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Introduction: Cores of differentiated planetesimals 

segregated from their silicate mantles within the first 
few million years (My) of solar system history [1]. How 
and when did these cores crystallize remain poorly 
understood [2]. During core crystallization, the release 
of sulfur and delamination of solids could have 
sustained advection and generates a magnetic field 
through the dynamo process [3]. The timing and 
mechanisms of dynamo generation, intimately linked to 
core crystallization processes, are also poorly 
understood. These processes can be recorded as 
remanent magnetization in meteorites, which can persist 
over the age of the solar system [4].  

The IIE iron meteorites consist of an Fe-Ni matrix 
with silicate inclusions with siderophile element 
compositions inconsistent with simple formation in a 
fractionally-crystallizing core. These mixtures of metal 
and silicates most likely formed during a large-scale 
impact on their parent body [5]. Their metallographic 
cooling rates indicate they must then have cooled while 
buried in the parent body’s mantle [6]. Amongst known 
iron meteorites, the IIE irons are particularly suited for 
the investigation of dynamo activity and core 
crystallization for three reasons: 1) their matrix metal 
contains reliable magnetic recorders; 2) they did not 
cool in the core, implying the core could still have been 
active when the IIEs acquired their magnetization; 3) 
the age of their magnetizations can be dated using 
40Ar/39Ar analyses of their silicate inclusions [6]. 

We recently found that the IIE irons Techado and 
Colomera cooled in a 3–300-µT magnetic field, which 
most likely resulted from a dynamo powered by core 
crystallization [6]. Based on their 40Ar/39Ar ages, we 
estimated that the field was active approximately 
between 78 ± 13 and 97 ± 10 My after calcium 
aluminum-rich inclusion (CAI)-formation [7]. Here, we 
expand our understanding of the history of dynamo 
activity on the IIE parent body by conducting a 
paleomagnetic study of the younger IIE iron Miles.  
Miles’ 40Ar/39Ar age indicates it should have acquired 
its magnetic record at 159 ± 9 My after CAI-formation 
when it cooled through 330 ± 70°C (Ar closure 
temperature for 0.1–1-mm feldspar grains [8]).  

Method: Miles’ matrix metal contains cloudy zone 
(CZ) nanostructures: ferromagnetic islands made of Ni-
rich tetrataenite embedded in a paramagnetic matrix [9]. 
CZ islands are known to be excellent paleomagnetic 

recorders. Their magnetization reflects any field present 
when they cooled through the ordering temperature of 
320°C [10,11]. We conducted an X-ray photoemission 
electron microscopy (XPEEM) experiment at the 
Advanced Light Source (Berkeley, CA). We measured 
the average magnetization of a region of interest within 
two distinct CZs separated by ~0.5 mm with ~100-nm 
spatial resolution [12].    

Dynamo activity on the IIE parent body: The 
XPEEM data show that the CZ islands analyzed each 
have a preferential magnetization direction. Moreover, 
we cannot reject the hypothesis at 95% confidence that 
the field was unidirectional across the two CZs (Fig. 1). 
Because the two CZs are distant enough to prevent 
mutual magnetostatic interactions, this indicates that 
Miles cooled in a substantial field with an intensity in 
the range of 3–300-µT previously estimated from other 
IIEs. 

The ~160 My age of Mile’s magnetization excludes 
early sources of magnetic fields like the solar nebula and 
a thermal convection core dynamo. Moreover, the slow 
kinetics of magnetization acquisition by CZ islands are 
incompatible with transient or high time-variability 
field sources such as the solar wind or impact-induced 
plasma fields [6]. Therefore, like Techado and 
Colomera, Miles most likely experienced a dynamo 
field powered by core crystallization on its parent body. 
This implies that a compositional dynamo was active on 
the IIE parent body for a duration of more than 81 ± 16 
My. This demonstrates the IIE core remained partially 
molten until at least 160 My after CAI-formation. 

Size of the IIE parent body: Using a one-
dimensional thermal model, we simulated the 
convective and conductive cooling of the IIE parent 
body to constrain its size [13]. In all simulations, the 
body is partially differentiated [5,6], with a metallic 
core, an achondritic mantle and a chondritic crust in 
equal radial proportions. We made the simplifying 
assumption that core crystallization occurs at the Fe-S 
eutectic temperature (930°C) and ends when the latent 
heat released during solidification of the entire core is 
extracted from it [13]. We find that the core of a 
planetesimal > 220 km in radius remains partially liquid 
beyond 168 My after CAI-formation. As such, the IIE 
parent body adds to the growing list of planetesimals 
recognized to be Vesta-sized and larger. For example, 
previous paleomagnetic studies have suggested radii > 
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150 km for the pallasite and H chondrite parent bodies 
[14,12]. Petrological and paleomagnetic evidence 
suggest a > 100-km radius parent body for the angrites 
[15,16]. These data are supported by a recent modeling 
study which also proposes that the parent bodies of the 
CV and CM chondrites were >300-km in radius [13]. 
The reason for the absence of such large objects in the 
current asteroid population is an open question. 

Insights into planetesimal core crystallization: In 
the absence of a known meteorite that cooled in the core 
of the IIE parent body, we cannot directly compare this 
result to radiometric core crystallization indicators like 
the Re-Os or Pd-Ag systems [2]. However, we can 
compare it to such studies of other iron meteorite 
groups. The Re-Os system can be used to date when an 
iron meteorite crystallized. Average Re-Os isochron 
ages of 37 ± 50 My and 50 ± 32 My after CAI-formation 
were determined for the IIAB and IIIAB iron groups, 
respectively [17]. These ages are compatible with the 
crystallization of the IIE core starting before 78 ± 13 My 
after CAI-formation. On the other hand, there is no 
significant age difference between Os-rich (i.e., those 
first to crystallize) and the Os-poor (i.e., those last to 
crystallize) meteorites. This was interpreted as 
indicating that crystallization of the core took place over 
just 10–30 My [17]. In contrast, our results suggest that 
the crystallization of the IIE core spanned > 80 My. The 
Pd-Ag system partitions between Fe-Ni metal and Fe-S 
troilite in iron meteorites with a closure temperature of 
700–500°C [18]. Surprisingly, published model ages for 
meteorites of the IIAB, IID, IIIAB, and IVA groups are 
all within ≲ 10 My after CAI-formation [19]. This 
contrasts with our paleomagnetic results and several 
thermal models [13,20]. It surprisingly implies that the 
IIE core would have cooled through 700–500°C ~200 
My later than 4 other meteorite parent bodies (Fig. 2). 

Conclusion: We have found that three IIE irons 
preserve a time-constrained magnetic record of a 
compositional dynamo on their parent body. The 
dynamo activity, and therefore the crystallization of the 
core, initiated before 78 My after CAI-formation and 
lasted more than 80 My. This has several implications: 
1) it provides additional evidence for the central role of 
core crystallization mechanism(s) in driving 
planetesimal dynamos; 2) it implies the IIE parent body 
was possibly as large as Vesta, providing further 
evidence for a population of large bodies missing from 
the solar system today; 3) it contrasts with all published 
Re-Os and Pd-Ag ages of other iron meteorite groups, 
which favor a much shorter crystallization period. 
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Fig. 2. Evolution of the temperature as a function of time in a 
240-km radius, partially-differentiated body. Markers show 
the 40Ar/39Ar temperature-age constraints (2 s.d. uncertainty) 
for the three IIEs. The brown shaded region shows the cooling 
profile between 30 and 80 km below the surface. The grey line 
shows the temperature at the center of the core. The blue line 
indicates when the core enters the metal-troilite closure 
temperature range for Pd-Ag. Like Techado and Colomera, 
Miles cooled in the upper half of its parent planetesimal. 
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Fig. 1. Equal area projection showing the relative paleofield 
directions recovered from the two CZs in Miles. Ellipses 
represent the 95% confidence interval accounting for the 
measurement noise and the small-number statistical 
uncertainty. 
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