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Abstract11

Recent paleomagnetic studies of two Main Group pallasites, the Imilac and Esquel, have found evidence for a strong,

late-stage magnetic field on the parent body. It has been hypothesized that this magnetic field was generated by

a core dynamo, driven by compositional convection during core solidification. Cooling models suggest that the

onset of core solidification occurred ∼ 200 Ma after planetary accretion. Prior to core solidification, a core dynamo

may have been generated by thermal convection; however a thermal dynamo is predicted to be short-lived, with a

duration of ∼ 10 Ma to ∼ 40 Ma after planetary accretion. These models predict, therefore, a period of quiescence

between the thermally driven dynamo and the compositionally driven dynamo, when no core dynamo should be

active. To test this hypothesis, we have measured the magnetic remanence recorded by the Marjalahti and Brenham

pallasites, which based on cooling-rate data locked in any magnetic field signals present ∼ 95 Ma to ∼ 135 Ma after

planetary accretion, before core solidification began. The cloudy zone, a region of nanoscale tetrataenite islands

within an Fe-rich matrix was imaged using X-ray photoemission electron microscopy. The recovered distribution of

magnetisation within the cloudy zone suggests that the Marjalahti and Brenham experienced a very weak magnetic

field, which may have been induced by a crustal remanence, consistent with the predicted lack of an active core

dynamo at this time. We show that the transition from a quiescent period to an active, compositionally driven

dynamo has a distinctive paleomagnetic signature, which may be a crucial tool for constraining the time of core

solidification on differentiated bodies, including Earth.
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1. Introduction14

Paleomagnetic studies of meteorites provide evidence that core dynamos were a widespread feature of planetesi-15

mals during the early solar system (Weiss and Elkins-Tanton, 2013; Scheinberg et al., in press). Two recent studies16

(Tarduno et al., 2012; Bryson et al., 2015) have shed light on the nature of magnetic fields on the Main Group (MG)17

pallasite parent body. Time-resolved paleomagnetic records suggest the MG parent body experienced an intense,18

late-stage magnetic field, which is attributed to an active core dynamo driven by compositional convection during19

inner core solidification (Nimmo, 2009). The onset of core solidification is predicted to have started ∼ 190 Ma after20

planetary accretion, based on the planetary cooling model proposed by Bryson et al. (2015) for a 200-km-radius21

body. Prior to this time, any long-term dynamo would have been driven by thermal convection. Thermal modelling22

suggests an active thermal dynamo would require a magma ocean to generate the required heat flux out of the23

core. This is predicted to have acted at most for 10 – 40 Ma after accretion (Elkins-Tanton et al., 2011), leading24

to a quiescent period after the shut down of the thermal dynamo and before the onset of core solidification. A25

thermal dynamo requires a high heat flux to operate and therefore tends to be of limited duration. Numerical26

modelling and simple energy balance arguments suggest that a small planetary body with radius < 500 km cannot27

be sustained for more than 10 Ma (Sterenborg and Crowley, 2013). These authors demonstrate that the lifetime of28

a thermal dynamo is highly dependent on the radius of the planet, tdyn � r4, therefore other physical parameters29

(such as convection of a magma ocean) have an insignificant effect on dynamo duration compared to planetary30

radius. Likewise, a compositionally driven dynamo can only become active after sufficient cooling of the planetary31

body has taken place for the core to reach its liquidus temperature. Here we investigate if any magnetic field was32

generated by, or acting on, the MG parent body between these predicted periods of dynamo activity.33

In the following, we follow Tarduno et al. (2012) in assuming that the metallic component of the MG pallasites34

was delivered to the pallasite parent body during a collision with another differentiated body. The metal will have35

rapidly solidified and thermally equilibrated with the surrounding silicates; the cooling rates thereafter would have36

been controlled by the depth of metal within the parent body. Pallasites with different cooling rates are assumed37

to have experienced different long-term thermal evolution, owing to their differing depths within the parent body.38

For consistency with prior work, we assume the same pallasite parent body radius (200 km) to derive original39

depths based on the observed metallographic cooling rates. Small variations in the size of the parent body do not40

significantly affect the timing of magnetisation for the pallasites, so do not change our results (see Supplementary41

Table 1).42

Two MG pallasites, the Brenham and Marjalahti, have been measured to study the possible presence of magnetic43

fields during the predicted quiescent period. Both pallasites were examined for paleomagnetic signals recorded by44

2



microstructures within the FeNi matrix. New experimental techniques such as electron holography (Bryson et al.,45

2014a) and X-ray photoemission electron microscopy (X-PEEM) (Bryson et al., 2014b), have revealed the capability46

of meteoritic FeNi metal to record information about these ancient paleomagnetic fields. The FeNi metal contains47

a range of microstructures depending on its local Ni content. During slow cooling, nucleation of kamacite lamellae48

within the parent taenite leads to the characteristic Widmanstätten pattern and distinctive M-shaped diffusion49

profiles (Yang et al., 1996). Local Ni composition within the M-shaped profile varies from ∼ 50 % bulk Ni content50

immediately adjacent to the kamacite lamellae to ∼ 10 % further away from the kamacite interfaces. The most51

Fe-rich phase is kamacite , which forms intersecting μm-scale lamellae. These lamellae contain multiple magnetic52

domains and are magnetically soft, making them poor paleomagnetic recorders (Garrick-Bethell and Weiss, 2010).53

Adjacent to the kamacite is the tetrataenite rim (Fe0.5Ni0.5), a 1–2 μm-wide region which also exhibits multidomain54

magnetic behaviour. Next to the tetrataenite rim is the ‘cloudy zone’, which is followed by plessite; a mixture of55

kamacite, taenite and ordered tetrataenite (Goldstein and Michael, 2006).56

The ‘cloudy zone’, a region of Fe0.5Ni0.5 ‘islands’ in a Fe-rich matrix, forms by spinodal decomposition during57

slow cooling of FeNi metal with composition ∼ 25 – 45 % Ni (Yang et al., 2010). The size of the islands correlates58

inversely with cooling rate (Yang et al., 2010); once islands form they then continue to coarsen and their volume59

increases linearly over time (at constant temperature) (Weinbruch et al., 2003). The islands are formed of ordered60

tetrataenite with the tetragonal L10 superstructure (Yang et al., 1996). This structure means that they are excellent61

paleomagnetic recorders, with an intrinsic coercivity of ∼ 2 T (Uehara et al., 2011). The c-axis is perpendicular to62

one of the three {100} orientations of FeNi layering (Lewis et al., 2014) providing three orthogonal easy axes along63

which the islands can be magnetised. As the cloudy zone forms, the atomic structure adopted by each island will64

be influenced by the presence of any magnetic field, locking in a chemical transformation remanent magnetisation65

(CTRM). If the cloudy zone forms in the absence of an external field, the islands within the cloudy zone will be66

magnetised along each of six possible directions (± directions along each of the three easy axes); however in the67

presence of an external field, a bias in the direction of magnetisation can be detected. This bias can be used to68

quantify the magnetic field intensity experienced by the cloudy zone at the time when magnetisation became locked69

in. The islands lock in a magnetic field signal when they reach their blocking volume (the volume at which the70

magnetisation of the island becomes stable), so the largest islands lock in paleomagnetic signals earlier than the71

smaller islands (they have coarsened more since growing through their blocking volume). The blocking volume72

is reached when the island size exceeds the diffusion length, preventing reorganisation of easy axes and hence73

magnetisation across the entire island. The island may continue to grow and coarsen after this time, but the74

magnetisation of each island is expected to remain constant.75
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We chose the Brenham and Marjalahti based on the size of the islands in the cloudy zone, which at their coarsest76

are 123 ± 3 nm and 118 ± 3 nm in diameter, respectively (Yang et al., 2010). The coarsest islands in the Imilac and77

Esquel, which revealed evidence for a compositionally driven dynamo (Bryson et al., 2015; Tarduno et al., 2012) are78

143 ± 4 nm and 157 ± 11 nm; since these two pallasites cooled slower, they are predicted to have reached the cloudy79

zone formation temperature later and hence have recorded a later period of dynamo activity than the Brenham and80

Marjalahti. According to the thermal model for the MG pallasite parent body, the Brenham and Marjalahti formed81

their cloudy zones and acquired a CTRM prior to the onset of inner core solidification. Constraining paleomagnetic82

signals in this potentially quiescent period is essential for characterising core dynamo behaviour over long timescales,83

and may help with identifying signals that indicate the onset of core solidification.84

2. Methods85

2.1. Experimental methods86

Samples of the Brenham (BM 68725) and Marjalahti (BM 1920,318) were obtained from the Natural History87

Museum, London, UK. The samples were initially polished and etched using nital (2 % nitric acid in ethanol) and88

examined using a reflected light microscope to check for signs of alteration or shock. Samples were then repolished89

to reveal a fresh surface prior to X-PEEM measurements. X-PEEM was performed at the SPEEM UE49 beamline,90

BESSY II, Berlin (Kronast et al., 2010). Firstly, the samples were sputtered using a focussed Ar-ion beam under91

vacuum (pressure <1.5 x 10-5 mbar) to remove any oxidation or surface magnetisation induced by polishing. The92

Marjalahti was sputtered for 20.5 hours and the Brenham for 19 hours whilst reducing the voltage from 1.2 keV to93

0.4 keV to minimise surface topography due to differential etching. The samples were kept in vacuum after sputtering94

and prior to measuring (measuring pressure <1 x 10-8 mbar). X-PEEM images with a 5 μm field of view were taken95

at multiple locations around the Marjalahti and Brenham. The maximum possible resolution achievable with this96

technique is 30 nm (Locatelli and Bauer, 2008), although resolution varies depending on several factors. An intense97

beam of monochromatic X-rays was focussed at an angle of 16◦ to the sample surface. Secondary photoelectrons98

were excited from the top ∼ 5 nm of the sample surface by the X-rays. Photoelectrons are preferentially excited99

from particular elements and spin states, according to the energy and polarisation of the X-ray beam, respectively.100

Excited photoelectrons were accelerated and focused using electron lenses, forming an image of the sample surface101

(Ohldag et al., 2001; Nolting et al., 2000).This technique allows compositional and magnetic imaging to be carried102

out in the same location in quick succession by changing the energy and polarisation of the X-ray beam, meaning a103

direct comparison can be made between composition and magnetisation for each region. Each image is individually104

assessed for light drift and charging artefacts, and only the highest quality data are selected for further analysis.105
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2.1.1. Compositional Images106

Compositional images were acquired using linearly polarised X-rays tuned to the Fe L3 and Ni L3 energies107

(707 eV and 852 eV, respectively). Images were also acquired at pre-edge energies (700 eV and 845 eV for Fe and108

Ni, respectively). Each on-edge image was normalised by dividing by its equivalent pre-edge image. The Ni image109

is divided by the Fe image in order to generate a semi-quantitative map of Ni/Fe ratios.110

2.1.2. Magnetic Images111

X-ray magnetic circular dichroism (XMCD) was used to image the magnetisation state at the Fe L3 edge (Ohldag112

et al., 2001; Stöhr et al., 1998). Images were acquired for both left and right circularly polarised X-rays, which113

excite electrons in opposite spin states. Since spin state directly correlates to the direction of magnetisation, this114

generates contrast depending on the component of magnetisation parallel to the X-ray beam. Images were taken115

along parallel sections of the tetrataenite rim in order to be directly comparable. Images taken in each polarisation116

state were subtracted from one another and divided by their sum, in order to normalise and enhance magnetic117

contrast.118

2.2. Image interpretation and analysis119

Compositional images were used to constrain the boundaries between the different microstructures, in particular120

the boundary between the tetrataenite rim and the cloudy zone. The relationship between composition and mag-121

netisation was examined qualitatively, either by overlaying contours of zero magnetic intensity (corresponding to122

the boundaries between positively and negatively magnetised domains) or by overlaying traces of sharp boundaries123

in Ni content on magnetic images (Figure 1).124

The cloudy zone was split into discrete regions with decreasing island size. XMCD values from each region were125

compared quantitatively to those of a simulated nanostructure, generated using procedures outlined by Bryson et al.126

(2014b). The simulated images were created by generating a nanostructure comprised of 800 islands, by eroding127

Voronoi cells (Figure 2e). The pixel size was adjusted in order to give the islands comparable dimensions to those128

in the experimental images. The matrix was assumed to be strongly exchange-coupled to the closest islands and129

therefore adopts the same XMCD value (Figure 2f). The resolution for each simulated image is calculated by taking130

multiple line profiles of XMCD value across a boundary between two islands in the experimental XMCD images.131

The resolution is directly related to the pixel width of the boundary between island and matrix. A representative132

degree of noise is also added to simulated images.133

Quantitative comparisons are made by assessing similarities between the experimental and simulated histograms134

of pixel intensity for each region. 9 and 12 simulations of the Brenham and Marjalahti, respectively, were run to135
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reflect the number of images attained experimentally. Simulations were performed for a range of applied magnetic136

fields and directions. The direction of the applied magnetic field was constrained along the three orthogonal easy137

axes, defined by the L10 superstructure; a combination of these 3 axes can generate a 3D vector of the magnetic field138

in any direction. The strength of the applied field is simulated by preferentially biasing the probability of islands139

having one of the three intensities defined by each easy axis. The simulations assume that the remanence acquired140

by the islands is a CTRM rather than a thermal remanent magnetisation (TRM). The mechanism by which islands141

acquire there remanence is currently poorly understood, however Bryson et al. (2015) assume a CTRM for their142

simulations, and this gives good agreement with magnetic field values from independent paleomagnetic studies of143

pallasite olivine crystals (Tarduno et al., 2012). The magnetic intensity associated with each easy axis direction is144

derived from the values present in the tetrataenite rim.145

Bootstrapping, a statistical technique used to calculate the confidence level of a distribution, was applied to146

both the experimental and simulated results to find an agreement between the two to > 95 % confidence (DiCiccio147

and Efron, 1988). Histograms of pixel intensity are normalised to probability density functions, the integral of148

each function is then calculated and plotted against its respective XMCD value (Supplementary Figure 1). The149

integrated curve was then randomly sampled 201 and 218 times for the Brenham and Marjalahti respectively150

(the predicted minimum number of islands present in each analysed region). The random sampling of the curve151

generates a new, resampled distribution of magnetic intensity for each image. A mean and standard deviation were152

then calculated for the resampled distribution. This process was repeated 1000 times to generate results with a153

statistically significant confidence level, in order to build up a distribution of the mean pixel intensity for each154

image. The distributions of the means can then be compared for the experimental and simulated images, in order155

to constrain an upper and lower bound on magnetic field strength experienced by the samples.156

The relative age at which each of the samples was magnetised was calculated using the cooling model for a157

200 km radius body (Supplementary Table 1) with a 100 km radius core (Tarduno et al., 2012). The core is taken158

to be half the radius of the parent body, since this represents the ratio of metal to silicates in the solar nebular,159

and also reflects the relative size of the Earth’s core. However, this is not to say that the core cannot be larger or160

smaller and it must be acknowledged that this would change the size of the parent body significantly. The cooling161

rate of the Brenham and Marjalahti at 800 K is calculated from the reported size of the tetrataenite islands in the162

cloudy zone immediately adjacent to the tetrataenite rim using163

d2.9CZ =
k

CR
(1)

164
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where dCZ is the diameter of islands in the cloudy zone in nm, k is a constant, equal to 7,620,000 K nm Ma−1 and165

CR is the cooling rate in K Ma−1 (Yang et al., 2010). Cooling rates were calculated to be 6.6 ± 0.5 K Ma−1 for166

Brenham and 7.6 ± 0.6 K Ma−1 for Marjalahti. The cooling rate for the Brenham has also been directly measured167

from its M-shape Ni profile to be 6.2 ± 0.9 K Ma−1 (Yang et al., 2010), showing good agreement with our calculated168

value. The cooling rate can then be converted to a depth within the pallasite parent body, based on the calculated169

cooling rate for a 200 km radius body. The critical ordering temperature for tetrataenite is 320 ◦C; it is assumed170

Brenham and Marjalahti acquire ambient magnetisation at the time when they cool through this temperature. The171

Marjalahti and Brenham formed at depths of 22 ± 1.5 km and 24 ± 1.5 km, respectively and their cloudy zones172

formed ∼ 95− 114 Ma and ∼ 112− 135 Ma after accretion.173

3. Results and Implications174

3.1. Comparison of composition with magnetisation175

Images of magnetisation and composition were acquired for several regions of the Marjalahti in order to examine176

the relationship between the two. The contrasting magnetic behaviour of each microstructure is immediately177

apparent (Figure 1). The large kamacite lamellae consist of many large (∼ 1 − 5 μm) magnetic domains which178

exhibit multidomain behaviour (Garrick-Bethell and Weiss, 2010). The tetrataenite rim also shows multidomain179

magnetic behaviour, however here the magnetic domains are smaller (typically on the order of the width of the180

tetrataenite rim). The cloudy zone displays contrasting magnetic behaviour; magnetic domains are clearly observed181

to be clustered around regions of tetrataenite islands and Fe-rich matrix (Figure 2). There is no clear relationship182

between magnetic intensity and the transition from island to matrix, although in general, the islands appear to183

have slightly higher XMCD intensities.184

185
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Figure 1: From left to right: A compositional image of the kamacite, tetrataenite rim and cloudy zone from the Marjalahti. Approximate
Ni composition is given, under the assumption that the tetrataenite rim has a composition Fe0.5Ni0.5. The middle image shows the
composition overlain with the magnetisation as it changes from positive to negative. It can clearly be seen that the behaviour changes
abruptly at the microstructural boundaries. The kamacite and tetrataenite rim both exhibit large, multidomain magnetisation, whereas
in the cloudy zone the magnetisation becomes clustered around the tetrataenite islands. On the right is the magnetic image of the same
region for comparison. N.B. The pale region on the right of the compositional images represents dust on the sample surface, and is not
a genuine reflection of composition.
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Figure 2: (a) Compositional image of the cloudy zone in the Marjalahti palasite. Paler regions represent tetrataenite islands, whilst
darker regions represent Fe-rich matrix. (b) An overlay of the location of the magnetic domain walls on the compositional image.
This emphasises how the magnetisation clusters around the islands. The colours represent the direction of magnetisation relative to
the X-ray beam; red indicates magnetisation towards the beam, white perpendicular to the beam and blue away from the beam. (c)
The magnetisation of the same region of the cloudy zone. Again, the clustering of magnetic domains around the tetrataenite islands
is evident. (d) The approximate compositional boundary between islands and matrix overlain on the XMCD image of magnetisation.
(e) Simulated cloudy zone islands, generated by erosion of Voronoi cells. (f) The matrix is assigned an XMCD value depending on the
magnetisation of the surrounding islands. Island XMCD values are influenced by the applied magnetic field and the degree of clustering
in the experimental XMCD image. The six possible values of XMCD intensity for each island are derived from the observed intensities
in the tetrataenite rim. This is overlain with contours showing the position of domain walls in the final simulated image, shown in (g).
(g) Simulation of the XMCD image, taking into account the resolution and noise of the experimental image.
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The multidomain magnetic behaviour of both the kamacite and the tetrataenite rim suggests both are poor187

paleomagnetic recorders. In the cloudy zone, there is unequivocal evidence that both islands and matrix constitute188

a continuous magnetic structure, i.e. the matrix is not paramagnetic antitaenite, as suggested by previous Mössbauer189

experiments (Dos Santos et al., 2015). Note, however, that the domain walls occur predominantly in the matrix190

rather than intersecting islands. This is consistent with magnetically hard, single domain islands surrounded by191

magnetically soft matrix. This pattern is in agreement with the predicted formation of the cloudy zone by spinodal192

decomposition (Yang et al., 2010; Bryson et al., 2014a). The islands and matrix are magnetically connected by193

exchange coupling; if the matrix were paramagnetic, then the boundary between islands and matrix would have194

zero magnetic intensity (white). The magnetic clustering of islands and matrix (where clustering describes the195

increased probability that an island will be magnetised in the same direction as its immediate neighbours) supports196

the matrix having ferromagnetic behaviour, consistent with a phase of ordered Fe0.75Ni0.25 as suggested by Bryson197

et al. (2014b).198

3.2. Quantification of Paleomagnetic Field Values199

12 and 9 sets of parallel XMCD images were taken for the Brenham and Marjalahti, respectively. Histograms of200

pixel intensity were generated for 4 adjacent regions in the Brenham and 5 in the Marjalahti, where each region is201

parallel to, and progressively moving away from, the tetrataenite rim. The number of regions is constrained by the202

amount of cloudy zone present in each image and does not reflect genuine differences in the width of the cloudy zone203

between the two meteorites. The histogram peaks for both the Brenham and Marjalahti show very small offsets204

from zero; much smaller than those observed for the Imilac and Esquel. The distributions are also much closer to205

being symmetric than those for the Imilac and Esquel. In all cases the offset is consistently in the same direction206

(Supplementary Figure 2).207

The maximum island size, reported by Yang et al. (2010) for the Brenham (123 ± 3 nm) and the Marjalahti208

(118 ± 3 nm) was used in order to estimate the critical blocking volume of the islands, at which point they record209

their magnetic field. This is taken to be ∼ 0.3 times their present-day size (37 nm for the Brenham and 35 nm for210

the Marjalahti) based on comparison of fields obtained by Bryson et al. (2015) with those of Tarduno et al. (2012)211

for the MG pallasites. Uncertainty in this value provides the greatest uncertainty in the absolute value of magnetic212

field. Nevertheless, relative comparisons between samples with similar island sizes remains valid. Increasing the213

blocking volume would lead to a decrease in the field, and vice-versa. The resolution of the XMCD images was214

calculated to be ∼ 110 nm for Brenham, and ∼ 130 nm for Marjalahti.215

The distributions of means (calculated using bootstrapping) for both the experimental and simulated histograms216

are plotted for zero ambient field and the maximum ambient field (Figures 3 & 4). Results can all be explained by217
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a weak ambient magnetic field between ∼ 1 and ∼ 7 μT; however many regions lie within 2σv of a 0 μT field (the218

95% confidence interval), whilst the rest lie on the edge or just outside of the 2σv range, therefore the absence of an219

ambient field cannot be discounted.220
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Results for the Marjalahti and Brenham can then be compared to those for the Esquel and Imilac as calculated222

by Bryson et al. (2015) (Figure 5). The offsets in pixel intensity for the Brenham and Marjalahti can be accounted223

for by significantly weaker magnetic field signals (∼ 1 − 7 μT) compared to the offsets experienced by the Imilac224

(∼ 119 − 131 μT) and the Esquel (∼ 31 − 84 μT) (Supplementary Table 2). The exception is the final region of225

the Esquel, which has a much more symmetric distribution in pixel intensity and can be explained by a field of226

∼ 0− 10 μT.227
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Figure 5: Measured magnetic field intensity for the Marjalahti, Brenham, Imilac and Esquel pallasites. Results are time resolved based
on the blocking temperature of tetrataenite and the cooling model for the Main Group pallasite parent body Bryson et al. (2015). The
Marjalahti and Brenham record a weak magnetic field, ranging between ∼ 0 and 7 mT. This is thought to represent a quiescent period
in core dynamo activity, and any weak magnetic field signal detected is attributed to a crustal remanence from early thermal dynamo
activity. The onset of core solidification, represented by the red region is accompanied by the onset of a compositionally driven dynamo.
This generates a strong magnetic field, as recorded by the Imilac. As core solidification continues, the field weakens and eventually the
core dynamo ’switches off’ when core solidification is complete. This ’dying’ magnetic field is captured by the Esquel.

3.3. Paleomagnetic signals recorded by the Brenham and Marjalahti and their implications for core dynamo activity229

A new formation mechanism was required for the pallasites after a number of lines of evidence demonstrated that230

they were unlikely to originate from a core-mantle boundary. It has recently been proposed that the MG pallasite231

parent body formed by an impact that injected the molten metallic core of one planetesimal into the silicate mantle232

of the other, forming downward intruding, metallic dykes (Tarduno et al., 2012; Reimold and Gibson, 2006). This233
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formation mechanism is supported by modelling that demonstrates how ‘hit and run’ collisions between two small234

planetary bodies can lead to mixing of the core of one body and the mantle of the other (Asphaug et al., 2006). It235

is also supported by the observation of a paleomagnetic remanence within the Imilac and Esquel samples, which is236

considered to have been imparted by the presence of core dynamo fields. Since core dynamo generation requires at237

least a partially molten core, core temperatures must have exceeded 1200 K (Tarduno et al., 2012), while the cloudy238

zone does not form until temperatures <400 ◦C, suggesting the pallasites must have formed at a much shallower239

depth in the parent body. Geochemical analysis also suggests that the FeNi metal and olivine crystals are not from240

the same source (Hsu, 2003).241

Our X-PEEM observations provide clear evidence that the Brenham and Marjalahti recorded highly contrasting242

paleomagnetic signals to the Imilac and Esquel, resulting from very different magnetic field regimes. Maximum243

field values calculated for the Brenham and Marjalahti do not exceed ∼ 10 μT. The variability in maximum applied244

magnetic field for each region of the Marjalahti and Brenham is interpreted as reflecting the larger degree of245

uncertainty on the paleomagnetic field signal; values are not well resolved enough to say with any certainty if there246

are genuine small degrees of variability, therefore the Marjalahti and Brenham are interpreted to have experienced247

a small, weak, stable magnetic field. Figures 3 and 4 show a consistent offset direction from zero across all regions248

for both samples. This rules out the possibility of the observed weak field being the result of averaging multiple249

magnetic reversals within each sampled time period. In the case of magnetic field reversals, the bias in XMCD250

intensity would be expected to vary between regions. The following discussion of magnetic field strengths is based251

on a very conservative interpretation of the data; the variability and specific upper bound on the paleomagnetic252

field signal become irrelevant for interpreting our results in a broader context and discussing likely core dynamo253

behaviour.254

The Imilac records an intense dipolar magnetic field whilst the Esquel records decay to a weak, multipolar255

field. The final stage of this decay has a comparable magnetic field strength to that experienced by the Marjalahti256

and Brenham. The initial intense field has been interpreted to represent a dipolar dynamo field, generated by257

compositional convection during core solidification. Compositional convection is promoted by the presence of lighter258

elements (such as S) in the core, which are incompatible and hence preferentially partition into the outer, liquid part259

of the core (Chabot, 2004). The Brenham and Marjalahti may have recorded a weak magnetic field, which could be260

interpreted as the onset of a compositionally-driven dynamo. This is unlikely for two reasons. First, the Brenham261

and Marjalahti are predicted to record a field prior to the onset of core solidification so there is no buoyancy flux262

to initiate a compositionally-driven core dynamo (Nimmo, 2009). Second, there is no indication of an increase of263

field over time, which would be necessary to link to the magnetic field recorded by the Imilac; neither the Brenham264
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nor the Marjalahti show any evidence for a significant increase in magnetic field. A mechanically driven dynamo265

is ruled out since the pallasite parent body is unlikely to have had a companion large enough to drive precession266

(Dwyer et al., 2011) and an impact-driven dynamo would be associated with sudden peaks in magnetisation, rather267

than a constant field (Le Bars et al., 2011). The magnetic field captured by Brenham and Marjalahti appears to268

be sustained for at least ∼ 40 Ma.269

The presence of a small constant magnetic field could be caused by a crustal remanence, induced by an early270

stage thermal dynamo. Simple thermal modelling (Elkins-Tanton et al., 2011) suggests a magma ocean could have271

been sustained for a maximum of 17 Ma on the pallasite parent body, acting as the driving force for a short-272

lived thermal dynamo (see Supplementary Information). In order to test the likelihood of a weak magnetic field273

generated by a crustal remanence, we used Runcorn’s theorem (Runcorn, 1975) to calculate the magnitude of an274

internal magnetic field generated by a crustal remanence, assuming an idealised, spherical body with a crust of275

uniform thickness that was magnetised by a dipolar field. The internal field strength is given by276

277

Binternal =
2µo

r4
χTRM tcrustMdyn (2)

278

where μ0 is the magnetic permeability of free space, r = 200 km is the radius of the body and χTRM is the crustal279

magnetic susceptibility (for derivation see Supplementary Information). The magnetic crustal thickness, tcrust, was280

varied from 0 to 20 km; 20 km is predicted to be the maximum thickness of material that would have cooled281

through its Curie temperature and become magnetised during the expected duration of the thermally driven core282

dynamo (Supplementary Figure 3). Mdyn is the magnetic moment of the core dynamo. The moment of a thermal283

core dynamo is predicted to be ∼ 1016 Am2, two orders of magnitude less than that predicted for a compositional284

dynamo (Bryson et al., 2015; Olson and Christensen, 2006). For a constant crustal thickness and crustal magnetic285

susceptibility (e.g., 10 km and 0.1 respectively) an order of magnitude increase in the dynamo moment will generate286

an order of magnitude increase in the internal field for constant crustal conditions; for example, forMdyn = 1016 Am2
287

Binternal = 0.0157 μT , whilst if Mdyn = 1018 Am2, Binternal = 1.57 μT. For a constant dynamo moment, crustal288

magnetic thickness and susceptibility both vary linearly with internal field.289

The internal field value is also influenced by the relative permeability of the material, μr. For silicates, μr ∼ 1,290

whereas for kamacite, which makes up the majority of the FeNi metal in the pallasites, μr ∼ 200 (Brown, 1958).291

This relative permeability acts to amplify the intensity of the external field recorded by the cloudy zone. The degree292

of amplification depends on the morphology of the metal; two extremes in morphology are considered, a sphere293

provides the weakest amplification factor of ∼ 3 whilst a rod generates an amplification factor of ∼ 200, if the294
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external field is aligned directly along its length (Dunlop and Ozdemir, 1997). In the context of the MG pallasite295

parent body, a sphere is taken to represent an isolated pool of metal, whereas a rod represents a dyke intrusion. By296

considering the effects of amplification, we can say more about the relative timing of the pallasite-forming impact,297

and the morphology of the metal within the parent body.298

The maximum internal field experienced by the Brenham and Marjalahti is shown in Figure 6, for a range of299

plausible crustal thicknesses and crustal magnetic susceptibilities. The nature and abundance of crustal magnetic300

material in unknown, so we perform the calculations for a range of magnetic assemblages using empirically measured301

magnetisation values for typical ferromagnetic minerals (Kletetschka et al., 2006). A full range of plausible magnetic302

crustal susceptibilities is calculated by varying the type and amount of each magnetic phase present in the crust,303

assuming an average crustal density, ρcrust = 3200 kgm-3 (Johnson et al., 2015) (see Supplementary Table 3).304

305

χTRM =
Mρcrustfi
B/µo

(3)

306

M represents the magnetisation in Am2kg-1 in a given field, B, and fi is the fraction of magnetic material in the307

crust.308

The typical magnetic susceptibility range for achondritic and chondritic crust is also shown (Figure 6) based309

on susceptibility measurements from Rochette (2003) and Rochette et al. (2009). Based on the assumption that310

the MG pallasite parent body had a chondritic crust, this suggests that an amplification factor of ∼ 100 − 200 is311

required in order to explain the observed internal magnetic field. This is a larger degree of amplification than that312

required for the Imilac (by a factor of ∼ 10) but is in good agreement with the Esquel. Bryson et al. (2015) argue313

that variation in the degree of amplification may be caused by the pallasites coming from regions with different314

metal morphologies. Amplification may also vary depending on the orientation of metallic dykes to the dipolar field.315

Taking into account an amplification factor of ∼ 100− 200, a weak magnetic field as recorded by the Brenham and316

Marjalahti can easily be explained by a crustal remanence induced by an early stage thermal dynamo.317

318
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Figure 6: The internal field experienced by the Brenham and Marjalahti pallasites, due to a crustal remanence imparted by an early
thermal dynamo, is calculated for a range of crustal magnetic thickness and susceptibilities. The maximum crustal magnetic thickness
is 20 km, based on the amount of crustal material that would have cooled through its Curie temperature by the time thermal dynamo
activity ceased. The ’normal’ range of crustal magnetic susceptibilities, calculated for achondritic and chondritic crust (Rochette, 2003;
Rochette et al., 2009) is shown by the two grey, vertical lines. The Brenham and Marjalahti pallasites could have experienced internal
fields of ∼ 1 − 7 mT. Here we have plotted the maximum field (7 mT) as a solid black line. Various degrees of amplification are also
considered and these are represented by the black dashed lines. The paleomagnetic fields experienced by the Brenham and Marjalahti
can be explained by a chondritic or achondritic crustal composition if we assume a 100 – 200 degree of amplification, which could be
caused by metallic dykes emplaced during the pallasite-parent-body-forming impact.

The observed internal field values can also be explained by having a crust with a higher magnetic susceptibility319

than chondritic or achondritic crust; this could be achieved by having a crust with a higher metal content. A highly320

metallic crust could be formed by multiple impact events (such as the pallasite forming impact), covering the MG321

pallasite parent body in fragments of metal and silicate. The possibility of such impact events is supported by a322

drastic change in the cooling rate of the parent body as debris was supplied to its surface, insulating its interior.323

An initial fast cooling rate of the pallasites at high temperatures is evidenced by the wide range of metal-olivine324
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equilibrium temperatures between 800 and 1200 ◦C (Reed et al., 1979; Scott, 1977), suggesting there was not time325

for Ni equilibration between the olivine and metal. The preservation of major and minor element zoning in the326

olivines also suggests the pallasites had a fast cooling rate of 20 to 100 ◦C per year from 1100 – 600 ◦C (Miyamoto,327

1997). At lower temperatures, the cooling rate is much slower, suggesting impacts have deposited an insulating,328

regolith layer over the surface of the parent body. Evidence for slow cooling is the formation of the Widmanstätten329

pattern and associated microstructures, including the cloudy zone which, in the case of the pallasites forms at330

cooling rates of 2.5 – 18 K Ma−1. If the crust does have an unusually high magnetic susceptibility due to impact331

events, these events must have occurred before the thermal dynamo field ‘switched off’, <40 Ma after accretion (Ito332

and Ganguly, 2006). Therefore the observed magnetic field intensities can also be explained by a thermal dynamo-333

induced crustal remanence without amplification, if the crust has an unusually high magnetic susceptibility due to334

impact deposits.335

4. Conclusions336

The Marjalahti and Brenham main group pallasites were investigated in order to examine the relationship337

between composition and magnetisation in FeNi microstructures, and to constrain any paleomagnetic field signals338

captured by the samples. This is the first study to directly compare composition and magnetisation of the cloudy339

zone with nanoscale resolution. Within the cloudy zone, the islands are well resolved in compositional images and340

the boundary between islands and matrix is easily observed. The associated magnetisation pattern shows magnetic341

domains wrapping around clusters of island and matrix. This suggests that the matrix is ferromagnetic, and the342

islands and matrix are exchange coupled, rather than behaving independently. This supports the conclusions of343

Bryson et al. (2014b) that the matrix is ordered Fe0.75Ni0.25, rather than antitaenite which is paramagnetic (Dos344

Santos et al., 2015).345

The Brenham and Marjalahti have captured strikingly different paleomagnetic signals to the Imilac and Esquel.346

The Brenham and Marjalahti were specifically chosen based on their cooling rates, as they are predicted to have347

recorded a magnetic field prior to the onset of core solidification in the MG pallasite parent body. Compared to the348

Imilac and Esquel, which recorded strong paleomagnetic field signals induced by a compositional dynamo field, the349

weak field of the Brenham and Marjalahti can reasonably be explained as being caused by crustal remanence, left350

over from an earlier period of a thermally driven dynamo. The significant contrast in field strengths recorded by the351

pallasites suggests that core dynamos on small bodies vary temporally to a high degree and do not exhibit the same352

behaviour throughout their lifetimes. By furthering our understanding of the magnetic signals associated with each353

type of dynamo behaviour, paleomagnetic analyses can be used to constrain core behaviour in planetesimals, such354
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as the onset of solidification and isothermal equilibrium within the core. A sharp change in magnetic field strength355

associated with the onset of core solidification may be a useful paleomagnetic signature to look for on Earth, and356

may provide invaluable help in establishing the age of the Earth’s inner core, which is still poorly constrained357

(Labrosse et al., 2001; Nimmo and Alfe, 2007; Biggin et al., 2015).358
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