
1. Introduction
Understanding how giant planets like Jupiter and Saturn form is a longstanding fundamental problem in 
planetary science. Until recently, nearly all of our understanding of this question has been drawn from the-
oretical considerations, observations of the compositions and structures of giant planets, and astronomical 
observations of protoplanetary disks. In this Commentary, we consider what can be inferred about Jupiter's 
formation from a new and different kind of data set: the magnetism of meteorites. Although these rock 
samples of planetesimals might at first glance seem to have little relationship with the giant planets, they 
are a primary source of information about the age and nature of the solar nebula out of which the planets 
formed.

1.1. Giant Planet Formation Models

Gas giant planets are volatile-rich bodies with masses between ∼0.1 and <∼10–13 Jupiter-masses (1 Jupi-
ter-mass = 318 Earth-masses [M⊕]) (Santerne, 2018; Schlaufman, 2018). Jupiter- and Saturn-like gas giants 
are thought to either possess ∼0–25 M⊕ cores that are metal-rich (i.e., heavy element-rich) or at least deep 
interiors with a diffusely distributed enrichment of metals (Helled & Guillot, 2013; Wahl et al., 2017). Over-
lying these are hydrogen and helium envelopes with masses of tens to hundreds of M⊕.

There are two main formation models for giant planets: the gravitational (or disk) instability model (Kui-
per, 1951) and core accretion model (Safronov, 1969) (Figure 1). In the gravitational instability model, a gi-
ant planet forms when the self-gravity of the gaseous nebula causes it to rapidly collapse (over <1,000 years) 
into a gravitationally bound clump, which then slowly cools and contracts. Gravitational instabilities capa-
ble of making giant planets are most likely to occur within spiral density anomalies (Helled et al., 2014). As 
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discussed below, theoretical considerations indicate that relatively few giant planets should have formed by 
gravitational instabilities.

By comparison, core accretion is considered the most likely means to make giant planets in our planetary 
system and in the majority of exoplanet systems. While the gravitational instability model only has a single 
short phase of accretion, core accretion is typically thought to occur over three overlapping phases with 
vastly different durations (Alibert et al., 2018; Helled et al., 2014; Johansen & Lambrechts, 2017; Levison 
et al., 2015; Lissauer et al., 2009). In the first phase, pebbles (i.e., centimeter- to meter-sized rock-ice bod-
ies) and planetesimals (i.e., ∼1–1,000 km-sized rock-ice bodies) accrete relatively rapidly to form a domi-
nantly metal-rich solid core. The mass of this core, known as the isolation mass IM , is sufficiently large to 
produce a local pressure maximum in the nebula that deters further accretion of material coupled to the 
nebula (e.g., pebbles). Theory estimates that at a distance of 5–15 AU from the Sun,  10 25IM M  (Bitsch 
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Figure 1. Formation of giant planets. (a) Theory. In the gravitational instability model (left), the nebula collapses to 
form a self-gravitating clump with the future planet's final mass (318 M⊕ for Jupiter) in <1,000 years. This clump then 
contracts to planet densities over 0.01–1 Ma (final phase not shown). The core accretion model has three stages (right). 
In stage I, a heavy element-rich core accretes until reaching the isolation mass, IM . In stage II, the core slowly accretes 
a hydrostatically supported gaseous envelope until the body reaches the crossover mass, .XM  In stage III, the body 
experiences runaway gas accretion to its final mass in <0.1 Ma. (b) Schematic comparison of core accretion model for 
Jupiter (dashed curve) with proposed meteorite constraints. (a). The two shaded regions show the range of theoretical 
estimates for IM  and XM . Regardless of their precise values, the accretion rate during phase III is expected to be at least 
2 orders of magnitude faster than during the earlier phases. Combining isotopic constraints on the times of formation 
and duration of isolated nebular reservoirs (green) with paleomagnetic constraints on the lifetime of the nebula (red) 
suggests that proto-Jupiter grew from ∼50 M⊕ sometime following 3.46 Ma after calcium aluminum-rich inclusion 
(CAI)-formation to its final mass of 318 M⊕ over a period of just <0.5 Ma, indicating a growth rate >30 times (and 
permissibly many orders of magnitude) higher than prior to this time.
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et al., 2015; Johansen & Lambrechts, 2017; Lambrechts et al., 2014). Proto-Jupiter is theoretically expected 
to have reached this mass in own solar system at ∼0.5–1 Ma after the formation of calcium aluminum-rich 
inclusions (CAIs), the oldest known solar system solids.

In the second phase, gas slowly accretes along with additional solids until the body reaches the crossover 
mass, at which point the atmosphere's mass is comparable to that of the core:   2 20 50 .X IM M M  In 
the third and last phase, runaway gas accretion at very rapid accretion rates (∼102–104 M⊕ Ma−1) forms 
the final planet over a timescale that may only last the order of ∼0.1 Ma (Lissauer et al., 2009; Machida 
et al., 2010; Uribe et al., 2013; Venturini & Helled, 2020). A growing giant planet might skip the second core 
accretion phase if it experiences extensive orbital migration (Alibert et al., 2005; Helled et al., 2014) and/or 
the opacity of the accreting material is low (Hori & Ikoma, 2010). All told, core accretion is expected to last 
several Ma, depending on the lifetime and evolution of the solar nebula, with most of the planetary mass 
usually accreted during the runaway gas accretion stage.

1.2. Core Accretion Likely Made Most Known Giant Planets

At least for giant planets formed in situ within a few tens of AU of Sun-like stars, theoretical considerations 
strongly favor the core accretion model as the dominant mode of formation (e.g., Humphries et al. [2019]). 
A central difficulty with the gravitational instability model is that the inner regions of most disks around 
Sun-like stars lack sufficient disk surface densities to create giant planets due to the fact that gravity cannot 
overcome the opposing forces associated with disk shear and gas pressure (Williams & Cieza, 2011). For 
most disks older than ∼0.1 Ma, the critical surface density at which the gravitational instability can occur is 
unlikely to be achieved anywhere; the remainder of disks may achieve this critical surface density beyond 
a few tens of AU from the protostar where the gas may be sufficiently cool, assuming the disks extend this 
far (Durisen, 2011).

With respect to exoplanet observations, the relatively low abundance (Bowler, 2016) and steeply declining 
abundance with mass (Wagner et al., 2019) of distant giant planets both favor core accretion as the most 
common giant plant formation mechanism. In our solar system, the likely (although not certain) pres-
ence of > 10M  metal-rich cores in our four giant planets (D'Angelo & Lissauer, 2018), or at least diffuse 
heavy-element rich central regions (Wahl et al., 2017), is broadly consistent with the core accretion model. 
The core accretion model, which naturally produces relatively metal-rich planets, explains the frequency 
of occurrence of giant exoplanets (Fischer & Valenti, 2005) as well as their masses (Thorngren et al., 2016): 
both correlate with stellar metallicity, at least for planets with masses below a few Jupiter-masses (Helled 
et al., 2014; Humphries et al., 2019). The observation that most exoplanets with radii exceeding 1.6-Earth-ra-
dii (corresponding to 6  M  for an Earth-like composition) have volatile-rich envelopes (Rogers, 2015) is also 
consistent with the predictions of the core accretion model (Lissauer et al., 2009).

1.3. Growth Timescales in Core Accretion Models

Core accretion likely requires ≥1 Ma for growth from planetesimals to masses exceeding the crossover mass 
(Helled et al., 2014; Johansen & Lambrechts, 2017; Lissauer et al., 2009). The combined duration of the 
first two phases of core accretion is thought to be at least an order of magnitude longer than the <∼0.1 Ma 
duration of the runaway gas accretion phase (Lissauer et al., 2009) (Figure 1). As such, whether and how 
core accretion formed Jupiter could be addressed with measurements of the tempo and duration of Jupiter's 
accretion.

However, at this time, there have been no previous studies that constrain the growth rate of Jupiter over the 
final stage of its formation when core accretion predicts runaway gas growth should have occurred. Here we 
discuss how, with certain testable assumptions, meteorite isotopic constraints on two intermediate phases 
of Jupiter's growth, combined with a meteorite paleomagnetic constraint on the birthdate of Jupiter, pro-
vide observational evidence for a runaway gas accretion stage on Jupiter, thereby fulfilling a key prediction 
of the core accretion model.
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2. Meteorite Isotopic Constraints on the Early Growth of Jupiter
2.1. Growth to ∼50 Earth Masses

Theoretical models indicate that after proto-Jupiter reached a critical mass, it should have opened up a gap 
in the nebular disk that may have chemically isolated the outer and inner solar system (Johansen & Lam-
brechts, 2017). Therefore, as recently proposed by Kruijer et al. (2017), by finding both the timing of the 
opening of this gap and its longevity, the mass of proto-Jupiter could be constrained at two different times 
during its growth.

The existence of such a gap in the disk has been inferred from the discovery that known meteorites 
are derived from two reservoirs with distinct O, Cr, Ti, Mo, Ni, and W isotopic compositions and whole 
(Mg-normalized) refractory lithophile element abundances (e.g., Kruijer et al., 2017; Nanne et al., 2019; 
Warren, 2011; Weisberg et al., 2006). These reservoirs are named for the chondrite classes found in each: 
one containing noncarbonaceous chondrites and the other containing carbonaceous chondrites. Although 
the precise formation locations of meteorites is a key uncertainty, the two reservoirs are generally thought 
to have been located at ∼2–3 and perhaps >3–7 AU from the Sun for most meteorites (Desch et al., 2018; 
Sutton et al., 2017), with the possibility that some carbonaceous groups (e.g., CI, CR and CB chondrites 
and ungrouped Tagish Lake-like meteorites) formed at even greater distances (Bryson, Weiss, Biersteker, 
et al., 2020; Gounelle et al., 2006). Kruijer et al.  (2017) proposed that the two reservoirs formed inward 
and outward of the formation location of proto-Jupiter, respectively, given that Jupiter is the largest giant 
planet and likely formed the largest core. This may not be required, though; the gap could have been created 
elsewhere, such as at the location of another forming giant planet or, more generally, anywhere there was 
a sufficiently large localized increase of pressure with distance (e.g., Brasser & Mojzsis [2020]). It is even 
possible the isotopic dichotomy can be explained without the need for a gap at all (Lichtenberg et al., 2021).

Iron meteorites, which are found in both the noncarbonaceous and carbonaceous reservoirs, are some of the 
oldest known meteorite samples and most are thought to represent the cores of differentiated planetesimals. 
Using isotopic measurements of iron meteorites combined with planetesimal thermal evolution models, 
Kruijer et al. (2017) calculated that noncarbonaceous and carbonaceous iron meteorite parent bodies had 
accreted by 


0.4
0.20.9  Ma after CAI-formation (95% confidence interval). The upper bound on this age suggests 

that the two reservoirs were isolated by <1.3 Ma after CAI-formation (Table S1). By this logic, proto-Jupiter 
reached its isolation mass of 10–25 M⊕ at this time (left green line in Figure 1b; Table S1).

The parent bodies of the ordinary chondrites, which are part of the noncarbonaceous reservoir, are estimat-
ed to have formed at ∼2 Ma after CAI-formation (Kruijer et al. 2017). The youngest known carbonaceous 
chondrite parent body, that of the CR chondrites, is estimated to have accreted at 3.68  ± 0.22  Ma after 
CAI-formation (Kruijer et al., 2017) (Weiss et al. [2021], Table S1). Therefore, taking the 95% confidence 
lower bound on the latter age, this suggests that the two nebular reservoirs remained isolated and spatially 
separated until >3.46 Ma after CAI-formation (right green line in Figure 1b; Table S1).

Kruijer et al.  (2017) hypothesized that proto-Jupiter must have reached ∼50 M⊕ after this time because 
otherwise it would have likely scattered nearby planetesimals, mixing the reservoirs in a manner that might 
have influenced or interfered with the formation of CR chondrites (Figure 1b). Such scattering could occur 
via the migration of proto-Jupiter (Walsh et al., 2011) and/or direct gravitational interactions from a static 
Jupiter (Raymond & Izidoro, 2017). On the other hand, proto-Jupiter may have begun scattering planetes-
imals at a lower mass (e.g., during an earlier epoch of migration), in which case Jupiter's mass could have 
been as low as ∼10 M⊕ at this time (i.e., the mass limit inferred from the accretion of carbonaceous iron 
meteorite parent bodies).

2.2. Lack of Constraints on Growth From ∼50 to 318 Earth Masses

All told, Kruijer et al. (2017) argued that the isotopic data constrain the formation of Jupiter at two inter-
mediate stages of its growth: the body reached ∼10–25 M⊕ by 1.3 Ma after CAI-formation and ∼50 M⊕ after 
3.46 Ma after CAI-formation. However, as discussed above, while the isotopic measurement themselves 
are robust, their causal connection with the opening of a gap in the nebula around proto-Jupiter and their 
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proposed implications for proto-Jupiter's growth are far from conclusive (see also Kruijer et al. [2019] and 
Klein et al. [2020]). We revisit these and other uncertainties at the end of this Commentary. For now, we 
assume the validity of their constraints on Jupiter's accretion and explore their implications for Jupiter's 
formation in the context of meteorite paleomagnetic measurements.

Recent models assuming pebble accretion during the first stage followed by accretion dominated by plan-
etesimals during the second stage can successfully match the growth rates during these two stages implied 
by the isotopic data (Alibert et al., 2018). Specifically, these models reproduce the >2 Ma-long growth period 
to ∼50 M⊕ inferred from the isotopic data (Kruijer et al., 2017). Even so, the isotopic data only constrain 
the growth of Jupiter to just 15% of its final mass, leaving the timing of most of the growth of Jupiter 
unconstrained.

Given that the core accretion model predicts that Jupiter's growth accelerated significantly after it reached 
∼50 M⊕ due to the onset of runaway gas accretion, it is critical to determine the subsequent and final pe-
riod of Jupiter's growth to ∼318 M⊕ (Ginzburg & Chiang, 2019; Hubickyj et al., 2005; Lissauer et al., 2009; 
Venturini & Helled, 2020). At present, models tend to force the accretion rate to zero at ∼3–5 Ma time 
after CAI-formation. This timing is chosen to prevent the final mass from exceeding ∼318 M⊕ and relies 
on the common assumption that the nebula dispersed at this time. However, such a solar nebula lifetime 
is an inference based on astronomical observations indicating that half of all protoplanetary disks disperse 
somewhere between ∼2 and 6 Ma after formation, with this large range due to uncertainties in age models 
of young stellar objects (Bell et al., 2013; Mamajek, 2009). Not only is this mean disk lifetime uncertain by 
several Ma, but where the lifetime of our solar nebula falls in this distribution is also not well-known.

Other than inferences inferred from the observed lifetimes of protoplanetary disks, there have been very 
few constraints on the lifetime of the solar nebula. The presence of agglomeratic olivine chondrules in CR 
chondrites has been interpreted as evidence that the nebular dust disk persisted until at least the forma-
tion time of CR chondrules (Schrader et al., 2018) (i.e., at >3.46 Ma) (Table S1). It has also been proposed 
that the formation of chondrules in CH and CB chondrites requires the presence of nebular gas under the 
hypothesis that they are impact melt sprays from planetesimal collisions (Krot et al., 2005). Such gas could 
not only potentially enable planetesimals to reach the high relative velocities that can produce such impacts 
(Johnson et al., 2016) but would also enable the reaccretion of such chondrules onto the CH/CB parent 
body (Garvie et al., 2017; Morris et al., 2015). This may indicate that the solar nebula persisted until the 
∼4–6 Ma formation age of CB chondrules (Bollard et al., 2017; Wölfer et al., 2020) (Table S1 and Table S1 
of Weiss et al. [2021]).

Determining the lifetime of our solar nebula and, by implication, the end date of Jupiter's growth, is impor-
tant for multiple reasons. Most importantly, this provides an experimental test of the core accretion model. 
Given that core accretion models typically rely on the disappearance of the nebular to truncate Jupiter's 
growth, our understanding of the runaway gas accretion stage might require modification if it were found 
that the solar nebula had lasted ∼>10 Ma after CAI formation. Beyond setting limits on the mass of Jupi-
ter, a long-lived nebula could produce eccentricity and inclination damping of planetesimal and planetary 
orbits until ∼>10 Ma after CAI-formation, delaying the onset of giant planet dynamical instabilities and 
post-nebular migration (e.g., Nesvorný et al. [2021]). Such an outcome might could affect critical terrestrial 
planet formation timescales, the timing of the giant impact that produced the Moon, and the dispersal of 
small bodies produced by giant planet migration.

Accordingly, we now discuss how recent meteorite paleomagnetic data have directly constrained the life-
time our nebula. This will potentially enable us to estimate Jupiter's accretion rate in its final growth stage 
without requiring inferences from astronomical observations of other disks.

3. Meteorite Paleomagnetism
3.1. Evidence for a Nebular Magnetic Field

Theoretical studies predict that the solar nebula likely generated a large-scale magnetic field that played 
a central role in stellar accretion (Turner et al., 2014). For decades, a key goal of meteorite paleomagnetic 
studies has been to search for evidence of this field, but ambiguities associated with the age of measured 
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magnetization records and the ability to accurately infer ancient field intensities (paleointensities) meant 
that until recently, no nebular field records were unambiguously identified (Cisowski,  1987; Weiss 
et al., 2010).

However, with the recent advent of high sensitivity magnetometers, new microsampling tools, high resolu-
tion magnetic imaging, and the advantage provided by decades of mineralogical and geochemical studies 
of meteorites, nebular field records have finally been identified. In particular, it has been found that LL 
(Fu et al., 2014; Mai et al., 2018) and CM (Cournède et al., 2015) chondrites recorded a midplane field of 
54 ± 21 µT and ≳6 µT at 2.03 ± 0.81 Ma and 2.90 ± 0.39 Ma after CAI formation, respectively (Table S1 of 
Weiss et al. [2021]).

Just as for meteorite isotopic constraints, a difficulty in interpreting meteorite magnetic constraints is that it 
is not known where exactly in the disk they apply. Here we make the assumption that the constraints apply 
to the parent isotopic reservoirs of the bulk meteorites, which are the noncarbonaceous and carbonaceous 
reservoirs for LL and CM chondrites, respectively. In this case, taking the 95% confidence lower limits, these 
data indicate the nebula persisted until >1.22 and >2.51 Ma after CAI formation in these two reservoirs 
(Table S1 and Figure 7 of Weiss et al. [2021]).

Note that although it was alternatively proposed that CM chondrites were magnetized by the ancient solar 
wind after the nebula had dispersed (O'Brien et al., 2020), this is unlikely because even if the nebula had 
cleared by the time CMs were magnetized, the time-averaged solar wind field at 2 AU was likely >2 orders 
of magnitude too weak to explain the minimum CM paleointensities (Oran et al., 2018). Furthermore, at the 
inferred 2.90 ± 0.39 Ma magnetization time of CM chondrites, the nebula was likely still present and would 
have shielded them against the solar wind (Weiss et al., 2021).

Knowledge of magnetic field paleointensities does not directly constrain the nebular gas density. However, 
because magnetic fields can exert torques on ionized gas, the midplane magnetic field strength can be used 
to infer the accretion rate under the assumption that magnetic fields mediated accretion (Weiss et al., 2021). 
The accretion rate, in turn, is a broadly a proxy for the gas density. As such, the LL and minimum CM chon-
drule paleointensities indicate accretion rates of ∼ 910  to 810   


1yM  and  910   


1yM , respectively. These 

are consistent with astronomical observations of typical actively accreting protoplanetary disks throughout 
most of their lifetimes (Hartmann et al., 1998) and support the persistence of the nebula until at least these 
times. Therefore, the 95% confidence lower limits on the ages of LL and CM chondrules indicate lower lim-
its of 1.22 and 2.51 Ma on the lifetime of the nebula in the noncarbonaceous and carbonaceous reservoirs, 
respectively.

3.2. Paleomagnetic Constraints on the Lifetime of the Nebula

Because the sustenance of magnetic fields requires a conducting medium, the solar nebula dispersal time 
can be estimated by determining when nebular fields disappeared as inferred from the presence and ab-
sence of paleomagnetism in meteorites of different ages (Wang et al., 2017). In particular, paleomagnetic 
studies of angrites, which formed in the noncarbonaceous reservoir, indicate the nebular field intensity had 
dropped to <0.6 μT by 3.71 ± 0.23 Ma after CAI-formation (Table S1 and Figure 7 of Weiss et al. [2021]). 
Likewise, paleomagnetic studies of the CV chondrite Kaba, which formed in the carbonaceous reservoir, 
indicate the field was <0.3  μT by 4.08  ±  0.81  Ma after CAI-formation (Table  S1 and Figure 7 of Weiss 
et al. [2021]).

If we again assume that magnetic fields mediated stellar accretion (Weiss et al., 2021), these factors of >∼90 
and >∼20 decrease in paleointensities relative to those just 1–3 Ma earlier would indicate that the accretion 
rate had dropped by this time by factors of >8,000 and >400 in the noncarbonaceous and carbonaceous 
reservoirs, respectively. Such low accretion rates are, respectively, at least 3 and 2 orders of magnitude below 
those inferred for typical disks and also below those observed for the slowest-known accreting disks (Ercol-
ano & Pascucci, 2017; Espaillat et al., 2014; Owen, 2016).

The meteorite paleomagnetic data therefore indicate that the nebula had already dissipated by the time 
these near-zero magnetic field conditions were recorded. Combining the age uncertainties on the angrites 
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and the CV chondrite, we therefore place 95% confidence upper limits on the lifetime of the nebula in the 
noncarbonaceous and carbonaceous reservoirs of 3.94 and 4.89 Ma after CAI-formation, respectively. Over-
all, the results suggest that the nebula had at least locally dispersed sometime between >1.22 and <3.94 Ma 
after CAI-formation in the noncarbonaceous reservoir and between >2.51 and <4.89 Ma in the carbona-
ceous reservoir (95% confidence limits) (Figure 1b and Table S1).

4. Meaning for Jupiter's Formation Mechanism
The minimum 1.22 and 1.3 Ma lifetimes of the nebula inferred from meteorite paleomagnetism and mete-
orite isotopic studies, respectively, are consistent with predictions of the core accretion model. The isotopic 
measurements more specifically suggest that Jupiter grew from 0 to 10–25 M⊕, the range of masses theo-
retically predicted for the end of core accretion's first phase, at a mean accretion rate of >7.7–19.2 M⊕ Ma−1 
(to first green line in Figure 1b; Table S1) and then from 10–25 to 50 M⊕, the upper end of the range of 
masses for the end of the second phase, at a mean rate of <11.8–18.8 M⊕ Ma−1 (between two green lines in 
Figure 1b; Table S1).

The combined isotopic and paleomagnetic measurements (between right green and red lines in Figure 1b) 
indicate that Jupiter grew from 50 M⊕ to its final mass of ∼318 M⊕ at a mean growth rate of >518 M⊕ Ma−1 
(Table S1). Both the magnitude of the latter growth rate as well as the rapid increase in growth rate relative to 
the previous growth phase (by a minimum factor of ∼30 and permissibly by many orders of magnitude) are 
consistent with typical models of core accretion, which predict runaway gas accretion rates ∼2–4 orders of 
magnitude faster than during the slow gas accretion phase (Machida et al., 2010; Venturini & Helled, 2020). 
The timing of the initiation of runaway gas accretion is insensitive to the choice of chronometers for dating 
CR chondrules and angrites, to uncertainties associated with the age of CAIs (Table S1), and to the factor 
of ∼2 uncertainty associated with the estimates of the isolation and crossover masses. We caution, however, 
that these ages provide a poorer fit to model variants in which the slow gas accretion phase is suppressed by 
substantial migration (Helled et al., 2014).

5. Assumptions and Path Forward
While the match between core accretion model predictions and meteorite observations is excellent, this out-
come does rely on several assumptions that should be evaluated by future studies. First, the assumption that 
the growth of a giant planet led to the formation of the two isotopic reservoirs needs to be validated. Our 
understanding of the nature and mechanisms for forming pressure bumps in disk is advancing rapidly due 
spatially resolved observations of disks with substructures by the Atacama Large Millimeter/submillimeter 
Array (Andrews, 2020).

Second, Kruijer et al. (2017)'s proposal that the isotopic data constrain growth to 50 M⊕ assumes that the 
noncarbonaceous reservoir would be contaminated by material from the carbonaceous reservoir due to 
proto-Jupiter's scattering of planetesimals. However, substantial contamination of the noncarbonaceous 
reservoir would likely require extensive collisional evolution of carbonaceous planetesimals in the same re-
gion where new planetesimals were forming within the nebula. No study has yet investigated whether such 
conditions are likely to take place. Furthermore, it is not guaranteed that noncarbonaceous bodies were 
still accreting when the putative contamination phase could have taken place. Finally, the growth of the 
other giant planets may have also regulated mixing of the two reservoirs (Raymond & Izidoro, 2017). These 
assumptions could be addressed with dynamical models of giant planet growth, planetesimal scattering and 
planetesimal collisional evolution.

Third, we again emphasize that the solar system locations where meteorites obtained their paleomagnetic 
records are poorly known. Here we assumed that meteorites that acquired their magnetic records in the 
noncarbonaceous or carbonaceous reservoirs actually provide a snapshot of nebular activities throughout 
that reservoir. This may be valid in the more confined regions of the inner solar system, but the outer so-
lar system spans an enormous distance, ranging from Jupiter to the Kuiper belt. The nebula dissipation 
constraints from CV, CH, and CB chondrites might therefore apply to different portions of this vast region. 
On the other hand, it is also possible, for example, that CV chondrites were remagnetized after injection 

WEISS AND BOTTKE

10.1029/2020AV000376

7 of 10



AGU Advances

into the asteroid belt. A possible way of resolving this issue is to use the predicted dependency of nebular 
field strength with distance (Weiss et al., 2021) to constrain the formation distance of a particular magnetic 
record. As an example, it was recently argued that the weak nebular field recorded by ungrouped Tagish 
Lake-like chondrites indicates they formed beyond ∼10 AU, consistent with their volatile-rich composi-
tions and extreme 15 N-isotopic compositions (Bryson, Weiss, Biersteker, et al., 2020; Bryson, Weiss, Lima, 
et al., 2020). On the other hand, this predicted field dependency on distance assumes constant accretion 
rates in space and time (Fu et al., 2020).

6. Conclusions and Implications
Under several testable assumptions, the meteorite constraints on Jupiter's growth over time match pre-
dictions from the core accretion model. There are two principle reasons for this. First, as noted by Kruijer 
et al. (2017), the isotopic data indicate that the overall growth timescale of Jupiter was protracted (>1 Ma). 
Second, as introduced here, the combined isotopic and paleomagnetic data indicate that the growth rate 
greatly accelerated soon after reaching a mass comparable to the expected crossover mass, as expected after 
the onset of runaway gas accretion.

The paleomagnetic data also constrain an important aspect of the runaway gas accretion phase in the core 
accretion model. It has long been suggested that Jupiter's growth in this phase was ultimately terminated 
because the body emptied its neighborhood of gas (Ginzburg & Chiang, 2019; Lissauer et al., 2009). Our 
analysis of the meteorite record supports this: we find the time of dissipation of the nebula is within error 
of both the time that Jupiter reached its final mass and the time it reached its crossover mass.

Formation of Jupiter by core accretion has several additional important implications. It means that Jupiter 
formed with, and likely still contains, a heavy element-rich deep interior of at least several tens of M⊕, a 
structure that has been challenging to ascertain with gravity field measurements (Wahl et al., 2017). It also 
provides increasing evidence that core accretion is a widespread process for forming giant planets. Giant 
planet formation may therefore be frustrated in exoplanet systems in which the gaseous protoplanetary disk 
dissipates rapidly (<1 Ma after formation) and/or around metal-poor stars. Nevertheless, giant planet for-
mation by core accretion remains challenging at large (>100 AU) distances from the central star. The giant 
planets that have been directly imaged in these locations (Marois et al., 2010) may have formed either in situ 
by the gravitational instability (Durisen, 2011) or else may formed in the inner solar system or another star 
system and then migrated or were scattered to their present positions (Ford, 2014).
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Table S1. Temporal constraints on the growth of Jupiter 
M (M⨁) Growth 

Stage Constraint Technique Ref. t (Ma) dM/dt (M⨁ Ma-1) 

10-25 End of 
phase I 

Accretion of 
carbonaceous bodies Hf-W1 (Kruijer et al., 2017) <1.3 >7.7 from 0 to 10 M⨁ 

>19.2 from 0 to 25 M⨁ 
> 

50 Date 50M⨁	

reached 
Formation of CR 

chondrules Al-Mg2 (Schrader et al., 2017) >3.46 <18.5 from 10 to 50 M⨁ 
<11.6 from 25 to 50 M⨁ 

  Formation of CR 
chondrules 

Youngest U-Pb age with 
nominal CAI age3 

(Amelin et al., 2010; Bollard et 
al., 2017; Connelly et al., 2012) >3.42 <18.8 from 10 to 50 M⨁ 

<11.8 from 25 to 50 M⨁ 

50  Formation of CR 
chondrules 

Youngest U-Pb with 
alternative CAI age4 

 

(Bollard et al., 2017; Bouvier et 
al., 2011) >3.80 <16.0 from 10 to 50 M⨁ 

<10.0 from 25 to 50 M⨁ 

50  Formation of CR 
chondrules Hf-W5 (Budde et al., 2018) >3.34 <19.6 from 10 to 50 M⨁ 

<12.3 from 25 to 50 M⨁ 

318 End of 
phase III Magnetism of angrites U-Pb with 

nominal CAI age6 
(Amelin et al., 2010; Connelly et 

al., 2012; Tissot et al., 2017) <3.94 >518 from 50 to 318 M⨁ 

318  Magnetism of angrites U-Pb with 
alternative CAI age7 

(Bouvier et al., 2011; Tissot et 
al., 2017) <4.61 >225 from 50 to 318 M⨁ 

318  Magnetism of angrites Al-Mg8 (Spivak-Birndorf et al., 2009) 
(Schiller et al., 2015) 

<4.88 
<5.03 

>184 from 50 to 318 M⨁ 
>167 from 50 to 318 M⨁ 

318  Magnetism of CV 
chondrites Mn-Cr9 (Doyle et al., 2015; Glavin et al., 

2004) <4.89 >183 from 50 to 318 M⨁ 

318  Formation of CB 
chondrules 

U-Pb with 
nominal CAI age10 

(Amelin et al., 2010; Bollard et 
al., 2015; Connelly et al., 2012; 

Johnson et al., 2016) 
<5.08 >162 from 50 to 318 M⨁ 

318  Formation of CB 
chondrules 

U-Pb with 
alternative CAI age11 

(Bollard et al., 2015; Bouvier et 
al., 2011; Johnson et al., 2016) <6.44  >88.9 from 50 to 318 M⨁ 

 
Notes: The first column lists the modeled mass of proto-Jupiter in units of Earth masses, the second column lists the 
corresponding approximate core accretion growth phase or event (phase I = formation of rocky core with final mass 
equal to the pebble isolation mass, 50M⨁ = time when proto-Jupiter reached 50M⨁, phase III = runaway gas accretion 
with final mass equal to Jupiter’s present-day mass), the third column lists the physical process or meteorite record 
used to date this phase boundary or event, the fourth column lists the radiometric technique used, the fifth column 
lists the references for the radiometric constraint, the sixth column lists the age relative to the formation of CAIs in 
millions of years (Ma) (positive values = younger), and the seventh column lists the inferred mean growth rate of 
proto-Jupiter over the phase ending at this boundary assuming a linear growth rate during the phase. Our preferred 
age constraints are shaded in gray. The end of phase II, at which slow gas accretion reached the crossover mass, is 
predicted to be 25-50M⨁. 

 

1Using upper limit on accretion age for carbonaceous bodies inferred from global differentiation ages constrained by 
182W data. Kruijer et al. (2017) proposed that this provides an upper limit on the time at which the carbonaceous 
and noncarbonaceous reservoirs first became isolated. 

2Using (a) weighted mean Al-Mg age of 21 chondrules drawn from 9 chondrites minus (b) the 95% confidence interval 
referenced to the canonical CAI initial 26Al/27Al ratio of 5.23×10-5 (Jacobsen et al., 2008). 

3Using youngest U-Pb age measured for CR chondrules [which Kruijer et al. (2017) proposed sets a lower limit on 
the time of mixing of the carbonaceous and noncarbonaceous reservoirs] referenced to the nominal weighted mean 
U-Pb CAI formation age of 4567.30 ± 0.16 Ma of Amelin et al. (2010) and Connelly et al. (2012). This is our 
preferred CR chondrule age because it is an absolute age and is referenced to a CAI age in the refereed literature. 

4Same as footnote 3 but referenced to the alternative U-Pb CAI age of 4567.94 ± 0.21 Ma of Bouvier et al. (2011). 
5Using weighted mean Hf-W age of (a) 38 subsamples from 4 CR chondrites minus (b) the 95% confidence interval. 
6Calculated as the sum of: (a) weighted mean U-Pb age of the angrites D’Orbigny and Sahara 99555 referenced to 
the nominal U-Pb CAI-formation age (see footnote 3); (b) 95% confidence interval on the weighted mean U-Pb age 
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of these angrites and of the nominal U-Pb CAI age combined in quadrature. This is our preferred constraint on the 
end of phase III because it is an absolute age and is referenced to a CAI age in the refereed literature. 

7Same as footnote 6 except using the alternative U-Pb CAI formation age (see footnote 4). 
8Top and bottoms rows are calculated using the sum of the following: the volcanic angrites’ mean initial 26Al/27Al ratio 
as measured by Spivak-Birndorf et al. (2009) and Schiller et al. (2015), respectively, and assuming the canonical 
CAI initial 26Al/27Al ratio (see footnote 2); (b) the 95% confidence interval on these Al-Mg ages. 

9Calculated as the sum of: (a) weighted mean Mn-Cr age of fayalite in CV chondrite A-881317 relative to the 
D’Orbigny standard (b) the U-Pb age of D’Orbigny (Tissot et al., 2017); (c) the U-Pb age difference between 
D’Orbigny and the nominal U-Pb CAI-formation age (see footnote 3); (d) 95% confidence intervals of the Mn-Cr 
age and these two U-Pb ages combined in quadrature. Note this age is indistinguishable but has lower uncertainty 
than the I-Xe age of magnetite in the CV chondrite Kaba (Pravdivtseva et al., 2013). 

10Calculated as the sum of: (a) weighted mean U-Pb age of chondrules from the CB chondrite Gujba referenced to 
the nominal weighted nominal U-Pb CAI-formation age (see footnote 3); (b) 95% confidence intervals of the 
weighted mean U-Pb age of these chondrules and of the nominal U-Pb CAI-formation age combined in quadrature. 

11Calculated in the same way as the other estimate for CB chondrules (footnote 10) except using the alternative U-
Pb CAI formation age (see footnote 4). 
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