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Introduction: Several lines of evidence indicate 

that calcium-aluminum-rich inclusions (CAIs) formed 
close to the Sun (<1 AU) (e.g., [1-3]). Nonetheless, 
CAIs are most commonly found in meteorites thought 
to have formed >3 AU [1]. This appears to require a 
mechanism that could have transported CAIs outward 
during the very beginning of the solar system. To 
address this, we conducted the first extensive 
paleomagnetic study of CAIs. Because magnetic fields 
are coupled to the gas in protoplanetary disks [4], the 
magnetic field recorded by CAIs can provide 
information about the mechanisms that were active in 
the early solar system and may provide information 
about the transport and formation of CAIs. Additionally, 
paleomagnetism of CAIs can provide information about 
the existence and role of magnetic fields during the first 
20 to 50 thousand years of the solar nebula [4].  

CAIs are expected to have acquired a 
thermoremanent magnetization (TRM) during their 
initial formation or shortly after during heating. The 
TRM is likely carried by Fe-Ni metal, an expected 
product of the condensation sequence and a robust 
magnetic carrier [1, 5-6] 

Samples and Methods: We analyzed CAIs from the 
CO carbonaceous chondrite Dominion Range (DOM) 
08006 (type 3.00), one of the least altered known 
meteorites [7]. This meteorite also did not experience 
significant shock (i.e., <5 GPa [8]) or significant 
terrestrial weathering [7, 9]. Additionally, previous 
paleomagnetic measurements of chondrules from DOM 
08006 indicate that they have not been remagnetized 
since accretion onto the CO chondrite parent-body [10]. 
In summary, CAIs from this meteorite likely contain a 
solar nebular magnetic record.  

We identified CAIs using wavelength dispersive 
spectrometry. Selected CAIs were extracted, mutually-
oriented, and demagnetized using stepwise alternating 
fields. Their natural remanent magnetization (NRM) 
was measured using superconducting quantum 
interference device (SQUID) microscopy [11]. NRM 
component directions were calculated using principal 
component analysis [12]. Paleointensity estimates were 
acquired using anhysteretic remanent magnetization 
(ARM) methods [6].  

Following paleomagnetic measurements, we 
imaged an ARM of 500 µT applied to a CAI using a 

quantum diamond microscope (QDM) to identify where 
magnetization resides within the CAI. We then targeted 
one of the magnetized subregions with transmission 
electron microscopy (TEM) and energy dispersive x-ray 
(EDX) to determine the magnetic carriers.  

Results: We identified twenty-five CAIs from 
DOM 08006 and characterized their mineralogy (Fig. 
1). We extracted five igneous CAIs, including three 
melilite-rich and two hibonite-rich. One of them was 
split into two subsamples, totaling six mutually-oriented 
subsamples from DOM 08006.  

We found that five CAIs had a low coercivity 
component completely removed by 30 mT. Three CAIs 
had high-coercivity (HC) origin-trending components 
that were demagnetized by 145 mT. The remaining 
three CAIs did not contain HC components. The intra-
meteorite non-unidirectionality of the HC components 
among the chondrules and CAIs of DOM 08006 (Fig. 2) 
further demonstrates that the samples have not been 
remagnetized since accretion to their parent body [10].  
We attempted to conduct an unidirectionality test [10] 
to obtain evidence for a robust TRM record from the 
sample that was split into two subsamples, however, the 
lack of magnetic components did not allow us to obtain 
a conclusive result.  

Accounting for CAI spinning during the TRM 
acquisition [13] we determined a mean paleointensity 
for the HC components of the three CAIs of 147.7 ± 
22.7 µT (2s) (Fig. 3). We obtained upper limits on the 
magnetic field for the remaining samples (Fig. 3).  

Our combined TEM and EDX results of a magnetic 
region from one of the CAIs that showed magnetic 

 
Fig. 1. Backscattered electron image of the hibonite-rich CAI 
11 used in this study with phases identified through electron 
microprobe analysis. The presence of fine (<1 μm) Fe-Ni 
metal, including kamacite, suggests high fidelity recording 
properties in CAIs. 
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components indicate the presence of Fe-Ni metal and 
pure Fe inclusions (Fig. 2), further confirming that the 
magnetic record of CAIs is carried by Fe-Ni metal.  

Discussion: Our results indicate that CAIs are 
robust paleomagnetic targets and provide evidence for 
the presence of magnetic fields during the very 
beginning of the solar system. Furthermore, this is likely 
the oldest known paleomagnetic record yet identified 
from any sample. Assuming that the cooling rate (10 oC 

hr-1) of type B CAIs is representative of all CAIs [14], 
the magnetic record of CAIs is likely to be an 
instantaneous record of the solar nebula field. 
Comparing our paleointensity estimates with theory 
relating the spatial distribution of magnetic field in 
protoplanetary disks to magnetically driven accretion 
rates relevant for the early solar system [4] suggests that 
CAIs acquired their magnetic records >8 AU (Fig. 3). 
We note that these theoretical models assume that the 
field monotonically decayed with distance from the 
Sun, an assumption that has been challenged for ~2 
million years later [10, 15].  

Because CAIs likely formed <1 AU, our results 
suggest that our CAIs acquired their TRM through 
reheating during or after transport to the outer solar 
system. A potential mechanism that can both drive 
angular momentum transport in the disk and also form 
and transport CAIs is a magnetized disk wind [16]. 
Another mechanism consistent with our data is heating 
associated with stellar outbursts [17-19]. In this 
scenario, CAIs were transported to the outer solar 
system, heated due to the active proto-Sun and acquired 
magnetic field records from this region [18].  

Conclusions: Our paleomagnetic measurements of 
CAIs suggest that they are robust paleomagnetic targets 
and that magnetic fields existed in the very beginning of 
the solar system. The intensity of the field recorded by 
CAIs indicate that they could have acquired their 
magnetic records in magnetized disk winds and/or 
during stellar outbursts.  
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Fig. 3. Comparison between models that describe the 
midplane magnetic field in protoplanetary disks [4] and 
magnetic measurements from CO CAIs. Solid and dashed 
lines show predicted midplane magnetic field, due to vertical-
toroidal (zφ) and radial-toroidal (Rφ) Maxwell stresses, 
respectively, assuming the nebular magnetic field and sense of 
disk rotation are aligned. Dotted lines show the field due to 
vertical-toroidal Maxwell stresses (zφ) assuming the nebular 
magnetic field and sense of disk rotation are antialigned. We 
show accretion rates relevant for the time of CAI formation 
(10-6 M☉ yr-1) and during stellar outbursts (10-4 M☉ yr-1). 
Because previous studies suggest an aligned orientation [10, 
13], our results indicate that CAIs acquired their magnetic 
record beyond 8 AU.  
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Fig. 2. (A) Equal area stereographic projections showing the 
direction of the high coercivity components of chondrules 
(black, [10]) and CAIs (red, this study) from DOM 08006. We 
measured five CAIs, three of which showed identifiable 
components. Scattered directions amongst chondrules and 
CAIs support a pre-accretional record. (B) QDM map of CAI 
11, showing the out-of-the page component of an ARM field 
measured ~5 µm above the sample. Orange box shows one of 
the magnetic regions targeted with TEM. (C) TEM image of 
one of the magnetic regions of the CAI from (B) indicates the 
presence of pure Fe and Fe-Ni metal identified with EDX 
suggesting that CAIs are robust paleomagnetic targets.  
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