-Cr® 2.39 0.44 D'Orbigny 6.19 0.50 (204)
A-881317 fayalite Mn-Cr® 0.29 0.77 D'Orbigny 4.08 0.81 (148)



4.08 0.81

N o (4.72) (0.82)
CV null magnetization age (4.50) (1.25)
(5.14) (1.25)
Inferred maximum lifetime of nebular field in noncarbonaceous reservoir’* <3.94
Inferred maximum lifetime of nebular field in carbonaceous reservoir*t <4.89

Notes: The first column gives the meteorite group name, the second column gives the meteorite name, the third
column lists the lithology dated, the fourth column lists the chronometer, the fifth column lists the absolute age for
U-Pb analyses or relative age after the standard for the relative chronometers (positive values = younger than
standard), the sixth column lists the 2-standard deviation uncertainty in millions of years (Ma) (for simplicity,
uncertainties are reported as the mean of the upper and lower age uncertainties), the seventh column lists the age
of the standard for relative chronometers, the eighth column lists the age after the formation relative to calcium
aluminum inclusions (CAIs), the ninth column lists the 2-standard deviation uncertainty for the age relative to CAls,
and the tenth column lists the references.

!Does not take into account uncertainties associated with the isotopic composition of the age standards or
uncertainties associated with decay constants.

2Incorporates uncertainty on CAI age for measurements that do not use CAIs as a direct standard as specified in
column 7 (i.e., for all dates except those from the Al-Mg system).

3Mean value and standard deviation of ages of 25 type I and II chondrules (191). Detailed dataset provided by
personal communication from N. Kita (2018).

“Al-Mg ages are calculated using a decay constant of 9.83x107 y! (205). The top age is calculated assuming that
CAIs have a canonical initial 26Al/2’Al composition of 5.23x 107 (206) and that this was uniform throughout the inner
solar system. The bottom age is calculated instead assuming a nonuniform initial 2°Al/2’Al composition with a value
of 1.33x10°in the formation region of the meteorite (198, 201).

5I-Xe ages are calculated using a decay constant of 4.41x10%y! and are referenced to the Shallowater meteorite
standard, which is taken to have an absolute age of 4562.7 + 0.3 Ma (207, 208).

5Mn-Cr ages are calculated using a decay constant of 1.87x107 y! and are referenced to the D’Orbigny meteorite
standard, which is taken to have an absolute age of 4563.51 + 0.18 Ma (195, 196) and an initial >Mn/>*Mn
composition of (3.24 + 0.04)x10°° (209).

"Top row is the I-Xe magnetite age referenced to the nominal weighted mean U-Pb CAI age of 4567.30 = 0.16 Ma
from refs. (142, 210); this is our preferred age since it directly dates the formation of the main magnetization carriers
and is referenced to a CAI age in the refereed literature. Ages in parentheses at bottom are alternative dates
calculated as follows. The second age is calculated using the same I-Xe magnetite age but referenced to an alternative
U-Pb CAI age of 4567.94 + 0.21 Ma (143). The third age is from Mn-Cr carbonate ages, calculated by weighting the
means with the inverse of the square of the standard deviation (211) and referenced to the nominal U-Pb CAI age
(142, 210). The fourth age is calculated using the same mean Mn-Cr age but referenced to the alternative U-Pb CAI
age (143).

8The minimum nebular field lifetimes in the noncarbonaceous and carbonaceous reservoirs are inferred from the two
most stringent constraints in these reservoirs: the LL and CM chondrites, respectively. The lifetimes are calculated
as the mean relative ages of each relative to the nominal CAI formation ages minus their 2-standard deviation
uncertainties as listed earlier in table.

°U-Pb ages are calculated using 2*°U and 38U decay constants of 9.84x10%y*and 1.55x10° y, respectively (212).

10Because 238U/2*°U was not measured for NWA 7325, we assume a value of 137.794 + 0.027, the currently estimated
bulk solar system value (213).

"Top row is the Al-Mg age using the canonical initial 26Al/2’Al ratio (206); this is our preferred age because it has
lower uncertainties relative to the U-Pb dates due to the higher precision of the measurements and because the Al-
Mg standard is CAls (such that the absolute ages of CAIs do not contribute to the uncertainty). Ages in parentheses
at bottom are alternative dates calculated as follows. The second age is the Al-Mg age using the alternative initial
26A1/27Al ratio of refs. (198, 201). The third age is the U-Pb age referenced to the nominal U-Pb CAI age (142, 210).
The fourth age is the same U-Pb age but referenced to the alternative U-Pb CAI age (143).

2Using the measured 238U/?3°U for D'Orbigny of 137.793 + 0.025 (195).



13Top and bottoms rows are the Al-Mg age using the angrite’s initial 2°Al/?’Al ratio as measured by refs. (197) and
(198), respectively. Both ages are calculated assuming the canonical CAI initial 2°Al/?7Al ratio.

4Using the measured 38U/?3°U for Sahara 99555 of 137.805 + 0.029 (195).

5Top row is calculated using the mean U-Pb age of D'Orbigny and Sahara 99555 weighted by the inverse of the
square of their standard deviations (211) referenced to the weighted mean U-Pb CAI age of 4567.30 = 0.16 Ma from
refs (142, 210); this is our preferred age because it is an absolute age and is referenced to a CAI age in the refereed
literature. The ages in parentheses at bottom are alternative dates calculated as follows. The second age is the mean
U-Pb age referenced to the alternative U-Pb CAI age (143). The third age is the uncertainty-weighted mean Al-Mg
age for D'Orbigny and Sahara 99555 using the data of ref. (197) assuming the canonical CAI initial 2°Al/?’Al ratio.
The fourth age is the uncertainty-weighted mean Al-Mg age for D’Orbigny and Sahara 99555 using the data of ref.
(198) again assuming the canonical CAI initial 2°Al/?”Al ratio.

16The full range of measured U-Pb ages from chondrules from the CR chondrites from NWA 6043 and NWA 7655.
17Using Hf-W ages from chondrules from 4 other CR chondrites.

18Mean value and standard deviation of ages of 21 chondrules from ref. (203)’s groups B and C including chondrules
from GRA 95209.

9Top row is the Al-Mg age using the canonical initial 26Al/2’Al ratio (206); this is our preferred age because it has
lower uncertainties relative to the U-Pb dates due to the higher precision of the measurements and because the Al-
Mg standard is CAls (such that the absolute ages of CAIs do not contribute to the uncertainty). Ages in parentheses
at bottom are alternative dates calculated as follows. The second age is the Al-Mg age using the alternative initial
26A1/27Al ratio of refs. (198, 201). The third age is the youngest U-Pb chondrule age referenced to the nominal U-Pb
CAI age (142, 210). The fourth age is the same oldest U-Pb chondrule age referenced to the same nominal U-Pb CAI
age.

20The first age is the Mn-Cr fayalite age referenced to the nominal U-Pb CAI age (142, 210); this is our preferred age
because it was based on a fayalite standard with similar composition as the natural material being dated and is
referenced to a CAI age in the refereed literature. Ages in parentheses at bottom are alternative ages as follows. The
second age is calculated using the same Mn-Cr age but referenced to the alternative U-Pb CAI age of 4567.94 + 0.21
Ma (143). The third age is the I-Xe magnetite age referenced to the nominal U-Pb CAI age (142, 210). Although the
I-Xe dates have the advantage over Mn-Cr ages in directly dating the formation of magnetite, this age is not yet
reported in a refereed publication. The fourth age is the same I-Xe age but referenced to the alternative U-Pb CAI
age (143).

21The maximum nebular field lifetimes in the noncarbonaceous and carbonaceous reservoirs are inferred from the
two most stringent constraints in these reservoirs: the volcanic angrites and the CV chondrite Kaba, respectively.
The lifetimes are calculated as the mean relative ages of each relative to the nominal CAI formation ages plus their
2-standard deviation uncertainties as listed earlier in table.



Table S2. Paleointensity constraints on the solar nebula magnetic field from meteorites.

A. Meteorites that record a nebular magnetic field

Meteorite Group Reservoir Lithology Distance (AU) NRM Method Timescale Field (G) Ref.

Semarkona LL NC chondrules 2.20 TRM ARM? ~1-10*h 0.54 + 0.21 (10)

Adopted LL chondrite paleointensity 2+1 0.54 £ 0.21

Cold Bokkeveld CM C bulk 3.76 CRM IRM?2 >1to 10%y >0.03 (134)

Mighei CM C bulk 3.76 CRM IRM3 >1to 10°%y >0.02 (134)

Murchison CM C bulk 3.76 CRM IRM3 >1to 10%y >0.02 (134)

Murray CM C bulk 3.76 CRM IRM3 >1to 10°y >0.04 (134)

Nogoya CM C bulk 3.76 CRM IRM3 >1to 10°y >0.02 (134)

Paris CM C bulk 3.76 CRM IRM* >1to 10°%y >0.06 (134)

Adopted CM chondrite paleointensity 52 >0.06

B. Meteorites that record null or weak magnetic field conditions.

NWA 7325 Ungrouped NC bulk 2+1° TRM ARM, IRM, <10 h? <0.034 (124)
TRM®

Adopted NWA 7325 paleointensity 2+1 <0.034

D’Orbigny angrite NC bulk 2+1° TRM ARM, IRM, 10-100h <0.006 (164)
TRM®

Sahara 99555 angrite NC bulk 2+1° TRM ARM, IF;M, 10-100 h <0.006 (164)
TRM

A-881371 angrite NC bulk 2+1° TRM ARM, IRM!® 10-100 h <0.004 (164)

Adopted angrite paleointensity 2+1 <0.006

GRA 95229 CR C chondrules 3.84 TRM ARM ~1-10%h <0.16 (160)

LAP 02342 CR C chondrules 3.84 TRM ARM ~1-10%h <0.08 (160)

Adopted CR chondrite paleointensity 52 <0.08

Kaba Ccv C bulk 3.60 CRM TRM! >1to 10°y <0.003 (163)

Adopted CV chondrite paleointensity 52 <0.003

Notes: The first column gives the meteorite name, the second column gives the meteorite group, the third column
lists the nebular isotopic reservoir from which the meteorite was derived (NC = noncarbonaceous; C = carbonaceous)
(161, 165), the fourth column lists the type of lithology analyzed, the fifth column lists the formation distance, the
sixth column lists the form of natural remanent magnetization (NRM) analyzed (TRM = thermoremanent
magnetization; CRM = crystallization remanent magnetization), the seventh column lists the normalizing remanence
used for the paleointensity experiments (ARM = anhysteretic remanent magnetization; IRM = isothermal remanent
magnetization; TRM), the eighth column list the timescale of NRM acquisition (cooling from the Curie point to ambient
temperatures for TRM or crystallization of the ferromagnetic minerals for CRM), the ninth column lists the
paleointensity constraint, and the tenth column lists the references for the paleointensities. At the italicized row at
the bottom of each meteorite group lists the distance and paleointensity constraints for each meteorite/meteorite
group adopted by this study. The paleointensity values are corrected for the rotation of meteorite parent bodies,
which is expected to reduce the recorded paleointensity relative to that of the nebula by a factor of 2 on average for
non-tumbling rotation. In column 5, we report the formation locations for individual meteorites from ref. (153);
however, for meteorite groups we instead more conservatively assume NC meteorites formed at 1-3 AU [i.e., within
Jupiter’s initial assumed formation location (153)], while C meteorites formed beyond Jupiter's assumed formation
location but within 7 AU based on the H isotopic composition of their water contents (153, 154). These formation
locations are overall highly uncertain.

!Mean paleointensity measured for 6 chondrules multiplied by 2 to account for non-processing rotation of the
chondrules. Modeling of planetesimal nebular shocks demonstrates that chondrules formed by this process would
cool through their Curie temperatures in a region where the magnetic field is close to that of the background
unshocked nebula (155). Assuming this formation mechanism would remove the previous factor of 10 paleointensity
uncertainty discussed by ref. (10).

2Using the ratio of residual NRM and residual IRM after demagnetization to 200 G. This paleointensity is likely a
minimum value because it was estimated assuming the same efficiencies for CRM and TRM. Because we consider it
likely that the paleofield recorded by CM chondrites is that of the nebula rather than that of their parent body, the



value listed here is twice that reported by ref. (134) to account for non-precessing rotation of the CM body relative
to the nebular field [see ref. (10)].

3Using the REM’ normalization technique (122) for the high coercivity (HC) range for single samples of each meteorite.
This paleointensity is likely a minimum value because it was estimated assuming the same efficiencies for CRM and
TRM. Because we consider it likely that the paleofield recorded by CM chondrites is that of the nebula rather than
that of their parent body, the values listed here is twice that reported by ref. (134) to account for non-precessing
rotation of the CM body relative to the nebular field [see ref. (10)].

“Mean value for 5 subsamples using the REM’ normalization technique (122) for the HC range. This paleointensity is
likely a minimum value because it was estimated assuming the same efficiencies for CRM and TRM. Because we
consider it likely that the paleofield recorded by CM chondrites is that of the nebula rather than that of their parent
body, the value listed here is twice that reported by ref. (134) to account for non-precessing rotation of the CM body
relative to the nebular field [see ref. (10)].

SRef. (153) does not report an estimate for the formation location for these meteorites. However, their Cr, O, and Ti
isotopic compositions (161, 165) indicate they are part of the NC clan. Therefore, we estimate a formation location
in the inner solar system (1-3 AU).

SUncertainty-weighted mean value for HC/HT (high temperature) range from 6 experiments on subsamples B71 (ARM
and IRM methods), B73 (ARM and IRM methods), B78 (TRM method) and B79 (TRM method) [see ref. (124) for
details]. The value listed here is twice that reported by ref. (134) to account for non-precessing rotation of NWA
7325’'s parent body relative to the nebular field [see ref. (10)]. The estimated 2-standard deviation uncertainty on
this upper limit is a factor of ~5 given uncertainties in the ratio of IRM to TRM [see ref. (120)].

’Upper limit based on the absence of kamacite exsolution from taenite, which occurs for cooling rates as fast as 0.13
°C s'(214). This constraint assumes kamacite nucleation in NWA 7325 was not otherwise inhibited by either the
low-P content of the metal and absence of taenite-taenite grain boundaries.

8Grand mean for the HC/HT range computed from averaging the mean ARM paleointensity for 9 subsamples with the
mean IRM paleointensity for 9 subsamples and multiplied by 2 to account for non-precessing rotation of the angrite
parent body relative to the nebular field. The ARM and IRM means are computed as vector mean values [see ref.
(164)]. The uncertainty on this upper limit is a factor of ~2 given uncertainties in the ratios of ARM and IRM to TRM
(164).

°Grand mean for the HC/HT range computed from averaging the mean ARM paleointensity for 3 subsamples with the
mean IRM paleointensity for 3 subsamples and multiplied by 2 to account for non-precessing rotation of the angrite
parent body relative to the nebular field. The ARM and IRM means are computed as vector mean values [see ref.
(164)]. The uncertainty on this upper limit is a factor of ~2 given uncertainties in the ratios of ARM and IRM to TRM
(164).

1%The mean paleointensity for the ARM and IRM for the HC range is -0.003 + 0.005 G. Because a paleointensity
cannot be less than zero, we add the uncertainty to the nominal value to yield an upper limit of 0.002 G. Multiplying
this by a factor of 2 to account for non-precessing rotation of the angrite parent body relative to the nebular field
gives the upper limit of 0.004 G stated in the table. The uncertainty on this upper limit is a factor of ~2 given
uncertainties in the ratios of ARM and IRM to TRM (164).

IMean upper limit measured for blocking temperatures >250°C for three subsamples and multiplied by 2 to account
for non-precessing rotation of the CV body relative to ambient field environment [see ref. (10)]. This paleointensity
assumes that the CRM in Kaba has an efficiency similar to that of TRM. This upper limit will rise if the CRM is less
efficient than the TRM, making this paleointensity constraint particularly uncertain.
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