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Sample name Pallasite Loaned from Sample preparation Experimental methods

BM 1959,1017 Springwater Natural History Museum, London Polishing, etching and sputtering of metal X-PEEM

SWH Springwater Harvard Museum of Natural History Diamond wire saw used to isolate oriented

olivine cubes

AF demagnetization, IZZI Thellier (controlled-

atmosphere furnace), SEM

SWR Springwater Harvard Museum of Natural History Copper hammer/chisel used to ’pop’ entire

olivines, then soaked in HCl acid

IZZI Thellier (CO2 laser heating)

SW Springwater American Museum of Natural History Diamond wire saw used to isolate oriented

olivine cubes

AF demagnetization

IM Imilac Meteorite Madness Diamond wire saw used to isolate oriented

olivine cubes

AF demagnetization, IZZI Thellier (controlled-

atmosphere furnace), SEM, QDM

Table 1: Summary of the samples, preparation techniques and experimental methods used in
this study. The first column lists the sample name used in this manuscript, the second column
lists the pallasite studied, the third column lists the origin of the sample, the fourth column lists
how the sample was prepared, the fifth column lists the experimental methods used.
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+
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Symbol Definition Value Units Reference

δt Time step 2 × 1011 s Bryson et al. (2015)
δr Incremental radius 1000 m Bryson et al. (2015)
Δ Relative slope of solidus vs adiabat 1.2 Nimmo (2009)
α Thermal expansivity 9.2 × 10−5 K−1 Nimmo (2009)
Ω Rotational frequency 4 × 10−4 s−1 Hanuš et al. (2013); Bryson et al. (2015)
ρc Core density 7019 kg m−3 Nimmo (2009)
Cp Specific heat capacity 835 J kg−1 K−1 Nimmo (2009)
Φv Ohmic dissipation 0.2 – 2.0 W K−1 m−3 Nimmo (2009)
G Gravitational constant 6.67 × 10−11 m3 kg−1 s−2

fi Fraction of inner-boundary related buoyancy 0.5 Aubert et al. (2009)
μ Magnetic permeability 4π × 10−7 H m−1

fohm Fraction of ohmic dissipation 1 Aubert et al. (2009)
fdip Dipolar component 0.14 Evans et al. (2018)
c constant of proportionality 0.63 Evans et al. (2018)
κ Mantle diffusivity 5 × 10−7 m2s−1 Bryson et al. (2015)

km Mantle thermal conductivity 3 W m−1 K−1 Bryson et al. (2015)
kc Core thermal conductivity 30 W m−1 K−1 Nimmo (2009)
c1 Scaling prefactor 1.65 Aubert et al. (2009)
F Efficiency factor 0.05 Evans et al. (2018)

Table 2: A summary of the parameter values used in thermal and dynamo calculations.

����� ��� ��	
�� �
 
������ fdip �
 ��� �����
� ��
����	 �� ��� �
�	���� ����� c �
 
 ��	
�
	� ��372

���������	
���� 
	� F �
 
	 �����	�� �
���� ���
	
 �� 
��� ������373

� �������374

��� �����	 
��� 
���������������375

��
����
�
 ��  !"# �	��	
��� ���� �
��$�
��� ��� ��� �����	 �� ���$�� %�	� 
�&
��	� �� ���376

����
�
�	��� ��� �'��$�� ��� (�� ��
	  !"# �	��	
��� �

 �
��$�
��� ���� ��� ��
����
�
 ��377

��)�� �	��	
��� ��� ����� �����	
 �� ���$�� %�	� ��� �
�� ���
���	 �(
*�� +��� ,
����	��	
����
378

���� �������	�� $
�	� �-$
���	
 � . / 
	� �� ��$	� ��� +���	��
��� ���$�� %�	� ������
 
379

$	���������	
� �
����	��	
��� �� �� ± � μ( �'��$�� ���380

0� �
�� 
�
� ��


�

�� ������$
 
�$���
 �	 ��� 1���
�� �
-$��� 2��	�
� 
	� !
�&
�
���381

�
��

���
 
	� $��
��� ����� �
����	��	
����
 
	� �����
��	��	� $	����
�	���
 �� ��3��� �����382


	
��
�
 �	 
 
�	��� ���
���	 �4�����
 �� 
��� ���56 2��
�	 �� 
��� ���7�� (�� �����	
� �
����	��	8383


��� �
���
��
 ���� �������� $��	 *� !
$��� �� 
�� ����9� 
���� ��� 
�%� �� ��� �
�
	�
 �	 ���384

���$�� %�	� 
� ��� ���	� �� ���
	�	�� 
�-$�
����	 �

 �
�
*��
���� ���� �� �
���
�� ��� $����385

����� �	 ���
� ����
�� �
����	��	
����
 �� 97: ��	���	�� �(
*�� /��386

�;



2 μm

1.0

0.8

0.6

0.4

0.2

0.0
-0.2 -0.1 0.0 0.1 0.2

Rotation One

1.0

0.8

0.6

0.4

0.2

0.0
-0.2 -0.1 0.0 0.1 0.2

Rotation Two

1.0

0.8

0.6

0.4

0.2

0.0
-0.2 -0.1 0.0 0.1 0.2

Rotation Three

XMCD Intensity

Figure 1: Histograms of pixel intensity for the coarse cloudy zone, and an example of an XMCD
image for each rotation. All histograms are corrected using corrections calculated from Equation
S1.
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Original paleointensity Revised paleointensity Maximum paleointensity
Meteorite estimate (μT) estimate (μT)d estimate* (μT)b

Marjalahti < 7a 0.2 3
Brenham < 7a 0.3 5

Springwater 22 ± 8b

Imilac 119 ± 12c 6.8 ± 2.0 80 ± 15
Esquel 84 ±14c 4.8 ± 1.5 64 ± 15

Table 3: A summary of the paleointensity estimates calculated from the cloudy zone for each
of the main group pallasites. The first column lists the pallasite measured. The second column
lists the original measured paleointensities assuming islands acquire remanence at 30% of their
present day diameter (a=Nichols et al. (2016), b=This Study, c=Bryson et al. (2015)). The third
column lists the revised paleointensity estimates based on improved understanding of cloudy
zone island remanence acquisition at ∼ 78% of their present diameter (d=Maurel et al. (2019)).
The fourth column lists upper estimates on X-PEEM intensities to 95% confidence by taking
into account the uncertainty in measurement direction because they were only imaged in one
orientation.

30o

60o

90o

Figure 2: Equal area polar stereonet projection showing the direction of magnetization for the 8
analysed regions of cloudy zone in Springwater imaged using X-PEEM. The results show that
magnetization is unidirectional. The mean direction is shown by the red star and the 95% confi-
dence interval on the direction by the dashed red circle. Dashed and open symbols are upper-
hemisphere projections, solid symbols are lower-hemisphere projections.
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Figure 3: (a) Zijderveld plot for NRM demagnetization of subsample SWH1frag from a Spring-
water olivine. Closed squares show declination, open circles show inclination, the colour bar
represents the strength of AF demagnetization. Low and high coercivity components are shown
by the light and dark grey arrows, respectively. (b) Equal area stereographic projection of the
NRM directions measured for Springwater (SWH). Blue and red circles denote the low and high
coercivity components, respectively. Open circles are points in the upper hemisphere, whilst
closed circles are points in the lower hemisphere. The surrounding circles are the α95 for each
component. (c) Equal area stereographic projection of the NRM directions measured for Imilac
(IM).
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Figure 4: Fidelity tests for SW1Aa, SW1Ab and SWH1frag are shown in red, blue and green,
respectively. Paleointensity estimates for low and high coercivity components are shown by open
and closed circles, respectively. (a) The retrieved paleointensity versus applied field. The thick
black line is a 1:1 relationship between the retrieved paleointensity and applied field. (b) The
difference between the retrieved paleointensity and applied field. The grey box shows the region
for which paleointensity estimates are acceptable within the arbitrary threshold. (c) The error on
the retrieved paleointensity vs applied field. These values should be below the marked 100 %
threshold, as shown by the grey box.

������������ �	��
 ������
 ������� 
���� ���� ����� ���� ���
�� ����� ���	���
 � ���������
423

��� �� ��� �� �� ������ �������� ����� ������������ �� ��� �������� ���  !�
��� "#$%&424

����� ��2 ���	
 ��	

�� �	
���	��������425

�''� ���		���(���		��� �)��������� ���� �	�� ��������� �� * �������	�� �� "����
�����  "+�%426

�� ��� ����
 � ,-2 	����& .� ���
��(�������
 ��������� ��� ������/�� �� �������	� "+�(427

���0� ������� �1� 2 1�� ◦,
 ������� ���� ������ ���	�� �� ��1 2 �*� ◦, ��� ���������428

����
����3����� ��� ��� ��������� �� ��
��� ������������  !�
��� "#4 ��� ���	� "5%&429

��� ������	 �
� ��
��
 �
��	 ����	�� �
� ��� ��		����� ����
� �
��430

-�� �)���������	 ���� �	��� ��� ��������� ����������� �� ��� ���	��
 ����	 ��� ��� ��		�����431

������ ����& !����
 ���6�	���� ��� 7������ �������� � ��		 ��������� ����� �� ���� ��	���/(432

������& "�����
 "����
�����
 ���	�� ��� 8����	 �������� ��	������������� ���	� � ������ ���433

������
 ���� 	���	� �����
 ���� ��	���/������& ��� ����	(������� �����
 �� ��������� �������(434

���� ��� ���� ��		����� �� 
���� �� ���	� $&435

**



Time After Accretion (Myr)

D
ep

th
(k

m
)

0
0 50 100 150 200

50

100

150

200

Tem
perature (K)

12
00

D
ep

th
 (k

m
)

0

50

100

150

300

200

250

0 200 400 600 800 1000 1200
Time After Accretion (Myr)

solid core

solid core

A B

Figure 5: Thermal evolution models for planetesimals with outward and inward core solidification.
The green line is the 593 K contour, which is the temperature at which the cloudy zone acquires
remanence. The green squares represent the timing of remanence acquisition for the Marjalahti,
Brenham, Springwater, Imilac and Esquel cloudy zones. The yellow line is the 633 K contour,
which is the temperature at which the pallasite olivines acquire remanence (Tarduno et al., 2012).
The yellow squares are for the Imilac and Esquel olivines. The grey region shows the solid part
of the core. (a) Thermal model for outward core solidification within a planetesimal of radius
220 km with a core radius of 100 km. The purple line is the 1530 K contour, which is the liquidus
of FeS with a composition of 23 wt% S. (b) Thermal model for inward core solidification within a
planetesimal of radius 300 km with a core radius of 250 km. The blue line is the 1200 K contour,
which is the liquidus of FeS with a composition of 31 wt% S.
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Pallasite Cooling Rate Inferred depth in Inferred height Time of NRM
(◦CMyr−1) parent body (km) above CMB (km) (Myr after accretion)

Inner core nucleation

Marjalahti 7.6 ± 0.6 22 ± 1.5 92 ± 20 92 ± 6
Brenham 6.6 ± 0.5 24 ± 1.5 90 ± 20 105 ± 5

Springwater 5.4 ± 0.5 27 ± 2 87 ± 20 129 ± 7
Imilac 4.3 ± 0.3 31 ± 2.5 83 ± 20 163 ± 7
Esquel 3.3 ± 0.6 35 ± 4 79 ± 20 209 ± 8

Outer core nucleation

Marjalahti 7.6 ± 0.6 21 ± 1 39 ± 5 102 ± 7
Brenham 6.6 ± 0.5 22 ± 1 37 ± 4 119 ± 11

Springwater 5.4 ± 0.5 24 ± 2 36 ± 4 135 ± 6
Imilac 4.3 ± 0.3 26 ± 3 33 ± 3 153 ± 4
Esquel 3.3 ± 0.6 29 ± 5 30 ± 1 176 ± 14

Table 4: Table showing the cooling rates and timing of remanence acquisition for each pallasite
studied using paleomagnetism. The first column is the name of the studied pallasite. The second
column is the cooling rate of the pallasite (Yang et al., 2010). The third column is the inferred
depth of the pallasite within the parent body. The fourth column is the inferred height of the
pallasite above the core-mantle boundary. The fifth column is the inferred time of remanence
acquisition; the cloudy zone acquires remanence upon cooling through 320 ◦C.
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Figure 6: Thermal and dynamo model solutions. (a) The parent body sizes and sulfur compo-
sitions that produced cooling models consistent with our experimental data. We only consider
core sizes between > 40% of the parent body radius, represented by the black dashed line. Grey
regions represent parent body configurations inconsistent with our experimental data. The colour
of the points represent their sulfur content. Black squares represent cooling models which also
generated a dynamo consistent with our experimental data. Four examples of dynamo model
results are highlighted by stars. Closed and open stars are examples of dynamo models shown
in that were (e) and were not (c,d,f) consistent with our experimental data. (b) The maximum
intensity and core solidification time corresponding to each cooling model shown in (a). (c) Dy-
namo evolution due to inner core nucleation, for model 2 (Table S10). Black squares and vertical
error bars are the measured paleointensities of the pallasite cloudy zones using X-PEEM. The
relative timings of remanence acquisition are calculated from the cooling model. The red line
shows the evolution of a dynamo driven by core solidifcation. The black dashed line shows the
minimum paleointensity that can be attributed to an active dynamo. Model 2 is too weak to ex-
plain the measured paleointensities. The shaded regions represent experimental constraints on
when there was no dynamo and the core was entirely liquid (blue region) and when there was an
active dynamo and the core was solidifying (red region). (d) Model 24 does not sustain a dynamo
for long enough to explain the measured paleointensities. (e) Model 31 matches the measured
paleointensities. (f) Model 56 generates a dynamo which is too short and intense to explain the
measured paleointensities.
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Figure 7: The effect of mantle thickness on dynamo duration and mean dynamo intensity. Red
points are for our thermal models for outward core solidification. Blue points are for our thermal
models for inward core solidification. The size of the point represents the size of the planetesimal
core. (a) Minimum dynamo duration (the time between Springwater and Esquel acquiring rema-
nence) as a function of mantle thickness. For outward solidification, there is little dependence
on mantle thickness or core size. For inward core solidification, the dynamo duration depends
strongly on mantle thickness. (b) The yellow region represents the paleointensity results reported
by Tarduno et al. (2012) for Imilac and Esquel. The green region represents the paleointensities
reported here from X-PEEM studies of Springwater, Imilac and Esquel. To generate paleointen-
sities consistent with both sets of observations, the pallasite parent body must have had a large
core and thin mantle, regardless of the direction of core solidification.
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Figure 8: The magnetic field intensity vs planetesimal density predicted for each of our cooling
models assuming an average density of 7000 kgm−3 for the core and 3000 kgm−3 for the mantle.
Red points are for our thermal models for outward core solidification. Blue points are for our
thermal models for inward core solidification. The size of the point represents the size of the
planetesimal core. The yellow region represents the paleointensity results reported by Tarduno
et al. (2012) for Imilac and Esquel. The green region represents the paleointensities reported
here from X-PEEM studies of Springwater, Imilac and Esquel. The grey region represent the
predicted density of asteroid (16) Psyche (Drummond et al., 2018).
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