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Abstract

The migrations of solid objects throughout the solar system are thought to have played

key roles in disk evolution and planet formation. However, our understanding of these

migrations is limited by a lack of quantitative constraints on their timings and dis-

tances recovered from laboratory measurements of meteorites. The protoplanetary

disk supported a magnetic field that decreased in intensity with heliocentric distance.

As such, the formation distances of the parent asteroids of ancient meteorites can po-

tentially be constrained by paleointensity measurements of these samples. Here, we

find that the WIS 91600 ungrouped C2 chondrite experienced an ancient field intensity

of 4.4 ± 2.8 µT. Combined with the thermal history of this meteorite, magnetohydro-

dynamical models suggest the disk field reached 4.4 µT at ∼9.8 AU, indicating that

the WIS 91600 parent body formed in the distal solar system. Because WIS 91600

likely came to Earth from the asteroid belt, our recovered formation distance argues

that this body previously travelled from ∼10 AU to 2 - 3 AU, supporting the migra-

tion of asteroid-sized bodies throughout the solar system. WIS 91600 also contains

chondrules, calcium-aluminum-rich inclusions and amoeboid olivine aggregates, indi-

cating that some primitive millimeter-sized solids that formed in the innermost solar

system migrated outward to ∼10 AU within ∼3 - 4 Myr of solar system formation.

Moreover, the oxygen isotopic compositions of proposed distal meteorites (WIS 91600,
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Tagish Lake and CI chondrites) argue that the CM, CO and CR chondrites contain

micrometer-scale dust and ice that originated in the distal solar system.

Keywords: Meteorite, Magnetic fields, Primordial magnetic fields, Asteroid belt, Kuiper25

belt, Protoplanetary disks, Chondrite, Chondrules26

1. INTRODUCTION27

A broad range of solid objects have been proposed to have migrated throughout the early solar sys-28

tem. These objects include micrometer-scale dust and ice particles (Scott 2007), ancient millimeter-29

sized solids such as chondrules and calcium-aluminum-rich inclusions (CAIs, the oldest objects that30

formed in the solar system; Ciesla 2007), 1 - 1000 km sized planetesimals (Raymond & Izidoro 2017),31

and the terrestrial planets and gas giants (Gomes et al. 2005; Walsh et al. 2011; DeMeo & Carry32

2014). All of these objects are predicted to have migrated within the first ∼4 - 5 million years (Myr)33

after CAI formation when a protoplanetary disk of dust and gas existed in the solar system. The34

orbital parameters of some Kuiper belt objects indicate that giant planet and planetesimal migration35

continued for hundreds of millions of years after this early period (Nesvorny 2018).36

The migrations of these solids have been proposed to have played key roles in forming the terrestrial37

planets (Walsh et al. 2011), establishing the bulk compositions of these bodies (Gomes et al. 2005),38

populating the asteroid belt (Raymond & Izidoro 2017) and generating the present day architecture39

of the solar system (DeMeo & Carry 2014). Despite their potential importance, the insight that40

has previously been recovered from the meteorite record into these migrations is largely qualitative,41

limiting our understanding of these key processes. For example, the measured isotopic compositions42

of carbonaceous chondrites argue that the parent asteroids of these meteorites originally formed43

beyond the orbit of Jupiter (Kruijer et al. 2017). However, these meteorites have been observed44
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to be coming to Earth from the asteroid belt (i.e., within the orbit of Jupiter) (Granvik & Brown45

2018). Together, these observations support the inward migration of some asteroid-sized bodies,46

but do not provide quantitative constraints on the distances and timings involved in this process.47

Moreover, CAIs have been found in the material collected from the coma of comet 81P/Wild2 during48

the Stardust mission (Brownlee et al. 2006; Joswiak et al. 2017), which, coupled with their inferred49

origin in the innermost solar system (.1 AU), argues that these solids migrated throughout the50

protoplanetary disk. However, data collected from the fragments of these solids have struggled to51

constrain the timings and distances involved in this motion, limiting our understanding of its driving52

mechanism and the mechanism by which some millimeter-sized solids were able to survive the early53

solar system (Cuzzi et al. 2003).54

These limits on our understanding of solid migration stem partly from difficulties in recovering55

numerical constraints on the formation distances and orbital evolutions of individual meteorite com-56

ponents and parent bodies from laboratory measurements of these samples. Recently, paleomagnetic57

measurements of ancient meteorites and their components have been proposed as a method of con-58

straining the formation distances of these objects (Bryson et al. 2020). Theory has long suggested59

that our protoplanetary disk supported a magnetic field (Wardle 2007). Recent paleomagnetic mea-60

surements of individual chondrules (Fu et al. 2014, 2019) and whole meteorites (Cournede et al.61

2015; Bryson et al. 2019a) as well as spacecraft observations of comet 67P/Churyumov-Gerasimenko62

(Biersteker et al. 2019) have provided experimental evidence supporting the existence of such a field63

within our disk. Paleomagnetic measurements and petrographic observations of individual chondrules64

from the CR chondrites (Fu et al. 2019; Schrader et al. 2018) argue that the disk persisted until at65

least ∼3.7 Myr after CAI formation. Similar measurements and observations of the volcanic angrites66

(Wang et al. 2017) and CH chondrites (Morris et al. 2015) argue that the disk then dissipated some-67

time between ∼3.8 - 4.8 Myr after CAI formation. Magnetohydrodynamical (MHD) models of the68
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disk (Bai & Goodman 2009; Bai 2015) and paleomagnetic measurements of meteorites (Fu et al.69

2014; Cournede et al. 2015; Bryson et al. 2019a) suggest that this field consisted of two components:70

an instantaneous component that changed orientation on a period of possibly ∼100 - 1000 yr (Bai71

& Goodman 2009), and a time-averaged component that could have been directionally stable over72

the lifetime of the disk (Bai 2015). These models and measurements also indicate that the mean73

intensity of both components of this field likely decreased by greater than two orders of magnitude74

with increasing distance from the Sun over ∼30 AU. As such, the paleointensities recovered from75

bulk meteorites and their components that recorded magnetic remanences within the lifetime of the76

solar nebula can be used as a proxy for the formation distances of their parent asteroids within the77

solar system.78

This approach has been applied to the ungrouped C2 chondrite Tagish Lake, a unique meteorite with79

mineralogical and chemical signatures (Brown et al. 2000; Hiroi et al. 2001; Zolensky et al. 2002; Grady80

et al. 2002; Fujiya et al. 2019) that suggest its parent body formed at a larger heliocentric distance81

than those of most other meteorites (i.e., &4 AU, Desch et al. 2018). Tagish Lake was extensively82

aqueously altered on its parent asteroid (Zolensky et al. 2002). One of the secondary phases that83

formed during this process was magnetite, which acquired a chemical remanent magnetization (CRM)84

of the magnetic fields experienced by this meteorite as this magnetite grew. The magnetite in Tagish85

Lake likely formed sometime between ∼3 - 4 Myr after CAI formation (Zolensky et al. 2002; Fujiya86

et al. 2013; Bryson et al. 2020) and the whole process of aqueous alteration likely lasted ∼0.1 - 1 Myr87

(Krot et al. 2006). As such, this magnetite is expected to have acquired a CRM of the time-averaged88

stable component of the nebula field. The paleointensity recovered from Tagish Lake is very weak89

(<0.15 µT, Bryson et al. 2020), which, combined with magnetohydrodynamical models of the stable90

component of the nebula field (Bai 2015), suggests the Tagish Lake parent body likely formed in the91

far reaches of the solar system (&8 - 13 AU) at a significantly larger heliocentric distance than most92
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other meteorite parent bodies have been proposed to have formed.93

The relatively weak intensity of the stable component of the nebula field at large heliocentric94

distances means that the paleomagnetic measurements of Tagish Lake were only able to recover95

a limit on the paleointensity experienced by this meteorite (<0.15 µT), which is only capable of96

constraining the formation distance of its parent body to a range of values (&8 - 13 AU). Furthermore,97

paleointensity recovery from CRMs is relatively poorly constrained compared to thermoremanent98

magnetizations (TRMs) acquired when magnetic grains cool in the presence of a field, introducing99

an uncertainty on the paleointensity recovered from Tagish Lake (up to a factor 5, McClelland 1996).100

Finally, Tagish Lake could only be successfully demagnetized using alternating fields (AF) rather101

than heating (due to chemical alteration during heating), meaning that paleointensities could only be102

recovered from anhysteretic remanent magnetization (ARM) and isothermal remanent magnetization103

(IRM) methods. Although these paleointensities can be converted to thermal-equivalent values,104

uncertainties in the factors required for these conversions introduce an additional uncertainty on the105

paleointensity recovered from Tagish Lake (which is also up to a factor of 5, Weiss et al. 2010; Weiss106

& Tikoo 2014).107

These limits and uncertainties could be overcome by measuring the natural remanent magnetization108

(NRM) carried by a meteorite that underwent mild heating and quick cooling within the lifetime109

of the nebula. A handful of CM (Mighei-like), CI-like (Ivuna-like) and C2 (ungrouped aqueously110

altered carbonaceous) chondrites display compositional, mineralogical and textural evidence that111

they underwent brief and mild heating on their parent asteroids likely following an impact (Nakamura112

2005). Such a heated meteorite would have recorded a partial TRM (pTRM) as it cooled. As such,113

the uncertainties associated with recovering paleointensities from a CRM would not apply to this114

meteorite. Moreover, if the remanence carried by this meteorite could be thermally demagnetized115

without significant chemical alteration, the paleointensity recovered from this sample would not suffer116
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from the uncertainties associated with converting ARM or IRM paleointensities to thermal-equivalent117

values. Additionally, the quick cooling of this meteorite means its pTRM will have been imparted118

by the instantaneous component of the nebula field. This component was potentially approximately119

an order of magnitude more intense than the stable component (Bai & Goodman 2009; Bai 2015),120

meaning a precise paleointensity could possibly be recovered from this meteorite rather than a limit121

on this value. The paleointensity recovered from such a meteorite could, therefore, provide a relatively122

well constrained estimate of the formation distance of its parent body. Utilizing this approach on123

a meteorite that also potentially originates from the far reaches of our solar system could provide124

much-needed support to the claim that some meteorites originate from this region of the solar system,125

as well as a more accurate estimate of the heliocentric distances at which the parent bodies of such126

meteorites could have formed.127

With this goal in mind, we conducted a paleointensity experiment on the Wisconsin Range (WIS)128

91600 meteorite. WIS 91600 is a low shock (S1), very weakly weathered (W1 or A/B) ungrouped C2129

chondrite (Rubin et al. 2007; Choe et al. 2010) that was extensively aqueously altered when it was130

part of the regolith of its parent body (Yabuta et al. 2010). WIS 91600 displays close similarities to131

Tagish Lake in its reflectance spectra (Hiroi et al. 2005), oxygen isotopic composition (Choe et al.132

2010), mineralogy (Tonui et al. 2014), conditions of aqueous alteration and insoluble organic matter133

(IOM) content (Yabuta et al. 2010), as well as broad similarities to the CM and CI chondrites in134

its texture, chemistry and petrology (Birjukov & Ulyanov 1996; Rubin et al. 2007; Moriarty et al.135

2009; Braukmuller et al. 2018). The similar nature (Yabuta et al. 2010; Tonui et al. 2014), timing136

(Fujiya et al. 2012, 2013) and extent (Rubin et al. 2007; Howard et al. 2015) of aqueous alteration137

in WIS 91600, Tagish Lake, the CM chondrites and the CI chondrites suggest that the parent bodies138

of all of these meteorites likely accreted sometime between ∼3 - 4 Myr after CAI formation (Doyle139

et al. 2015). Magnetite and pyrrhotite were generated in all of these meteorites as they underwent140
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aqueous alteration shortly after their parent body accreted (likely within ∼0.5 Myr, Tonui et al. 2014;141

Zolensky et al. 2002; Pravdivtseva et al. 2018). Similarly to Tagish Lake (Bryson et al. 2020) and142

the CM chondrites (Cournede et al. 2015), we therefore expect that WIS 91600 initially recorded a143

CRM of the stable component of our nebula field during this process. However, WIS 91600 displays144

mineralogical and chemical evidence that it was briefly heated to between 400 - 500 ˚C on its parent145

body after or near the end of the main phase of aqueous alteration (Moriarty et al. 2009; Yabuta146

et al. 2010; Tonui et al. 2014; Garenne et al. 2014; Quirico et al. 2018). Hence, magnetic grains in this147

meteorite with blocking temperatures below its peak metamorphic temperature are expected to carry148

a pTRM overprint of any fields it experienced as it cooled following this heating. The remanence149

carried by grains with blocking temperatures greater than this peak temperature is still expected to150

be the CRM of the stable component of the nebula field.151

The thermal and aqueous history of WIS 91600, therefore, mean this meteorite is capable of pro-152

viding a reliable and accurate estimate of the intensity of the magnetic fields it experienced as it153

cooled. Hence, it has the potential to provide a relatively well constrained estimate of the formation154

distance of its parent body. As such, this meteorite could provide relatively robust constraints on155

the distances of the migration of solids with a wide range of sizes during the early solar system.156

2. SAMPLES AND METHODS157

2.1. WIS 91600 magnetic petrology158

Petrographic and X-ray diffraction measurements demonstrate that WIS 91600 contains magnetite,159

pyrrhotite and trace amounts of FeNi metal (Rubin et al. 2007; Choe et al. 2010; Tonui et al. 2014;160

Howard et al. 2015; Yamanobe et al. 2018). Magnetite is the most abundant magnetic phase present161

in this meteorite at 6.5 vol% of all of the material in the meteorite, making it significantly more162

abundant than magnetite in the CM chondrites (Howard et al. 2015). Sulfides make up 3.5 vol%163
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of all of the material in WIS 91600; this includes pyrrhotite (which can be either magnetic or non-164

magnetic depending on its composition), pentlandite (which is non-magnetic) and troilite (which is165

also non-magnetic) (Rochette et al. 2008; Howard et al. 2015). FeNi metal is typically found as a166

limited number of small grains (typically >1 µm, but can reach several micrometers large) within167

some olivine and pyroxene crystals in a handful of chondrules (Rubin et al. 2007), and is very much168

a trace mineral (∼0 - 0.2 vol% of the material in the meteorite inferred from X-ray diffraction and169

petrographic observations; Howard et al. 2015). Based on these observations, we expect that the170

predominant magnetic carrier in WIS 91600 is magnetite.171

Magnetite is found in a variety of morphologies, including euhedral grains typically <10 µm large,172

stacked platelets each <10 µm in diameter, and framboids composed of thousands of tessellated .500-173

nm-large grains (Tonui et al. 2014; Yamanobe et al. 2018). Pyrrhotite exists as isolated <200 nm174

grains, aggregates of >1 µm grains and a handful of ∼50 µm grains containing blebs of pentlandite175

(Tonui et al. 2014). Magnetic particles smaller than a few micrometers typically make stable paleo-176

magnetic recorders, with micromagnetic calculations indicating that particles that contain magnetic177

vortices (those that are typically a few hundred nanometers large, Kimura et al. 2013) can reliably178

record and preserve magnetic remanences for hundreds of billions of years (Nagy et al. 2017). Indeed,179

magnetite-bearing meteorites have previously been found to be high-fidelity paleomagnetic recorders180

(Cournede et al. 2015; Gattacceca et al. 2016), with some subsamples of such meteorites being able181

to record and preserve paleointensities as weak as 0.15 µT (Bryson et al. 2020).182

2.2. WIS 91600 subsamples183

We cut 13 interior and 2 fusion-crusted mutually oriented subsamples of WIS 91600,79 (1.7 g) that184

was loaned to us from the Antarctic Search for Meteorites (ANSMET) collection. We cut all of our185

subsamples using a dry wire saw in the magnetically shielded room in the Massachusetts Institute186
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of Technology (MIT) Paleomagnetism Laboratory. All interior subsamples were >4.4 mm from the187

fusion crust and were each 1 - 3 mm large. Our fusion-crusted subsamples carried fusion crust along188

one edge and extended <1 mm from this edge into the interior. We measured the remanence carried189

by all of our subsamples using a 2G Enterprises Superconducting Rock Magnetometer 755 in a class190

∼10,000 magnetically shielded room in the MIT Paleomagnetism Laboratory.191

2.3. AF demagnetization192

We AF-demagnetized five interior subsamples using an automated procedure that sequentially193

applied alternating fields with increasing peak intensity up to 145 mT in 150 steps (Kirschvink194

et al. 2008). For each intensity, we applied alternating fields along three orthogonal directions and195

measured the magnetization remaining after the application of each alternating field. We averaged the196

three magnetizations measured at each applied field intensity to mitigate the effects of gyroremanent197

magnetizations and spurious ARMs following the Dunlop-Zijderveld method (Stephenson 1993). We198

additionally demagnetized one subsample (WIS.1) up to 270 mT.199

We estimated the paleointensity of the field experienced byWIS 91600 by applying and subsequently200

demagnetizing ARMs in the laboratory with a peak AF intensity of 260 mT and a bias field intensity201

of 50 µT to all interior AF subsamples. We calculated the ARM paleointensity, BARM , using:202

BARM =
∆NRM

∆ARM

B

f ′
(1)

where 4NRM is the change in NRM over a given coercivity range, 4ARM is the change in ARM203

over the same coercivity range, B is the intensity of the laboratory bias field and f ′ is the value204

of TRM/ARM , which accounts for the different recording efficiencies of TRMs and ARMs. The205

average of this last value is 3.33 for magnetite and is unknown for pyrrhotite (Weiss & Tikoo 2014).206

We chose to adopt a value of 3.33 for pyrrhotite, which introduces an obvious uncertainty to our207
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recovered BARM values. We also applied and demagnetized an IRM acquired in a 250 mT field to208

our interior AF subsamples and calculated the IRM paleointensity, BIRM , using:209

BIRM =
∆NRM

∆IRM
a (2)

where 4IRM is the change in IRM over a given coercivity range and a is a calibration factor with210

units of field intensity (average of 2500 µT for magnetite, Weiss & Tikoo 2014, and 500 - 3000 µT211

for pyrrhotite depending on grain size, Gattacceca & Rochette 2004; Kletetschka & Wieczorek 2017).212

We calculated the ratios of the remanences by fitting a straight line to the two datasets across a given213

coercivity range. The 95% uncertainty values we quote are the formal errors in this fitting procedure.214

The values of f ′ and a are likely uncertain to a factor of 1 - 5 (Gattacceca & Rochette 2004; Weiss215

& Tikoo 2014).216

2.4. Thermal demagnetization217

We performed double heating paleointensity measurements on seven interior subsamples. We218

adopted the alternating in-field, zero-field (IZZI) protocol (Tauxe & Staudigel 2004), performing219

pTRM checks between every zero-field and in-field step. We heated the subsamples from 100 - 200220

˚C in 20 ˚C steps, then from 200 - 330 ˚C in 10 ˚C steps and finally from 330 - 390 ˚C in 20221

˚C steps (our subsamples all displayed significant thermal alteration at temperatures >390 ˚C). We222

performed the in-field steps in a 20 µT field. We performed all heating steps in air using an ASC223

Scientific TD48-SC oven in the magnetically shielded room in the MIT Paleomagnetism Laboratory.224

We calculated the double heating paleointensity, Bdh, using:225

Bdh =
∆NRM

∆pTRM
B (3)
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where ∆pTRM is the change in laboratory pTRM gained during the measurements. We calculated226

4NRM in this case using vector subtraction to place the last point in the temperature range of227

interest on the origin. Due to the relatively friable nature of WIS 91600, we mounted our subsamples228

in 6 mm diameter nonmagnetic quartz tubes and packed them with nonmagnetic quartz wool so we229

did not have to handle the subsamples directly during our measurements. We AF demagnetized the230

whole sample holding assemblage (quartz tube and wool) prior to adding the subsamples such that231

they had moments <1 × 10-11 A m2. Due to having to detach and re-attach the quartz tubes to the232

quartz disks between each measurement to conduct the heating, this approach yielded larger mean233

angular deviation (MAD) values and larger scatter among the thermal paleodirections recovered from234

the different subsamples compared to our AF subsamples, which remained immobilized during their235

demagnetization. Additionally, we thermally demagnetized one subsample (WIS.6) in the absence of236

a field up to 390 ˚C.237

2.5. Magnetic characterization238

We measured hysteresis loops of two of our AF subsamples (WIS.1 and WIS.2) as well as a first or-239

der reversal curve (FORC) diagram of WIS.2 to characterize their remanence carriers. We performed240

these measurements after this subsample had its NRM and laboratory remanences removed. We con-241

ducted these measurements using a Lake Shore Cryotronics PMC MicroMag 3900 series alternating242

gradient field magnetometer at the University of Cambridge. We measured 243 FORCs with a 2.4 mT243

step size, 200 ms averaging time and a saturating field of 0.7 T. We processed the FORC diagrams244

using the VARIFORC approach (Egli 2013) built into the FORCinel software package (Harrison &245

Feinberg 2008). We used a vertical ridge smoothing factor (Sc0) of 7, a horizontal smoothing factor246

(Sc1) of 10, a central ridge smoothing factor (Sb0) of 7, a vertical smoothing factor (Sb1) of 10, and247

horizontal and vertical λ values of 0.1 during this processing.248
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3. RESULTS249

3.1. Magnetic characterization250

The FORC diagram of WIS.2 (Figure 1) displays a triangular shape with a peak at coercivity Hc ≈251

10 mT and interaction field Hu ≈ 0 mT. It is very similar to that measured from a Tagish Lake252

subsample (Bryson et al. 2020).253

The shape of a FORC distribution can be used to recover the mineralogy and predominant domain254

state of the magnetic carriers within a sample. Multi-domain grains typically display vertical FORC255

distributions that have high intensities at low coercivity values (typically <10 mT) that spread256

up to high interaction field values (>100 mT), display contours parallel to the vertical axis, and257

can display a small peak on the origin (Roberts et al. 2017; Harrison et al. 2018). The contours258

in the FORC diagram of WIS 91600 are not parallel to the vertical axis and its peak is not on259

the origin, arguing that the predominant magnetic carriers in WIS 91600 are not multi-domain260

grains. Magnetic remanences carried by multi-domain grains can be relatively easily overwritten261

by prolonged exposure to the Earth’s magnetic field and/or lost during the ~4.5 Gyr between a262

meteorite being magnetized and landing on Earth. Fortunately, these grains appear to be a minor263

component of the magnetic material in WIS 91600. Instead, the shape of the FORC diagram and the264

position of its peak match those measured from samples of tightly clustered, magnetically interacting265

single-domain and/or vortex-state particles of magnetite (Muxworthy & Dunlop 2002; Harrison &266

Lascu 2014). Specifically, the shape and peak position of this FORC diagram are intermediate267

between those of tightly clustered magnetite powders with grain sizes of 1.7 and 7 µm (Muxworthy268

& Dunlop 2002). The close proximity of the magnetite particles in the framboids (Tonui et al. 2014;269

Yamanobe et al. 2018) (and, to a slightly lesser extent, the stacked platelets) means that we expect270

that these particles are magnetically interacting (Evans et al. 2006), and so are likely the predominant271
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magnetic phase in WIS 91600. This observation matches the high abundance of framboids observed272

in petrographic studies (Rubin et al. 2007; Choe et al. 2004; Tonui et al. 2014; Yamanobe et al. 2018).273

Electron holography imaging of particles in meteoritic magnetite framboids demonstrates that these274

particles adopt vortex domain states (Kimura et al. 2013), supporting the observation drawn from the275

FORC diagram. Vortex states have recently been demonstrated to be capable of preserving magnetic276

remanences for well over the age of the solar system (Nagy et al. 2017). As such, we believe that277

the remanence carried by WIS 91600 is a reliable recored of the magnetic fields experienced by this278

meteorite after it was impact heated during the early solar system. FORC diagrams of separated279

vortex-state particles also show some vertical spreading (Roberts et al. 2014; Harrison et al. 2018),280

so it is likely that a portion of the vertical spreading observed in the FORC diagram of WIS.2 is due281

to the presence of vortex-state particles, as well as interactions between tightly packed grains.282

The FORC signature of single-domain and pseudo-single-domain pyrrhotite particles tend to dis-283

play an elliptical distribution with a peak at a coercivity value of 15 - 80 mT and at slightly negative284

interaction field values (Wehland et al. 2005; Roberts et al. 2006). The peak moves to lower coercivity285

values within this range as the pyrrhotite grain size increases (from <5 µm to ~40 µm) as the par-286

ticles likely transition from more single-domain-dominated behavior to more pseudo-single-domain-287

dominated behavior (Wehland et al. 2005). As there is no clear signal corresponding to the expected288

signature of pyrrhotite in the FORC diagram of WIS.2, we conclude that single-domain/vortex-state289

magnetic pyrrhotite is a minor component of the magnetic grains in WIS 91600. This observation290

explains why do not see a pronounced change in magnetization on heating through the Curie temper-291

ature of pyrrhotite (290 - 320 ˚C; see Section 3.4). However, our AF demagnetization measurements292

indicate that, although a minor component, pyrrhotite does appear to carry a remanence (see Section293

3.2). FORC diagrams of pyrrhotite-bearing samples often also extend to higher coercivity values than294

those of magnetite bearing samples (Wehland et al. 2005; Roberts et al. 2006, 2014). The FORC295
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Figure 1. First order reversal curve (FORC) diagram of WIS.2. The diagram shows a distinctive triangular

shape. The FORC distribution extends vertically to interaction fields of ±∼100 mT at low coercivities and

horizontally to a coercivity of ∼100 mT at near-zero interaction fields. The diagram contains a peak at Hc ≈

10 mT and Hu ≈ 0 mT.

distribution from WIS.2 extends to slightly higher coercivity values (>100 mT) than those observed296

in Tagish Lake, possibly reflecting a higher relative abundance of magnetic pyrrhotite compared to297

magnetite in WIS 91600 than in Tagish Lake.298

The similarity of the magnetic carriers among a suite of samples can be assessed through their299

hysteresis properties. Figure 2a shows the AF demagnetization of the IRM applied to all five AF300

subsamples. These curves are proxies for the coercivities of the particles within a sample; the absolute301

value on the vertical axis depends on the amount of magnetic material present as well as its domain302

state, and the extent along the horizontal axis depends on the distribution of the coercivities of the303

particles within a sample. All five of these curves are very similar (significantly more similar than304



16

Subsample MDF of IRM (mT) MDF of ARM (mT)

WIS.1 12.8 15.8

WIS.2 12.6 15.0

WIS.3 13.4 17.4

WIS.4 13.4 16.7

WIS.10 13.2 17.2

Table 1. Mean destructive field (MDF) for our five AF subsamples calculated from their IRM and ARM

AF demagnetizations.

those measured from different CM chondrites; Cournede et al. 2015) demonstrating that the properties305

of the magnetic carriers in all of our subsamples are very similar. Table 1 shows the mean destructive306

field (MDF; field intensity required to reduce the ARM or IRM by a factor of 2) for all five subsamples.307

Again, the values are very similar among the five subsamples as well as between the ARM and IRM308

methods, further supporting very similar magnetic carriers among all of our subsamples. Figure 2b309

shows the ratio of the saturation remanence magnetization (Mrs) to the saturation magnetization310

(Ms) against the ratio of the coercivity of remanence (Bcr) to the coercivity (Bc) (known as a Day plot)311

recovered from hysteresis loop measurements of two WIS 91600 subsamples. Again, these hysteresis312

properties are very similar for both subsamples, further supporting a high degree of similarity among313

the magnetic mineralogy in our WIS 91600 subsamples. Moreover, these points plot in the pseudo-314

single-domain region of the Day plot. Although the relevance of this has recently been challenged315

(Roberts et al. 2018), this observation suggests that the bulk magnetic properties of the subsample316

could be dominated by vortex-state particles, consistent with microscopy observations (Kimura et al.317

2013) and our FORC diagram (Figure 1). This observation further supports a high stability for the318

magnetic recorders in WIS 91600.319

3.2. AF demagnetization320
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Figure 2. a Mass normalized isothermal remanent magnetization as a function of alternating field (AF)

intensity for all five AF subsamples. b The ratio of the saturation remanence magnetization (Mrs) to the

saturation magnetization (Ms) against the ratio of the coercivity of remanence (Bcr) to the coercivity (Bc)

for WIS.1 and WIS.2. SD: single-domain; PSD: pseudo-single-domain; MD: multi-domain.

The interior subsamples of WIS 91600 all display a loss in their NRMs up to AF intensities of321

145 mT (Figures 3a and 4, Table 2), while WIS.1 (which we demagnetized to an AF intensity of322

270 mT) displays minimal loss of its NRM at AF intensities >145 mT. These NRMs contain three323

components: one at low coercivity (LC, 0 to 3.0 - 8.5 mT); one at medium coercivity (MC, 3.0324

- 8.5 to 8.5 - 35 mT); and one at high coercivity (HC, 8.5 - 35 to 145 mT). These components325

were identified by changes in the direction of the remanence in the individual orthogonal projection326

diagrams during AF demagnetization of the NRM carried by each subsample (Figure 4). The LC327

components are randomly oriented (length of the vector sum R = 2.8 for N = 5 samples) while328

the MC and HC components are each uniform (R = 4.8 and R = 4.9, respectively, N = 5) and329

are similarly oriented, overlapping within their α95 confidence intervals (Figure 5). However, the330

orthogonal projection diagrams (Figure 4) demonstrate that a distinct change in the direction of331

the remanence during AF demagnetization exists at the MC - HC transition in each of the five AF332

subsamples, arguing that the MC and HC components are in fact distinct (e.g., Figure 4). This333
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observation is reinforced by the fact that none of the MC components are origin-trending while all334

of the HC components do trend towards the origin (arguing that the MC and HC components have335

different directions and, as such, are distinct components). Furthermore, the angle between the MC336

and HC components is larger than the MAD of the MC component in all of our AF subsamples337

(Table 2), demonstrating that the direction of each MC component is distinct from the direction of338

each HC component. The MAD values of the HC components are typically larger than those of the339

MC components due to the relatively weak paleointensity carried by the HC component (see Sections340

3.3 and 3.5) and the AF demagnetization procedure, which randomized the magnetic grains during341

the application of each applied field and added scatter to the data. However, two AF subsamples342

(WIS.1 and WIS.4) display noticeably smaller HC MAD values (≤7˚). The directions of the MC343

and HC components for both of the subsamples do not overlap within the 95% confidence interval of344

both the MC and HC components, further arguing that the MC and HC directions carried by each345

subsample are distinct. Together, all of these observations argue that each subsamples of WIS 91600346

carries distinct MC and HC components that are similarly oriented but are resolvable in the AF347

demagnetization data. As such, the overlap in the average MC and HC directions is likely a result348

of the comparatively large scatter in the individual directions of the MC components (which cause349

a relatively large α95 value for the average MC component) combined with the similar orientations350

of the individual MC and HC components recovered from the demagnetizations of each subsample.351

Together, these properties make an overlap between the average directions of these two components352

likely, even when the individual demagnetizations support each subsample carrying multiple separate353

components with distinct directions.354

The LC component is carried by grains with the lowest coercivities and shortest relaxation times355

and, as such, is almost certainly a viscous remanent magnetization (VRM) imparted at low temper-356

ature by Earth’s field during recent sample handling (potentially imparted during the meteorite’s357
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residence at Johnson Space Center and/or shipping to MIT).358

The remanences carried by our fusion-crusted subsamples consist of a single component and is359

approximately an order of magnitude stronger than those carried by the interior subsamples (Table360

2). This remanence is a record of the Earth’s magnetic field experienced by WIS 91600 as its surface361

cooled following heating during atmospheric entry. The average direction of the component in the362

fusion-crusted subsamples is broadly similar to the average MC and HC directions, but importantly363

does not overlap within 95% uncertainty with either of these directions, arguing that neither the MC364

nor HC components are pTRMs acquired following atmospheric entry (Figure 5b). This observation365

is reinforced by the large distance of some of our subsamples from the fusion crust (up to ∼9 mm,366

Table 2), which is much larger than the distance in the interior of a meteorite that is typically367

heated by atmospheric entry (.2 mm; Weiss et al. 2010). The MC and HC remanences are also very368

unlikely to have been imparted by a hand magnet because we would expect such remanences to be369

significantly (at least 1 - 2 orders of magnitude) stronger. Instead, because the MC component is370

carried by grains with intermediate coercivities and relaxation times, it is possible that this component371

could correspond to a VRM imparted at low temperature by the Earth’s field during the meteorite’s372

prolonged residence in Antarctica prior to collection. This observation is supported by the recovered373

low-temperature paleointensity, which is very similar to that of the geomagnetic field (see Section 3.5).374

In this scenario, the MC component could be a rounding of the HC component and the component375

carried by the fusion crusted subsamples. If this is the case, the origin of the MC component would376

differ from that of the HC component, further justifying our classification of these two components377

as distinct. Furthermore, the broadly similar directions of the fusion crusted component and the HC378

component would cause the average MC component to be very similarly oriented to HC component,379

explaining the overlap in the average recovered directions of these two components. Additionally, the380

MC component could also be a rounding of the HC and LC components resulting from the nature of381
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AF demagnetization (which can effectively blur two components across their transition). Again, in382

this case, the MC component would be similarly oriented to the HC component and would contain383

a terrestrial contamination, arguing that it should be treated as distinct from the HC component.384

The HC component is origin-trending in all our subsamples (Figure 4, Table 2). These directions385

were not forced to the origin. This observation argues that this HC remanence could be primary (i.e.,386

pre-terrestrial). The large value of the upper limit of our HC AF range (145 mT) demonstrates that387

the NRM in our subsamples is carried by very stable grains with relaxation times on the order of388

tens to hundreds of billions of years (Nagy et al. 2017). Given the likely residence time of WIS 91600389

on Earth (the average residence time for Antarctic meteorites is ∼100 kyr; Bland et al. 2006), it is390

extremely unlikely that these grains could have been viscously magnetized by the Earth’s magnetic391

field. This result is supported by the weak recovered HC and high temperature paleointensities that392

are approximately an order of magnitude weaker than Earth’s field (see Sections 3.3 and 3.5). As393

such the properties of the HC remanence carried by our interior subsamples are inconsistent with394

a terrestrial overprint and instead suggest that this remanence is pre-terrestrial and happens to be395

similarly oriented to that carried by the fusion crust.396

3.3. ARM and IRM paleointensities397

Figure 6 shows the demagnetization of the NRM carried by WIS.3 as a function of the demagne-398

tization of its ARM and IRM. These curves display a relatively steep slope between AF intensities399

of 0 and ∼25 mT, which then flattens between ∼25 and ∼75 mT, before increasing sharply between400

∼75 and 145 mT. FORC diagrams of magnetite powders tend to display peaks at relatively low401

coercivities (<50 mT depending on grain size, Muxworthy & Dunlop 2002) and a weaker signal that402

can extend up to ∼300 mT. FORC diagrams of samples bearing single domain pyrrhotite grains tend403

to display peaks at ∼15 - 80 mT and a weaker signal that extends up to ∼500 mT (Dekkers 1988;404
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Figure 3. Demagnetization of the NRM carried by a AF subsamples and b thermal subsamples as a function

of AF intensity and temperature, respectively.

Wehland et al. 2005; Roberts et al. 2006). As such, pyrrhotite tends to display higher coercivities405

than magnetite. Therefore, we expect that the remanence carried by grains with lower coercivity406

in a sample that contains magnetite and pyrrhotite to dominated by magnetite, and the remanence407

carried by grains with higher coercivity in such a sample to be dominated by pyrrhotite. As such, we408

interpret the changes observed during our NRM demagnetizations at AF intensities >25 mT as the409

sequential unblocking of the HC component of the remanences carried by magnetite and pyrrhotite,410

respectively. WIS 91600 was heated to between 400 - 500 ˚C on its parent body (Yabuta et al. 2010;411

Cloutis et al. 2012; Tonui et al. 2014), which is below the Curie temperature of magnetite (580 ˚C,412

Rochette et al. 2008). Hence, we expect that only ∼12.5 - 25% of the magnetite grains (based on413

thermal demagnetization of TRMs applied to the magnetite-bearing CV chondrite Kaba; Gattacceca414

et al. 2016) were magnetized when WIS 91600 cooled following this heating. On the other hand, the415

Curie temperature of pyrrhotite is 290 - 320 ˚C (Rochette et al. 2008), so we expect that all of the416

pyrrhotite grains were magnetized following this heating. The peak AF intensity used to impart our417

ARMs and the magnitude of our IRMs are greater than the highest coercivity observed in the FORC418
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Figure 4. Alternating field (AF) demagnetization of the NRM carried by our AF subsamples. Shown on

the left are orthogonal projections of the end points of the NRM vectors onto the North-East (filled points)

and Up-East (open points) planes during AF demagnetization. The gray arrows depict the directions of

the LC, MC and HC components. Shown in the center is the direction of the NRM vector that remains

after the application of increasingly intense alternating fields in an equal area stereographic projection. The

intensity of the alternating field is depicted by the color scale. Shown on the right is the variation of the

NRM normalized to the maximum magnetization value (Mmax) as a function of applied AF intensity.
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Figure 5. Equal area stereographic projections of the directions of a the LC component, b the MC and LT

components and c the HC and HT components of our subsamples. The components recovered from individual

interior subsamples are shown by the gray points. The single component recovered from the fusion-crusted

subsamples are shown by the light blue points. The average MC and HC directions are depicted by the black

stars in b and c, respectively, and the average fusion crust direction is depicted by the dark blue star in a, b

and c. The ellipses around the directions recovered from the individual subsamples are MAD values of each

subsample and the ellipses around the average values are α95 values.

diagram of WIS.2 (Figure 1), indicating that these laboratory remanences were imparted to the all419

of the grains in our subsamples. Hence, we expect the change in the pTRM carried by magnetite to420

be relatively small compared to the changes in the ARM and IRM imparted to this mineral (because421
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only a fraction of the magnetite grains carry the pTRM while all the grains carry the ARM and IRM).422

On the other hand, we expect the change in the pTRM carried by pyrrhotite to be relatively large423

compared to the changes in the ARM and IRM imparted to this mineral (because all of the pyrrhotite424

grains carry the pTRM and the ARM and IRM). These effects are expected to manifest themselves as425

shallower slopes in Figure 6 for magnetite-dominated remanences compared to pyrrhotite-dominated426

remanences. The change in slope in Figure 6 between ∼25 - 75 mT and at &75 mT can, therefore,427

be explained by the thermal history of WIS 91600, and provides an independent constraint on the428

peak metamorphic temperature experienced by this meteorite (between the pyrrhotite and magnetite429

Curie temperatures).430

Calibration factors are required to recover thermal-equivalent paleointensity values from ARM and431

IRM paleointensity methods (f ′ and a in equations 1 and 2, respectively). These factors are calculated432

from total TRM measurements (i.e., when all of the grains magnetized). As such, the documented433

values of these factors can only be used to estimate the paleointensity carried by total TRMs and will434

produce incorrect values for pTRMs. As such, we are only able to recover paleointensity estimates435

from the pyrrhotite in our subsamples. Any paleointensity calculated from the magnetite-dominated436

remanence would be an underestimate as a much higher proportion of the magnetite grains in WIS437

91600 will have been magnetized by our laboratory fields compared to the natural field, and the438

documented f ′ and a do not take this effect in account. We estimated the paleointensity carried by439

pyrrhotite in WIS 91600 by calculating paleointensities at AF intensities >75 mT in an attempt to440

isolate the remanence carried by pyrrhotite. While pyrrhotite generally displays higher coercivities441

than magnetite, it is possible for magnetite grains to display coercivities >75 mT. This effect intro-442

duces another uncertainty onto our recovered ARM and IRM paleointensities. Pyrrhotite grains with443

coercivities >75 mT typically have sizes of <5 µm (Dekkers 1988), which corresponds to a < 1500 µT444

in equation (2) (Gattacceca & Rochette 2004). We, therefore, chose to calculate an upper limit on445
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Figure 6. a ARM and b IRM paleointensity determination from WIS.3. The AF intensity is depicted by the

color of the points according to the color bar. We recovered the HC paleointensity by fitting to the data at

coercivities >75 mT (gray line), which likely corresponds to the TRM carried predominantly by pyrrhotite.

The shallower slope at coercivities between ∼25 mT and ∼75 mT likely correspond to a pTRM carried

predominantly by magnetite from which ARM and IRM paleointensities could not be reliably recovered.

BIRM using a = 1500 µT. The paleointensity range recovered using this value of a includes the values446

that would be calculated using a value of a = 500 µT, which is the calibration factor suggested by447

a recent study (Kletetschka & Wieczorek 2017). Adopting a = 1500 µT produces an average upper448

limit of BIRM of 7.7 ± 2.8 µT (1σ). This value is within error of the average BARM value of 8.3 ± 2.3449

µT (1σ) calculated using equation (1) (Table 3). Given the number of the considerable uncertainties450

associated with the calculation of these values (see Section 2.3), we believe they are likely within a451

factor of 10 of the actual thermal-equivalent paleointensity.452
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Subsample BARM (µT) BARM 95%

uncertainty

(µT)

BIRM (µT) BIRM 95%

uncertainty

(µT)

WIS.1 10.5 1.7 11.0 1.4

WIS.2 9.4 2.4 8.7 1.8

WIS.3 3.2 1.1 4.7 1.2

WIS.4 7.3 1.5 7.8 1.5

WIS.10 7.9 1.8 9.3 1.7

Table 3. Recovered ARM paleointensities and upper list on IRM paleointensities recovered from our AF

subsamples using equations (1) and (2), respectively.

3.4. Thermal demagnetization453

Our thermal demagnetizations contain two resolvable components (Figures 3b, 7, and 5): one at454

low temperature (LT, room temperature to 200 - 220 ˚C); and one at high temperature (HT, 200 -455

220 ˚C to at least 320 - 370 ˚C) (Table 4). It is possible that a very low temperature component456

(at .100 ˚C) could have been removed during the first one or two heating steps that could have457

been non-unidirectional and analogous to the LC component, but could not be resolved from the458

number of heating steps we conducted at these temperatures. The temperature defining the LT -459

HT transition corresponds to the change in direction of the NRM during thermal demagnetization460

identified in the orthogonal projection diagrams (Figure 7). The end of the HT range is defined by the461

last temperature step with minimal alteration (either in the form of small pTRM check values, .10462

%, or a coherent remanence direction). The LT and HT components are similarly oriented to each463

other and are both similarly oriented to the average MC and HC directions (Figure 5), suggesting a464

possible shared origin for the LT and MC components, and the HT and HC components. Due to the465

scatter in the data, the limited number of steps, the relatively weak field intensity (see Section 3.5),466

the similarity in direction between the LT and HT directions, and low levels of alteration induced467
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during heating, the distinction between the LT and HT components is not as clear in some of our468

thermal subsamples as that between the MC and HC components in our AF subsamples (Figure469

7). However, there is an distinct change in direction in many of our thermal subsamples at ∼200470

- 220 ˚C (e.g., WIS.16 and WIS.17), and we used the clear change in direction observed in all471

of AF demagnetization measurements (which involved a far higher number of steps, immobilized472

samples, and no risk of alteration) as justification for identifying two components in the thermal473

demagnetization measurements where a change in direction is potentially more ambiguous (e.g.,474

WIS.9, Figure 7a). The HT component is either origin-trending or close to being origin-trending475

(MAD and deviation angle [dANG] within 2.5˚ of each other) for 5 of the 8 subsamples that were476

thermally demagnetized (Table 4). Again, these directions were not forced to the origin. We believe477

that the non-origin-trending nature of the HT component of some of our subsamples could be due478

to residual remanence from previous in-field paleointensity steps as a result of mild alteration during479

heating, pTRM tails, and the relatively large scatter introduced by our measurement procedure where480

we mounted the samples within quartz tubes (see section 2.4). These effects also introduced relatively481

large scatter to the HT directions compared to the HC paleodirections (Figure 5c). As such, we chose482

not to include the LT or HT directions when calculating the average remanence directions and we483

believe that the AF demagnetization data provide a much more reliable measure of the direction of484

the remanences carried by WIS 91600. Due to similar directions and remanence magnitudes (Figure485

3), we believe the LT remanence likely shares the same origin as the MC remanence (terrestrial486

overprint in the form of a VRM from prolonged exposure to Earth’s field that happens to be in a487

similar direction to the HT and HC remanence). Through the same arguments as the HC remanence488

(carried by very stable grains with very long relaxation times, weak paleointensity), we do not believe489

the HT component is a terrestrial overprint, and is instead a pristine pre-terrestrial remanence.490

We were able to constrain the peak temperature reached by WIS 91600 by comparing the magnitude491
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of the thermal and AF demagnetizations (Figure 3, Tables 2 and 4). The ratio of the remanence492

remaining at the end of the HT range to the NRM falls between 0.09 - 0.38 among our different493

subsamples, while the ratio of the remanence remaining at the end of the HC range to the NRM values494

falls between 0.05 - 0.20. As our AF subsamples display minimal demagnetization above 145 mT (see495

Section 3.2), these ratios imply that heating to 330 - 370 ˚C removed most of the pTRM carried by496

these subsamples. However, a small fraction of this pTRM likely still remained on heating to 330 - 390497

˚C. We further explored this remanence by AF demagnetizing two subsamples (WIS.8 and WIS.11)498

after heating them in zero field to 390 ˚C. This procedure allowed the remanence carried just by499

grains with blocking temperatures >390 ˚C to be analyzed without risk of considerable alteration500

induced by heating to high temperatures. These subsamples both display weak losses in remanence501

that are broadly similarly oriented to the HC and HT components (Table 2). It is possible that502

the alteration induced in these samples by heating to 390 ˚C caused a change in the direction and503

intensity of the remanence that remains at temperatures >390 ˚C, however we do not believe that504

this heating could have resulted in the measured moment being imparted to these subsamples. This505

observation indicates that WIS 91600 does carry a pTRM at blocking temperatures slightly greater506

than 390 ˚C, in agreement with estimates of a peak metamorphic temperature somewhere between507

400 - 500 ˚C. Importantly, the observation of a very weak remanence being carried at temperatures508

>390 ˚C indicates that the subsamples that we thermally demagnetized were heated on their parent509

body to a similar temperature as that inferred from previous independent studies of WIS 91600.510

3.5. Double heating paleointensities511

To quantify the extent of chemical alteration induced in our subsamples by our double heating512

paleointensity experiments, we calculated the difference ratio sum (DRATS) parameter from our513

measured pTRM checks (Table 5). We calculated this parameter across the whole heating range514
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from room temperature to the last temperature in the HT range (9 - 10 pTRM checks depending515

on the subsample). Although this is a relatively large number of pTRM checks and the DRATS516

value increases with this number, the values of this parameter are similar to or less than the 25 -517

30% value that is typically acceptable for terrestrial samples (Tauxe et al. 2004; Tauxe & Staudigel518

2004, Table 6) for 5 of the 7 subsamples (average DRATS value <3.6% for these five subsamples).519

These values indicate that these five subsamples experienced minimal chemical alteration during520

heating. As such, we chose not to include the HT paleointensity of the two subsamples with high521

DRATS values when calculating the average HT paleointensity carried by WIS 91600. The HT quality522

factors (q) calculated from our double heating experiments are >1 for all of our subsamples (Table523

6), supporting our claim that they all carry HT remanences and that our recovered paleointensities524

are of relatively high-quality (Paterson et al. 2014). However, the thermal demagnetization of one525

subsample (WIS.12) is of observably poorer quality than the others; once the LT component had526

been removed, the thermal demagnetization formed a scattered cluster very close to the origin,527

before jumping suddenly during one heating step (280 ˚C) to form a new cluster of points slightly528

further from the origin over the remainder of the HT component. Consequently the MAD recovered529

from this subsample is particularly large (>40 ˚) and the dANG value for this remanence is also very530

large (77.3˚), indicating that it is far from being origin-trending (Table 4). As such, it is unclear that531

this subsample carriers a resolvable HT component, probably because this particular subsample has532

a lower paleomagnetic fidelity than the others due to its specific mineralogy (Bryson et al. 2017). As533

such, we chose not to include the HT paleointensity of this subsample when calculating the average534

HT paleointensity carried by WIS 91600.535

We recovered the paleointensities experienced by all of our subsamples of WIS 91600 by plotting536

their NRM remaining as a function of their pTRM gained during our heating measurements (called537

an Arai plot) and calculating the slope of this curve across different temperature intervals (Figure538
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8). These plots show a change in gradient at the LT - HT transition. It is possible that a sample539

that carries a single NRM component can display two gradients in its Arai plot if the remanence is540

carried predominately by multi-domain grains; the remanence carried by such grains can change over541

time due to their relatively low stability, which results in a curve in these plots (Paterson 2011). We542

do not believe this is the case in WIS 91600 for three reasons. Firstly, there is a noticeable change in543

direction in Figure 4 at the point where the gradient changes in Fig 8, arguing that the remanence544

consists of two components that correspond to different paleointensities rather than one modified545

component. Secondly, our AF demagnetization measurements also demonstrate that our subsamples546

carry multiple components, further suggesting that the slope of the Arai plot can be explained by the547

sample having recorded multiple fields rather than carrying a single modified remanence. Thirdly,548

our FORC and hysteresis measurements (Figs. 1 and 2) argue that the predominant carrier in these549

subsamples are interacting single-domain/vortex-states particles, which are thought not to show a550

pronounced change in gradient in their Arai plots over time. As such, our subsamples appear to have551

experienced different field intensities when they recorded their LT and HT remanences, rather than552

one component that changed over time.553

The LT components from our subsamples with low DRATS values produces an average paleointen-554

sity of 32.9 ± 10.2 µT (1σ, Table 6). The similarity of this value and the present-day geomagnetic field555

further argues that WIS 91600 carries a terrestrial overprint at low temperatures and low/medium556

coercivities. The average HT paleointensity from the four subsamples that produced low DRATS val-557

ues and did not display notably low quality thermal demagnetizations is 4.4 ± 2.8 µT (1σ, Table 6).558

This value lies within the range recovered from the ARM and IRM paleointensity methods (Table 3).559

However, the HT paleointensity value is a significantly more reliable estimate of the field experienced560

by WIS 91600 due to the uncertainties associated with the ARM and IRM paleointensity recovery561

methods. One of our subsamples with a low DRATS value and high q value (WIS.9) produces a562
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Figure 8. Double-heating paleointensity analyses of WIS 91600. The NRM remaining in each sample is

plotted against its pTRM gained during the double heating measurements (Arai diagram) measured for all

four subsamples with low DRATS values and did not display visibly poor Arai diagrams. The HT component

is depicted by the red points and the recovered paleointensity from each subsample is denoted by the red

least-squares fit line and the red text. The temperature of a handful of points during thermal demagnetization

is shown by the black text. The pTRM checks are shown by the green triangles and the proceeding thermal

step is depicted by the gray lines.

notably larger HT paleointensity than the other subsamples (Figure 8b).563

4. DISCUSSION564

4.1. Origin of the field that magnetized WIS 91600565
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Preceding

pTRM (˚C)

pTRM check

(˚C)

% between pTRM and pTRM check

WIS.5a WIS.7a WIS.9 WIS.11 WIS.12 WIS.16 WIS.17

140 100 -49.4 -28.5 -40.3 -26.9 -36.6 -25.5 -14.1

180 140 -29.9 -25.6 -27.4 -24.4 -29.8 -44.5 -25.0

210 180 -35.5 -30.1 -3.9 -17.3 -4.0 -20.3 -10.7

230 210 -9.5 -7.4 -8.1 -7.2 -10.5 -10.2 -12.9

250 230 -5.7 -12.4 -5.9 -8.1 -11.5 0.5 -2.4

270 250 -8.2 -4.7 -5.1 -5.2 -4.0 -5.4 -0.6

290 270 -5.5 -4.3 -0.9 -1.8 -0.7 1.0 4.0

310 290 1.6 -3.8 -2.1 -1.8 2.1 -2.3 -3.8

330 310 -3.9 -5.2 -2.5 -5.3 -5.6 -5.5 -7.2

370 330 -4.1 -8.2 -9.6 -13.0 -19.4 -4.8 -3.0

Table 5. pTRM check percent values measured during double heating measurements.

aSubsamples with high DRATS values.

A number of field sources existed during the early solar system that could have imparted magnetic566

remanences to chondrites. These include the solar wind (Oran et al. 2018), impacts (Muxworthy567

et al. 2017), core dynamo activity (Bryson et al. 2019a) and the solar nebula (Fu et al. 2014, 2019;568

Cournede et al. 2015). The key parameters controlling which field was recorded by a specific chondrite569

are its peak temperature, cooling timescale, mechanism of heating, age of remanence acquisition and570

aqueous alteration history.571

There are a number of lines of evidence that WIS 91600 was heated to a peak temperature some-572

where between 400 - 500 ˚C on its parent body (Nakamura 2005; Cloutis et al. 2012). These573

include X-ray absorption spectroscopy of IOM extracted from WIS 91600, which displays a poorly574

resolved 1s-σ∗ signal, indicating that this meteorite experienced short-lived heating (certainly shorter575

lived than that caused by radiogenic heating) to <500 ˚C (Yabuta et al. 2010). Moreover, the re-576

flectance spectrum of WIS 91600 at wavelengths between 0.3 - 3.6 µm matches that of Murchison577
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(an aqueously altered CM2 chondrite that shares compositional and mineralogical similarities with578

WIS 91600) heated in the laboratory to between 400 - 500 ˚C (Tonui et al. 2014). Additionally, the579

concentrations of thermally labile elements (e.g., Cd) in WIS 91600 match those of Murchison heated580

to between 400 - 500 ˚C (Moriarty et al. 2009; Tonui et al. 2014). Moreover, transmission electron581

microscopy measurements of WIS 91600 demonstrate that it contains partially dehydrated phyllosil-582

icates, which are thought to have lost their water on heating to 400 - 500 ˚C (Tonui et al. 2014).583

Thermogravimetric analysis of WIS 91600 also demonstrates that it contains a relatively low amount584

of water in its hydroxides (carried at temperatures <400 ˚C) compared to the CM chondrites, but585

a comparable amount of water carried by some phyllosilicates (carried at temperatures of 400 - 600586

˚C) as the CM chondrites, suggesting it was heated to slightly >400 ˚C on its parent body (Garenne587

et al. 2014). Raman spectroscopy also demonstrates that the structure of the organic matter in WIS588

91600 is consistent with short-lived and relatively mild heating heating on its parent body (Quirico589

et al. 2018). Finally, our thermal and AF demagnetization measurements also constrain the peak590

metamorphic temperature of this meteorite to between 400 - 500 ˚C (Sections 2.3 and 2.4).591

The cooling timescale of WIS 91600 can be constrained by the length scale of Fe-Ni sulphide592

microstructures in this meteorite. WIS 91600 contains large (∼50 µm) matrix-hosted pyrrhotite593

grains that contain numerous dispersed blebs of pentlandite (Fig. 9). These Fe-Ni sulfides form a594

solid solution at temperatures &400 ˚C that breaks down to form this microstructure on cooling595

from ∼400 - 200 ˚C (Kelly & Vaughan 1983; Kimura et al. 2011). As such, this microstructure is596

characteristic of meteorites that have been mildly heated (to &400 ˚C) on their parent asteroids597

(Kimura et al. 2011). The size of the pentlandite blebs increases with cooling time over a period of598

hours to days (Kelly & Vaughan 1983). The width of pentlandite blebs in WIS 91600 is typically .4599

µm (Figure 9), which is smaller than those in controlled laboratory samples heated to 400 ˚C for600

10 hours (&7 µm, Kelly & Vaughan 1983). As such, WIS 91600 appears to have cooled to 200 ˚C601
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po
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Figure 9. Reflected light microscope image of a pyrrhotite (po) grain containing blebs of pentlandite (pn)

in WIS 91600. These blebs form on cooling from ∼400 ˚C and are typically <4 µm large.

faster than this time period (likely over 1 - 10 hours). This cooling could have occurred either by602

radiation if WIS 91600 was at the surface of its parent body or by conduction to neighboring clasts603

if it was buried in a cold regolith following heating.604

This peak temperature and cooling timescale, as well as the structure and composition of IOM605

(Yabuta et al. 2010; Quirico et al. 2018) and infrared spectra (Beck et al. 2014a), argue that WIS 91600606

was heated by an impact. The timing of this impact heating in WIS 91600 has not been measured.607

However, the timing of impacts onto the parent bodies of other aqueously altered chondrites has608

been constrained by examining their microstructures. For example, petrofabrics and foliation in CM609

(Rubin 2012), CR (Renazzo-like) (Rubin & Harju 2012), CV (Vigarano-like) (Forman et al. 2017)610

and other carbonaceous chondrites (Gattacceca et al. 2005) have been used to argue that the parent611

bodies of these meteorites experienced multiple low-energy impacts during their early histories. These612

impacts were too weak to alter the bulk shock stage of these meteorites, but they have been proposed613

to have affected the matrices of these meteorites on micrometer length scales. Furthermore, these614

impacts have been proposed to have facilitated the aqueous alteration of these meteorites (Lindgren615
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et al. 2015; Hanna et al. 2015), suggesting they occurred within the first ∼5 Myr following CAI616

formation (Doyle et al. 2015; Jilly-Rehak et al. 2017). These impacts are also thought to have617

imparted small amounts of heat to these chondrite groups. The recovered precipitation temperatures618

of type 2 calcites in ’unheated’ CM chondrites is <130 - 200 ˚C (Vacher et al. 2018; Verdier-Paoletti619

et al. 2017; Chan et al. 2017), suggesting these impacts could possibly have heated these meteorites620

by a few tens to possibly one hundred degrees. Some CM (Tonui et al. 2014), CI-like (King et al.621

2015), CR (Briani et al. 2013) and C2 (Quirico et al. 2018) chondrites, including WIS 91600 (Yabuta622

et al. 2010), were heated to significantly higher temperatures on their parent bodies (300 - 900 ˚C),623

also likely by impacts. The partially dehydrated nature of these heated meteorites indicates that this624

higher temperature heating occurred after or near the end of the main stage of aqueous alteration625

(Nakamura 2005). As such, it is feasible that ’unheated’ and some heated chondrites could have been626

metamorphosed by the same stream of early, low-energy impacts, and that the heated meteorites627

reached higher peak metamorphic temperatures because they originate from closer to the point of628

one of these impacts (Vacher et al. 2018; Chan et al. 2017). Constraints on the possible timing of629

this impact heating can be recovered from the age of type 2 calcites in these meteorites, which are630

thought to have formed at elevated temperature (Vacher et al. 2018; Verdier-Paoletti et al. 2017;631

Chan et al. 2017). These calcites were one of the last phases to form during aqueous alteration of632

’unheated’ CM chondrites (Lee et al. 2014), suggesting that these meteorites were weakly heated633

during the later stages of aqueous alteration. The measured Mn-Cr age of carbonates in ’unheated’634

CM, CI and C2 chondrites all fall within error of each other between ∼3.6 - 5.0 Myr after CAI635

formation, further suggesting weak heating occurred during the aqueous alteration of these meteorites636

(Fujiya et al. 2012, 2013; Jilly et al. 2014; Doyle et al. 2015). The carbonate ages recovered from the637

heated CI-like chondrite Yamato 980115 (peak metamorphic temperature >500 ˚C, King et al. 2015)638

and the impact-heated CM2.0/2.1 chondrite Sutter’s Mill (some stones reached peak metamorphic639
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temperature >500 ˚C, Jenniskens et al. 2012; Beck et al. 2014b; Quirico et al. 2018) both fall at the640

older end of this range (∼3.6 - 3.7 Myr after CAI formation, Fujiya et al. 2013; Jilly et al. 2014),641

suggesting that the impacts that more strongly heated some CM, CI-like and C2 chondrites can have642

occurred during or at the end of the main phase of aqueous alteration. Moreover, Fujiya et al. (2015)643

note that Mn-Cr dating does not currently have the analytical precision to resolve the formation644

ages of early, pore-filling, low-temperature type 1 calcites and later, high-temperature type 2 calcites645

that replace other minerals, further supporting near-concurrent low- and high-temperature carbonate646

growth between ∼3.6 - 5.0 Myr after CAI formation in these meteorites. The presence of anhydrous647

minerals in WIS 91600 suggests either that heating happened late enough during the sequence of648

aqueous alteration that these phases were not be rehydrated, or that heating could potentially have649

occurred earlier during aqueous alteration and it caused the water to be lost from this meteorite650

(Nakamura 2005).651

Together, all of these observations argue that aqueously altered chondrites can have been heated by652

a stream of low-energy impacts during the later stages of aqueous alteration (∼3 - 5 Myr after CAI653

formation), and that these impacts caused localized regions of the parent asteroids of these meteorites654

to have reached relatively high temperatures. As such, impact heating could have overlapped with655

the later stages of the solar nebula (which likely persisted until sometime between 3.7 to 3.8 - 4.8656

Myr after CAI formation, Wang et al. 2017; Schrader et al. 2018; Fu et al. 2019). Hence, it is possible657

that WIS 91600 was impact heated during the later stages of the nebula. In this case, we expect that658

WIS 91600 would have recorded a pTRM of the nebula field (Figure 11).659

Due to thermal re-equilibration between their cores and mantles following differentiation, asteroids660

are not expected to have generated magnetic fields through core dynamo activity until &5 Myr661

after CAI formation (Bryson et al. 2019a). Specifically for an asteroid composed of high-porosity662

CM/CI/C2-like material, dynamo activity is predicted to be delayed until &5.5 Myr after CAI663
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formation. This delay in dynamo activity is corroborated by the weak paleointensities (.0.6 µT)664

recovered from the volcanic angrites (recorded at ∼3.8 - 4.8 Myr after CAI formation, Wang et al.665

2017) and the CRM carried by the Kaba CV chondrite (recorded sometime between ∼4 - 6 Myr after666

CAI formation, Gattacceca et al. 2016). As such, if WIS 91600 was impact heated during the lifetime667

of the nebula, it is very unlikely that this meteorite would have also experienced a dynamo field at668

this time if its parent body was partially differentiated and large enough to have generated a dynamo669

field (Figure 11). If WIS 91600 was impact heated &5.5 Myr after CAI formation, it is feasible that670

this meteorite could have recorded a pTRM of a field created by internal core dynamo activity if the671

WIS 91600 parent body was partially differentiated and large enough to have generated a dynamo672

field. Including both thermally and compositionally driven dynamo activity, these fields could have673

been generated (possibly intermittently) until ∼10 - 700 Myr after CAI formation depending on the674

radius of the parent body up to 500 km (Bryson et al. 2019a). However, one- and two-stage accretion675

models that produce partially differentiated bodies involve chondritic material in direct contact with676

the hot interior of a body, causing the base of this chondritic material to be heated by several hundreds677

of degrees over long periods (millions of years) (Lichtenberg et al. 2018; Bryson et al. 2019a). As678

there is no evidence of such prolonged high temperature heating in any extensively aqueously altered679

chondrite, there is no evidence that the parent bodies of these meteorites were partially differentiated.680

This differs from the CV, H (high-metal ordinary chondrites) and R (Rumuruti-like) chondrites, the681

parent bodies of which have been suggested to have been partially differentiated (Carporzen et al.682

2011; Bryson et al. 2019b; Cournede et al. 2020) and all have members that were heated to high683

temperatures on their parent bodies for extended time periods (almost certainly &500 ˚C, Bonal684

et al. 2016, and possibly ∼900 ˚C if the CV and CK chondrites originate from the same parent body,685

Greenwood et al. 2010). As such, we disfavor core dynamo activity as the origin of the remanence686

we measured in WIS 91600.687
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It has recently been argued that the intensity of the field supported by the solar wind was <0.1688

µT in the terrestrial planet formation region of the solar system and would have been minimally689

amplified (by a factor of <3.5 times) by pile up ahead of an asteroid-sized body (Oran et al. 2018).690

The weak intensity of the solar wind field in this region of the solar system is also corroborated by691

the remanence carried by the volcanic angrites (paleointensity .0.6 µT, Wang et al. 2017) and the692

CRM carried by the Kaba CV chondrite (paleointensity .0.3 µT, Gattacceca et al. 2016). The solar693

wind field is, therefore, too weak by at least an order of magnitude to explain the paleointensity we694

recover from WIS 91600, indicating it was not the main source of the remanence in this meteorite695

(Figure 11).696

Transient magnetic fields have been proposed to have been generated by impacts onto asteroid-697

sized bodies that created craters a few tens of kilometers in diameter. These fields are calculated698

to have lasted <10 - 100 s (Crawford & Schultz 1999, 2000). The timescale of cooling over different699

temperature intervals within a carbonaceous chondrite following impact heating can be constrained700

by thermal modeling. Low-energy impacts into carbonaceous chondrite material are predicted to have701

introduced pressure waves that caused micropore compaction in the matrix of these meteorites, which702

generated heat in this component (Bland et al. 2014). Inclusions such as chondrules were originally703

far less porous than the matrix and so are predicted to have been significantly less heated by these704

pressure waves. Models of this process indicate that impact velocities of ∼1.2 - 1.4 km s-1 produced705

peak matrix and chondrule temperatures of 400 - 500 ˚C and ∼25 - 50 ˚C, respectively, within tens706

of microseconds of the pressure wave moving through a chondrite that is composed of 70:30 mixture of707

matrix:chondrules (Bland et al. 2014). As such, WIS 91600 likely contained significant temperature708

variations over micrometer to millimeter length scales shortly after it was heated. Immediately709

following its production in the matrix, this heat will have diffused into the cold chondrules, causing710

the temperature of both the chondrules and matrix to evolve towards an average re-equilibrated711
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value. We constrained this re-equilibrated temperature as well as the timescale over which it was712

reached by performing thermal conduction models of a chondrite immediately after its matrix had713

been heated by an impact pressure wave. These models consisted of a two-dimensional distribution714

of chondrules embedded in matrix. The sizes of the chondrules were distributed around the measured715

mean value in WIS 91600 (400 µm, Choe et al. 2010) and were present at the measured abundance716

of chondrules and other mineral fragments in WIS 91600 (15 vol%, Birjukov & Ulyanov 1996). At717

the initial timestep, the temperature of the chondrules was set at 25 ˚C and the temperature of the718

matrix was set uniformly at 450 ˚C, mimicking the expected thermal state of WIS 91600 shortly719

after impact heating (Figure 10a). We then solved the two-dimensional heat conduction equation720

∂T

∂t
= κ

(
∂2T

∂x2
+
∂2T

∂y2

)
(4)

where T is temperature, t is time, κ is thermal diffusivity and x and y are the dimensional coordinates.721

We solved this equation iteratively with a time step of 0.1 ms over a total time of 2 s, a cell size of722

20 µm and a thermal diffusivity in the matrix of 4 × 10-7 m2 s-1 and in the chondrules of 8 × 10-7
723

m2 s-1 (Opeil et al. 2012) using period boundary conditions. The results of this model demonstrate724

that both chondrules and the matrix reached a re-equilibrated temperature of ∼415 ˚C in <2 s725

(Figure 10). In reality, conduction will have occurred in three dimensions, which will have caused726

this temperature to have been reached in a slightly shorter time. Both components will then have727

cooled together, which, as discussed earlier in this Section, likely took 1 - 10 hours (to cool to ∼200728

˚C). This result indicates that grains with blocking temperatures &415 ˚C could have cooled within729

the lifetime of an impact-generated field (Figure 10). As such, these grains could have recorded a730

remanence of this field if the impact that heated WIS 91600 was large enough to have generated such731

a field and there was minimal plasma dissipation. However, our HT paleointensities are recovered732
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from the remanence recorded on cooling from ≤370 ˚C (Figure 10f). Grains with these blocking733

temperatures cooled much slower (period of hours) after the rapid thermal re-equilibration following734

impact heating and so are not expected to have cooled within the lifetime of an impact-generated735

field. It is, therefore, extremely unlikely that the HT remanence we measured was imparted by an736

impact-generated field (Figure 11).737

The post-impact, thermally re-equilibrated temperature of WIS 91600 will have been lower if the738

matrix was only heated to 400 ˚C by the impact pressure wave. Although such a low temperature739

is unlikely based on the concentration of thermally labile elements in WIS 91600 (Tonui et al. 2014),740

grains with blocking temperatures at the higher end of our HT range could have cooled quickly741

enough to have recorded an impact-generated field in this case. However, the paleodirections and742

paleointensities recovered from different temperature intervals within our HT range are unidirectional743

(Figure 4), indicating that all the grains across the HT range recorded the same field direction744

and intensity during the whole period of cooling down to ∼200 ˚C. As grains with lower blocking745

temperature in this range certainly could not have cooled quickly enough to have recorded an impact-746

generated field, this observation suggests that our HT remanence does not contain a vestige of any747

such fields. Similarly, the thermally re-equilibrated temperature of WIS 91600 will have been higher748

if the matrix reached 500 ˚C. In this case, it becomes even less likely that the HT remanence could749

have been imparted by an impact-generated field because the thermally re-equilibrated temperature750

is further from our HT range.751

The cooling timescale and possible impact age of WIS 91600 permit this meteorite to have recorded752

a snapshot of the instantaneous component of the nebula field (Figure 11). As we are able to disfavor753

or rule out other potential field sources, we ascribe the HT remanence we measure to this field.754

This scenario has been proposed previously for other carbonaceous chondrites (Cournede et al. 2015;755

Muxworthy et al. 2017) and our recovered paleointensities agree with MHD model predictions of756
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Figure 10. Results of our thermal evolution modeling of a chondrite immediately following matrix heating by

the passage of an impact pressure wave through the sample. a Initial thermal state consisting of cold (25 ˚C)

chondrules and heated (450 ˚C) matrix. The size distribution and abundance of chondrules matches those

observed experimentally for WIS 91600 (Birjukov & Ulyanov 1996; Choe et al. 2010). b, c, d, e Thermal

state of the chondrite at 0.1 s, 0.25 s, 1 s and 2 s, respectively, after heating. The whole assemblage has

reached a near-isothermal state by 2 s after heating. f The calculated thermal evolution of the center of the

largest chondrule, the center of the largest area of matrix, and the average of the whole assemblage. The

matrix cools from 450 ˚C to ∼415 ˚C and the chondrules heat up from 25 ˚C to ∼415 ˚C in <2 s. The

temperature range over which we recovered our HT paleointensity is depicted by the gray bar. None of the

material in our model cools through this temperature range within the first 2 s following heating.
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this field (Bai & Goodman 2009, see Section 4.2). This scenario would require that WIS 91600 was757

impact heated within the lifetime of the nebula.758

The time-averaged magnetic field experienced by material that is rotating quickly compared to its759

timescale of remanence acquisition corresponds to the projection of the field onto its rotation axis.760

The intensity of this projected field depends on the angle of the spin axis from the field orientation761

and is, on average, half that of the background field (Fu et al. 2014). Examples of materials that762

recorded such time-averaged, projected fields include individual chondrules (Fu et al. 2014, 2019),763

bulk CM chondrites (Cournede et al. 2015) and Tagish Lake (Bryson et al. 2020). Consequently, the764

paleointensities recovered from these samples are multiplied by the average factor of 2 to recover the765

intensity of the background nebula field. However, because WIS 91600 cooled over a few hours, it is766

possible that its parent body underwent minimal rotation while this meteorite recorded its pTRM.767

Hence, we did not correct our recovered paleointensity by this factor. This treatment is supported768

by the unidirectional remanence we measure across the HT and HC components in our subsamples769

of WIS 91600 (Figure 4), which indicate that the orientation of this meteorite and the magnetic field770

it recorded did not vary as this meteorite cooled.771

4.2. The formation distance of the WIS 91600 parent body772

Our recovered HT double heating paleointensity from WIS 91600 is 4.4 ± 2.8 µT (1σ). Given the773

thermal history of WIS 91600 and the minimal alteration observed during our thermal demagnetiza-774

tion measurements, this value does not share the same uncertainties as that recovered from Tagish775

Lake (i.e., associated with the recording efficiencies of CRMs and the recovery of thermal-equivalent776

paleointensities from ARM and IRM methods) (Bryson et al. 2020). The various and significant777

uncertainties associated with our ARM and IRM paleointensity values recovered from WIS 91600778

make these considerably less reliable estimates of the paleointensity of the field experienced by this779
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Figure 11. The timings and predicted intensities of different fields that could potentially have imparted

remanences to chondrites in the first 10 Myr of the solar system. The solar wind field (purple) is <0.1 µT

and continued after 10 Myr after CAI formation (purple arrow) (Oran et al. 2018). Dynamo activity (green)

is delayed until >5.5 Myr after CAI formation in a partially differentiated C2-like asteroid (Bryson et al.

2019a) and could have continued after 10 Myr after CAI formation (green arrow). The range of possible

paleointensities encompasses the values recovered from paleomagnetic measurements of a number of CV

chondrites (Carporzen et al. 2011; Gattacceca et al. 2016). Impacts (gray) are sporadic and could feasibly

occur at any time during the early solar system and produce transient fields (lasting <10 - 100 s, Crawford &

Schultz 1999, 2000). The intensity of these fields depends strongly on the distance of the meteorite from the

point of impact and the energy of the impact. The nebula field (orange) persisted until sometime between

∼3.7 to ∼3.8 - 4.8 Myr after CAI formation (Wang et al. 2017; Schrader et al. 2018; Fu et al. 2019) and the

calculated intensity of the instantaneous component ranges between ∼1 - 100 µT with heliocentric distance

in the solar nebula (Bai & Goodman 2009, Figure 12). The possible impact age of WIS 91600 (recovered

from the measured precipitation ages of type 2 calcites in heated and unheated CM, CI and C2 chondrites;

Fujiya et al. 2012, 2013; Jilly et al. 2014) and our recovered average HT paleointensity are included as the

black point. This intensity, timing and duration of remanence acquisition are consistent with the nebula field

as the source of the remanence in this meteorite.
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meteorite. We wish to simply state that our ARM and IRM paleointensity values are consistent780

with the double heating paleointensity values that we calculated. We report these ARM and IRM781

paleointensity values in the interest of completeness and to demonstrate consistency rather than to782

use them as a reliable value of the paleointensity experienced by WIS 91600. Instead, we focus on783

our recovered HT double heating paleointensity value as this value is considerably more reliable.784

A quantitative estimate of the formation distance of the WIS 91600 parent body can be recovered785

by comparing our HT double heating paleointensity value to MHD model predictions of the intensity786

of the instantaneous component of the nebula field. These MHD models currently predict minimum787

possible intensity estimates that produced a given steady-state solar accretion rate for a given mech-788

anism of angular momentum transfer in the disk (Bai & Goodman 2009). The absolute intensities789

predicted by these models currently contain a number of uncertainties. However, these models do790

provide the expected functional form of the decay of the intensity of this field with distance from the791

Sun (Bneb ∝ x−
11
8 and Bneb ∝ x−

5
4 for radial-azimuthal [rφ] and vertical-azimuthal [zφ] coupling of792

the Maxwell stress tensor, respectively, where Bneb is the intensity of the instantaneous component793

of the nebula field and x is heliocentric distance). It is possible to constrain the intensity profiles794

calculated from these models using paleointensities recovered from meteorites. This process produces795

profiles that represent the paleointensities that would have been recorded by different meteorites796

during the lifetime of the nebula. Importantly, the paleointensity recovered from a meteorite will797

depend on the mechanism by which it was imparted. Also, the intensity of the nebula field could798

have varied with time until it decayed entirely when the nebula dissipated. Finally, the timescale799

over which the field was recorded likely also affected the paleointensity experienced by a meteorite.800

As such, a number of different constrained intensity profiles can be generated that each correspond to801

the expected intensity that would have been recorded during different remanence acquisition mecha-802

nisms, times and durations. Given the quick cooling of WIS 91600 possibly at ∼3 - 5 Myr after CAI803
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formation, we chose to constrain the nebula field profile using the paleointensities recovered from804

individual chondrules (Fu et al. 2014, 2019). These spherules recorded remanences through the same805

mechanism, at a similar time (between ∼2 - 4 Myr after CAI formation, Kruijer et al. 2019) and over806

a similar duration (period of hours) as WIS 91600. The paleointensity recovered from WIS 91600807

is approximately an order of magnitude weaker than that recovered from chondrules extracted from808

an LL chondrite (54 ± 21 µT; Fu et al. 2014), immediately suggesting that WIS 91600 formed at809

a larger heliocentric distance than that of the LL chondrite parent body (i.e., &2 - 3, Desch et al.810

2018). The predicted minimum nebula field intensity for rφ coupling of the Maxwell stress tensor811

and a solar accretion rate of 10-8 Msun Myr-1(which matches the average rate measured from other812

Sun-like stars during their disk phases, Hartmann et al. 1998) matches the measured paleointensities813

of these chondrules at independent estimates of their formation distances (Desch et al. 2018) (Fig.814

12). This intensity profile is also consistent with the paleointensity limit recovered from the magnetic815

measurements of comet 67P/Churyumov-Gerasimenko made during the Rosetta mission (Biersteker816

et al. 2019). As such, we assume for the purpose of this study that the minimum intensity profile817

calculated using these parameters represents the intensity profile that would have been recorded by818

meteorites that cooled quickly during the later stages of the solar nebula. It is worth noting that819

the field profiles predicted by these MHD models remain uncertain, the solar accretion rate is poorly820

constrained by independent observations, and the mechanism of angular momentum transfer in the821

disk is unknown. However, our adopted intensity profile is supported by the paleointensities recovered822

from individual chondrules and the average accretion rate of other Sun-like stars.823

This constrained profile reaches an intensity of 4.4 µT at a heliocentric distance of 9.8 AU (Figure824

12), arguing that the WIS 91600 parent body recorded its NRM in the far reaches of our solar825

system at a significantly larger heliocentric distance than that proposed for most other meteorite826

parent bodies (Desch et al. 2018). The most straight forward mechanism by which this body was827
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found at this large heliocentric distance was that it formed there, arguing that the parent bodies828

of some meteorites formed in the distal solar system. The uncertainty in our recovered average HT829

paleointensity corresponds to formation distances between 6.8 - 20.4 AU. This observation places the830

formation of the WIS 91600 parent body at a similar distance to the lower end of the recovered range831

of possible formation distances of the Tagish Lake parent body (>8 - 13 AU, Bryson et al. 2020).832

This distance is beyond the formation distances of the giant planets in the pre-migrational planetary833

arrangement proposed by the Grand Tack model (Walsh et al. 2011). Many of the bodies that formed834

at a similar distance as the WIS 91600 parent body are predicted to have been outwardly scattering835

by the migration and/or growth of the giant planets in this model and are predicted to constitute a836

significant fraction of the present-day Kuiper belt (DeMeo & Carry 2014). This observations suggests837

that some larger Kuiper belt objects may have similar compositions and petrologies to WIS 91600.838

If WIS 91600 had formed at a similar heliocentric distance as the CM chondrite parent body839

(∼3.75 AU, Desch et al. 2018), we expect it would have recorded a similar CRM as it underwent840

aqueous alteration prior to impact heating to that measured in Murchison (i.e., blocked up to 580841

˚C and corresponding to a paleointensity of ∼1 - 2 µT, Cournede et al. 2015). This remanence842

would have been preserved in WIS 91600 by grains with blocking temperatures greater than its peak843

metamorphic temperature (i.e., >400 - 500 ˚C). The remanence remaining in our subsamples after844

heating to the end of HT range is weak and broadly similarly oriented to the HC and HT components845

(Figure 4, Tables 2 and 4), suggesting that this remanence is dominated by the remaining pTRM846

carried by grains with blocking temperatures greater than the end of the HT range (>390 ˚C) and847

not a CRM carried to 580 ˚C. As such, WIS 91600 does not appear to carry a similar CRM to848

that carried by the CM chondrites. This observation suggests that the intensity of the time-averaged849

stable component of the nebula field experienced by this meteorite during aqueous alteration was850

weaker than that experienced by the CM chondrites (i.e., <2 µT). Although the pTRM overprint and851
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Figure 12. Calculated minimum intensity profiles of the instantaneous component of the nebula field for

vertical-azimuthal (zφ) and radial-azimuthal (rφ) coupling of the Maxwell stress tensor required to generate

a steady-state solar accretion rate of 10-8 Msun Myr-1 (Bai & Goodman 2009). The paleointensities recovered

from individual chondrules extracted from a LL chondrite (Fu et al. 2014), preliminary paleointensities

recovered from individual chondrules extracted from CR chondrites (Fu et al. 2019) and the paleointensity

limit recovered from comet 67P/Churyumov-Gerasimenko during the Rosetta mission (Biersteker et al. 2019)

are plotted at estimates of their formation distances (Desch et al. 2018). The calculated minimum intensity

estimate for rφ coupling matches the measured paleointensities of the individual chondrules and is consistent

with the limit recovered from 67P/Churyumov-Gerasimenko. As such, for the purposes of this study, we

assume that this minimum intensity profile represents the paleointensities that would be recorded by quickly

cooled meteorites during the later stages of the solar nebula (matching the possible thermal history of WIS

91600). Because the calculated profiles are minimum intensity estimates, the calculated profile for zφ coupling

is still compatible with the measured paleointensities from the individual chondrules. However, the recovered

chondrule paleointensities argue that, if this was the form of the coupling of the Maxwell stress tensor, this

field must have been approximately an order of magnitude stronger than its minimum possible value. If this

were the case, the profile for zφ coupling would produce a very similar estimate of the formation distance

of the WIS 91600 parent body to that predicted by the adopted rφ profile. The adopted intensity profile

reaches 4.4 µT at 9.8 AU (black lines), indicating that WIS 91600 was impact heated in the far reaches of

the solar system. The ranges of uncertainty in the paleointensity (accounting for the range in our values

recovered from individual subsamples) and formation distances is shown by the gray bars. The present day

heliocentric distances of the giant planets and Kuiper belt are included.
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significant alteration on during our thermal demagnetization measurements on to temperatures >390852

˚C makes the paleointensity of this CRM carried by WIS 91600 difficult to quantify reliably, the853

absence of a clear CRM at temperatures greater than the peak metamorphic temperature supports854

the distal formation of the WIS 91600 parent body (Bryson et al. 2020), certainly at a greater855

heliocentric distance than that of the CM chondrite parent body.856

Moreover, this recovered weak stable component intensity suggests that WIS 91600 would have857

experienced a weak crustal remanent field as it cooled. Following the analysis of Fu et al. (2012), an858

estimate of the intensity of this crustal remanent field can be calculated from our IRM measurements859

of WIS 91600. The average saturation remanent magnetization of WIS 91600 recovered from all five860

of our AF subsamples is ∼0.6 A m2 kg-1and the lack of a clear CRM at temperatures >390 ˚C861

suggests that a crustal remanence was imparted by a field with an intensity certainly <2 µT. These862

values produce a range of possible expected CRMs of <0.4 mA m2 kg-1. For a density of WIS 91600863

of 2100 kg m-3(the average value of CM and CI chondrites, Elkins-Tanton et al. 2011), these values864

indicate that the crustal remanent field experienced by WIS 91600 would have been <0.7 µT, which865

is a factor of >5.5 times weaker than the average double heating paleointensity we recovered. As866

such, we disfavor a crustal remanent field as the origin of the pTRM carried by WIS 91600.867

4.3. Constraints on the migration of km-sized bodies868

The pre-impact orbit of a meteorite can be calculated from its fall if this event is sufficiently well869

documented. All meteorites from which reliable orbital parameters have been recovered came to870

Earth from the asteroid belt (Granvik & Brown 2018). It is, therefore, reasonable to assume that871

WIS 91600 also came to Earth from the asteroid belt. Combined with our recovered formation872

distance, this observation argues that the WIS 91600 parent body previously migrated from ∼10 AU873

to 2 - 3 AU. Our results, therefore, support the transport of asteroid-sized bodies throughout the874
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solar system and provide a quantitative estimate of the region of the solar system from which these875

bodies could have been making their way to the asteroid belt. Such migrations have been previously876

been proposed by models of orbital dynamics (Levison et al. 2009) and supported by measurements877

of meteorites (Bryson et al. 2020; Kruijer et al. 2019). Small body migration is thought to have878

populated the asteroid belt (Raymond & Izidoro 2017), formed the Kuiper belt (DeMeo & Carry879

2014) and potentially delivered water-rich bodies to the inner solar system (Gomes et al. 2005). The880

only processes that has been proposed to have caused this migration are the growth and/or migration881

of the giant planets, which resulted in small bodies bring gravitationally scattered throughout the882

solar system (Nesvorny 2018; Raymond & Izidoro 2017). Hence, our results also favor the giant883

planets having played key roles in establishing the large-scale architecture of the solar system (Walsh884

et al. 2011). We are unable to constrain the timing of the inward transport of the WIS 91600 parent885

body or the specific mechanism that drove the motion of this body from our observations.886

4.4. Constraints on the migration of millimeter-sized solids887

WIS 91600 contains chondrules (mean size 400 µm, largest size &1000 µm), amoeboid olivine888

aggregates (AOAs, 300 - 450 µm large) and CAIs (Choe et al. 2010; Yamanobe et al. 2018). Combined889

with our recovered formation distance, this observation indicates that large, thermally-processed890

solids were present at ∼10 AU by ∼3 - 4 Myr after CAI formation (the likely accretion age of the891

WIS 91600 parent body, see Section 1). This observation is supported by the presence of chondrules,892

AOAs and CAIs in Tagish Lake (Bryson et al. 2020) and the material collected from the coma of893

comet 81P/Wild 2 during the Stardust mission (Brownlee et al. 2006). The average oxygen isotopic894

composition of type I chondrules in WIS 91600 (Yamanobe et al. 2018) and Tagish Lake (Russell895

et al. 2010) are within error of those in CO (Ornans-like) (Tenner et al. 2013) and CM chondrites896

(Chaumard et al. 2018) (Figure 13). This observation suggests that the chondrules in Tagish lake897
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and WIS 91600 formed from the same reservoir as the CO and CM chondrules, which likely existed898

around the formation distance of the CO and CM chondrite parent bodies (∼3.75 AU, Desch et al.899

2018). Al-Mg dating demonstrates that the CO chondrules formed ∼2.5 Myr after CAI formation900

(Kruahashi et al. 2008). Based on measured carbonate formation ages, the CM parent body has901

been calculated to have accreted between 3.0 - 3.5 Myr after CAI formation (Fujiya et al. 2012),902

indicating that the chondrules in this group must have formed before this time (likely .0.2 Myr903

before parent body accretion, Alexander 2005). Assuming that chondrules in WIS 91600 and Tagish904

Lake formed within the same period as those in the CO and CM chondrites (i.e., ∼2.5 - 3.5 Myr after905

CAI formation), our observation indicates that large, thermally-processed solids travelled outward906

from ∼3 - 4 AU to ∼10 AU within 0.5 - 1.0 Myr of their formation, suggesting that some chondrules907

travelled very quickly in the solar nebula (average speed of &7 AU Myr-1). If the chondrules in WIS908

91600 and Tagish Lake formed earlier than those in the CO and CM chondrites, they could have909

reached the far reaches of the solar system at slower average migration speeds. CAIs and AOAs are910

thought to have formed at <1 AU from the Sun and are the oldest solids that formed in the solar911

system (Scott & Krot 2014). Their presence in WIS 91600 indicates that some CAIs travelled from912

the innermost solar system to the far reaches of the solar system with an average speed of &3 AU913

Myr-1.914

4.5. Constraints on the migration of micrometer-sized material and ice915

The oxygen isotopic composition of bulk samples of WIS 91600, Tagish Lake and the CI chondrites916

(proposed to originate from >15 AU based on their refractory concentration and CAI abundance,917

Desch et al. 2018) fall between δ18O = 15 - 20 ‰ and δ17O = 8 - 10 ‰ (Choe et al. 2010; Tonui et al.918

2014; Herd et al. 2012; Brown et al. 2000; Clayton & Mayeda 1999; Rowe et al. 1994) (Figure 13).919

These meteorites are typically matrix-rich (can contain &80 - 95 vol% matrix; Birjukov & Ulyanov920
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1996; Zolensky et al. 2002; Scott & Krot 2014), so these values are very likely dominated by the921

oxygen isotopic composition of the matrices of these meteorites. These values are distinct from those922

measured in most other bulk meteorites (Clayton 2003) (thought to form at heliocentric distances923

between ∼2 - 4 AU; Desch et al. 2018) as well as the primitive chondritic mineral (PCM; Ushikubo924

et al. 2012) and carbonaceous chondrite anhydrous mineral (CCAM; Clayton & Mayeda 1999) lines925

that track the evolution of the oxygen isotopic composition of chondrules and CAIs during high926

temperature processing in the nebula (Figure 13). As such, the oxygen isotopic composition of a927

meteorite appears to trace the formation distance of its components, with material that potentially928

formed at &10 AU displaying larger values of δ17O and δ18O relative to material that formed around929

the present-day heliocentric distance of the asteroid belt.930

The oxygen isotopic composition of bulk CM and CO chondrites fall on a line with slope ∼0.7931

on the triple oxygen isotope diagram (Clayton & Mayeda 1999) (Figure 13a). The oxygen isotopic932

compositions of CM matrix lies on this line at the 18O- and 17O-rich end of the range of bulk933

compositions of this group (δ18O ≈ 12 ‰ and δ17O ≈ 4 ‰; Clayton & Mayeda 1999). The average934

oxygen isotopic composition of type I chondrules in the CM and CO chondrites also lie on this line935

at 18O- and 17O-poor values (δ18O ≈ -5 ‰ and δ17O ≈ -8 ‰; Tenner et al. 2013; Chaumard et al.936

2018). The oxygen isotopic composition of bulk CM chondrites can, therefore, be expressed as a937

mixture of chondrules and matrix in this group, with matrix proportions ranging from 25 - 100 vol%938

and an average value of 75 vol%. This average abundance matches that observed in petrographic939

observations of this group (Scott & Krot 2014). The most 18O- and 17O-rich material that falls close940

to or on this CO-CM line is the matrix of WIS 91600, Tagish Lake, the CI chondrites and heated941

CI-like (CY) chondrites (King et al. 2019). The matrix of the CM and CO chondrites can, therefore,942

be expressed as a mixture of distal (matrix of WIS 91600, Tagish Lake, CI chondrites and CI-like943

chondrites) and local (type I chondrules from CO and CM chondrites) solar system material. Prior to944
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parent body alteration, the matrix of a chondrite is composed of primitive micrometer-scale material945

inherited from the solar nebula. As such, this mixing trend argues that the micrometer-scale material946

in the reservoir from which the CM chondrites formed can be expressed as a mixture of local and947

distal material, with the proportions of distal O-bearing material in this component ranging from 60948

- 95 vol% with an average value of 75 vol% in this model. This mixing trend suggests that distal949

micrometer-scale material travelled into the accretion reservoir of the CM and CO parent bodies950

(∼3.75 AU; Desch et al. 2018) by the accretion ages of the parent bodies of these chondrites (∼2.5951

- 3.5 Myr after CAI formation; Kruahashi et al. 2008; Fujiya et al. 2012; Doyle et al. 2015). We are952

currently unable to constrain the distance over which this material travelled because our observations953

do not constrain the heliocentric distance of the innermost extent of this distal reservoir.954

A similar mixing trend also exists in the bulk and matrix oxygen isotopic composition of the CR955

chondrites (Schrader et al. 2011, 2014). The isotopic compositions of these meteorites also fall on a956

line with a slope of ∼0.7 that extends from the oxygen isotopic composition of type I chondrules in957

this group (δ18O ≈ 0 ‰ and δ17O ≈ -3 ‰; Tenner et al. 2015) to close to bulk WIS 91600, Tagish958

Lake, CI chondrites and heated CI-like chondrites (Figure 13b). This observation indicates that959

the matrix of the CR chondrites can also be expressed as a mixture of local and distal micrometer-960

scale material, further supporting the inward migration of this micrometer-scale material in the solar961

system.962

The CO, CM and CR chondrites display varying degrees of aqueous alteration, with the CO chon-963

drites being the least aqueously altered of these groups (displaying minimal aqueous alteration;964

Alexander et al. 2018), followed by the CR chondrites (which display a range of alteration extents;965

Schrader et al. 2011, 2014; Harju et al. 2014) and finally the CM chondrites (which are the most966

extensively aqueously altered of these groups; Rubin et al. 2007; Howard et al. 2015). The oxygen967

isotopic composition of more aqueously altered CO, CM and CR material is more 18O- and 17O-rich968
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(i.e., further along to the mixing lines toward the distal meteorites) both within and between these969

three groups (Schrader et al. 2014; Rubin et al. 2007) (Figure 13). This observation argues that the970

oxygen isotopic composition of these meteorites evolves towards that of the proposed distal meteorites971

as they incorporated more water. This trend indicates that the ice that was accreted into the CO,972

CM and CR chondrite parent bodies originates from the distal reservoir from which the WIS 91600,973

Tagish Lake, CI chondrite and CI-like chondrite parent bodies accreted. This result argues that at974

least part of the micrometer-scale material that inwardly migrated from the far reaches of the solar975

system into the accretion reservoir of the CO, CM and CR chondrites was ice. Given the CO and CM976

chondrite parent bodies are predicted to have formed at very similar heliocentric distances (∼3.75977

AU; Desch et al. 2018; Schrader & Davidson 2017), the extents of aqueous alteration in these groups978

possibly indicate that a relatively low concentration of ice had migrated to this heliocentric distance979

by the accretion age of the CO chondrite parent body (∼2.5 - 3.0 Myr after CAI formation, Doyle980

et al. 2015) and that this concentration had increased by the accretion age of the CM chondrite parent981

body (∼3.0 - 3.5 Myr after CAI formation; Fujiya et al. 2012). This trend, therefore, possibly tracks982

the inward migration of ice through a specific heliocentric distance in the solar nebula. Together,983

these observations propose a distal origin for the water accreted into bodies that likely formed just984

outside the orbit of Jupiter (Kruijer et al. 2017) as well as constraints on the timescale of its inward985

delivery.986

A notable exception to this trend is the CM1 and CM1/2 chondrites (the most aqueously altered987

CM chondrites), which often display similar oxygen isotopic compositions to CM2 chondrites despite988

their high degree of aqueous alteration (King et al. 2017). It is possible that these meteorites were989

aqueously altered to such a high extent that oxygen from the minerals in their chondrules was mixed990

with oxygen that originates from their matrix to create an average oxygen isotopic composition across991

the whole meteorite. Assuming the oxygen isotopic composition of chondrules from the CM1 and992
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CM1/2 chondrites is similar to that from the CM2 chondrites, this process would have caused the993

oxygen isotopic composition of the matrix of these meteorites to move towards 18O- and 17O-poor994

values, possibly explaining the relatively low δ18O and δ17O of the CM1 and CM1/2 chondrites.995

5. CONCLUSIONS996

• The migration of solid objects throughout the early solar system is thought to have played central997

roles in planet formation and disk evolution. However, our understanding of these migrations is998

limited by the lack of meteorite observations that provide quantitative constraints on the timing,999

distances and directions involved in these processes.1000

• Our solar nebula supported a magnetic field that likely decreased in intensity with distance1001

from the Sun. The intensity of the magnetic field experienced by a meteorite that recorded1002

its magnetic remanence within the lifetime of the disk could, therefore, be used to recover an1003

estimate of the formation distance of its parent body. We measured the magnetic remanence1004

carried by the WIS 91600 ungrouped C2 chondrite, finding that it experienced an ancient field1005

intensity of 4.4 ± 2.8 µT. Due to the thermal history of this meteorite, this paleointensity1006

estimate is more reliable than those recovered from previous measurements of the CM chondrites1007

and Tagish Lake. Constrained MHD models of our nebula argue that the magnetic field it1008

supported reached this intensity at a heliocentric distance of ∼9.8 AU, indicating that the1009

WIS 91600 parent body formed in the far reaches of the solar system. As such, our results1010

support previous claims (Bryson et al. 2020; Fujiya et al. 2019) that the parent asteroids of1011

some meteorites formed in this region of the solar system.1012

• WIS 91600 likely came to Earth from the asteroid belt. Combined with our recovered forma-1013

tion distance, this observation indicates that the WIS 91600 parent body previously travelled1014

from ∼10 AU to ∼2 - 3 AU. This observation supports the scattering of asteroid-sized bodies1015
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Figure 13. The measured oxygen isotopic compositions of a variety of bulk chondrites and their components.

a Bulk, matrix and type I chondrule oxygen isotopic compositions in CM chondrites, CO chondrites, CI

chondrites, impact-heated CM and C2 chondrites, Tagish Lake (TL) and WIS 91600 (Rowe et al. 1994;

Clayton & Mayeda 1999; Brown et al. 2000; Russell et al. 2010; Choe et al. 2010; Herd et al. 2012; Tenner

et al. 2013; Tonui et al. 2014; Chaumard et al. 2018; Yamanobe et al. 2018). The oxygen isotopic signatures

of a local solar system reservoir (type I chondrules) and a proposed distal solar system reservoir (WIS 91600,

Tagish Lake, CI chondrites) are marked by dotted ellipses. The CO-CM trend is shown by the blue line.

The primitive chondritic mineral (PCM) and carbonaceous chondrite anhydrous mineral (CCAM) lines are

shown by the gray lines and the terrestrial fractionation line (TFL) is shown by the black line. The extent of

aqueous alteration in bulk and matrix samples is shown by the arrow. b Bulk, matrix and type I chondrule

oxygen isotopic compositions in CR chondrites (Schrader et al. 2011, 2014; Tenner et al. 2015). The CR trend

is marked by the red line. The local reservoir in this mixing trend (type I chondrules in the CR chondrites)

is different to that in a, and is marked by a dotted ellipse.
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throughout the solar system and suggests that the giant planets played a key role in establishing1016

the large-scale architecture of the present-day solar system and the generation of the asteroid1017

belt.1018

• WIS 91600 contains chondrules, CAIs and AOAs. These millimeter-sized solids were formed1019

by thermal processing at .4 AU within ∼3.5 Myr of CAI formation. Their presence in this1020

meteorite indicates that the earliest solids that formed in our solar system were capable of1021

traveling outwards over large distances within just a few million years of their formation.1022

• The oxygen isotopic compositions of proposed distal meteorites (WIS 91600, Tagish Lake, CI1023

chondrites and heated CI-like chondrites) are distinct from those of most other meteorites,1024

suggesting that the oxygen isotopic composition of the components of a chondrite tracks their1025

formation distances within the solar nebula. Moreover, the oxygen isotopic composition of1026

the matrix of the CO, CM and CR chondrites can be expressed as a mixture of local (type I1027

chondrules) and distal material, arguing that micrometer-scale material that originated in the1028

distal reservoir had migrated to the formation distances of the parent bodies of these chondrites1029

by ∼2.5 - 3.0 Myr after CAI formation. The extents of aqueous alteration in these chondrite1030

groups argue that at least part of the inwardly migrating micrometer-scale material was ice,1031

proposing a distal origin for the water found in carbonaceous chondrites.1032
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