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Key Points:

¢ The northernmost part of the northeast Isua Supracrustal Belt experienced one
significant metamorphic event 3.69 Ga.

« Banded iron formations hold stable magnetization that passes several paleomag-
netic field tests indicating preservation of an Eoarchean geomagnetic field.

« Paleomagnetic results suggest the Eoarchean geomagnetic field was similar in strength
to today and may have been reversing.
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Abstract

We present paleomagnetic field tests that hint that a record of Earth’s 3.7-billion-year
(Ga) old magnetic field may be preserved as a chemical remanent magnetization acquired
during amphibolite-grade metamorphism in the banded iron formation from the north-
eastern Isua Supracrustal Belt. Multiple petrological and geochronological lines of ev-
idence indicate that the northern most part of Isua has not experienced metamorphic
temperatures exceeding 350°C since the Eoarchean, suggesting the rocks have not been
significantly heated since magnetization was acquired. We use a ‘pseudo’ baked contact
test to assess paleodirections in the banded iron formation that pre-date the intrusion

of the 3.26-3.5 Ga Ameralik dyke swarm. We demonstrate that specimens that pass this
test also go on to pass a fold test and may also pass a reversal test. We recover what ap-
pears to be the oldest known whole rock record of the geomagnetic field, and oldest known
records of reversals suggesting that Earth’s magnetic field behaviour in the Eoarchean
may have been similar to that observed today.

Plain Language Summary

Recovering ancient records of Earth’s magnetic field is highly challenging because
the magnetization in rocks is often reset by heating during tectonic burial over their long
and complex geological histories. We have shown that rocks from the Isua Supracrustal
Belt in West Greenland are exceptionally well preserved and have not been substantially
heated or deformed since 3.7-billion-years-ago. We have used multiple lines of evidence
to demonstrate this, including paleomagnetic field tests which allow magnetic overprints
to be identified, the metamorphic mineral assemblages across the area, and the temper-
atures at which radiometric ages of the observed mineral populations are reset. We show
that Earth’s magnetic field was broadly similar in strength to today, and discuss the im-
plications of this for habitability and early dynamo generation.

1 Introduction

Recovering a record of the geodynamo throughout Earth history is key to under-
standing the role of magnetic fields in habitability, the thermal evolution of the early Earth,
and the power sources required to sustain planetary dynamos for billions of years. The
preservation of a temperate climate and liquid water on Earth’s surface has been attributed
to the presence of a magnetosphere that shielded the atmosphere from erosion by the
solar wind (Tarduno et al., 2014). However, recent atmospheric escape models suggest
that the presence of a planetary dynamo can enhance escape (Lundin et al., 2007; Gunell
et al., 2018; Gronoff et al., 2020). Therefore accurate observations of the intensity of Earth’s
magnetic field during periods of atmospheric loss will be key for determining the role of
a magnetosphere in preserving habitable environments.

The geodynamo currently is driven by compositional convection as the inner core
solidifies. However, the age of the inner core remains contentious, with estimates of its
initial nucleation ranging from 4.2-0.5 Ga ago (Biggin et al., 2015; Bono et al., 2019; Konopkové
et al., 2016; Ohta et al., 2016; Pozzo et al., 2012; Zhang et al., 2020). If the core has a
low thermal conductivity (< 100 W m~! K1), the inner core is predicted to be old (> 1 Ga)
and compositional convection could have been sustained throughout much of Earth’s his-
tory. If the thermal conductivity is high (100 — 250 W m~! K1) and the inner core is
young, heat loss would be predominantly via conduction (which would preclude a core
dynamo) or else the core underwent compositional convection and sustained a dynamo
via precipation of light elements such as Mg and Si at the core-mantle boundary (O’Rourke
& Stevenson, 2016; Badro et al., 2016; Hirose et al., 2016). Alternatively, an early core
dynamo might have been driven mechanically (e.g., by tides) or else was generated in
a basal magma ocean (Blanc et al., 2020; Landeau et al., 2022). In order to resolve this
conundrum, a robust paleomagnetic record that constrains both the strength and sta-
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bility of the magnetic field before, during and after inner core solidification is required
to distinguish between proposed dynamo models.

The aim of this study is to extend the ancient whole-rock paleomagnetic record be-
yond 3.5 Ga. The previous oldest whole-rock paleomagnetic studies were conducted on
rocks from the 3.5 Ga Barberton Greenstone Belt in South Africa and the Duffer For-
mation, Australia (Tarduno et al., 2010; Biggin et al., 2011; Herrero-Bervera et al., 2016).
A paleointensity of 6.4 T was recovered from the Duffer Formation (Herrero-Bervera
et al., 2016), although it remains unresolved whether this represents a genuinely weak
geomagnetic field record, or inefficient magnetic remanence acquisition. Paleomagnetic
studies on single zircon crystals have argued for evidence of an active geodynamo dur-
ing the Archean and Hadean with a similar field strength to today (Tarduno et al., 2015,
2020). However, other studies have demonstrated that the magnetic carriers in these zir-
cons are secondary in origin and the magnetization is likely an overprint that post-dates
the formation of the zircons by billions of years (Tang et al., 2019; Weiss et al., 2015, 2018;
Borlina et al., 2020; Taylor et al., 2023). An additional limitation of these single-crystal
paleomagnetic studies is that no directional information is preserved (the zircons are de-
trital). If the mechanism of remanence acquisition is determined in whole-rock samples,
then the age of magnetization can be verified using paleomagnetic field tests, allowing
the stability and intensity of the geomagnetic field to be reliably investigated.

Here, we begin the effort to extend the whole-rock paleomagnetic record to 3.7 Ga
ago by recovering natural remanent magnetizations (NRMs) from banded iron forma-
tions (BIFs) in the Isua Supracrustal Belt (ISB), southern west Greenland. BIFs have
not typically been targeted for paleomagnetic study, and previous results have been ham-
pered by issues with thermal alteration (Schmidt & Clark, 1994; Wabo et al., 2018). The
Isua BIF has an unusually simple mineralogy, comprised of alternating bands of quartz
and magnetite with minor amphibole at the boundary between the two phases. The north-
ernmost part of the northeast ISB (north of 65°11'N) is exceptionally well preserved, with
localized regions of low-strain where pillow structures and original sedimentary features
are still observable (Nutman & Friend, 2009). We outline several lines of evidence be-
low that suggest this part of the belt only experienced on significant metamorphic event
ca. 3.69 Ga.

The paleomagnetic results presented in this study primarily focus on the remanence
acquired by magnetite in BIFs. The origin of magnetite in BIFs has been highly debated,
although it is now commonly accepted that magnetite is not a primary phase formed di-
rectly via precipitation from the water column. The majority of magnetite in BIF's is now
considered to be the product of metamorphism and diagenesis of precursor ferro-ferric
oxides and hydroxides (Rasmussen & Muhling, 2018; Konhauser et al., 2017; Nutman
et al., 2017). The magnetite in the Isua BIF formed during an Eoarchean metamorphic
event (Dymek & Klein, 1988; Frei et al., 1999). This age is supported by direct Pb-Pb
dating of the magnetite in the Isua BIF, returning an age of 3.691 + 0.022 Ga (Frei
et al., 1999; Frei & Polat, 2007). There is therefore significant uncertainty surrounding
the mechanism by which the magnetite in the BIF acquired its paleomagnetic remanence.
The magnetite may have grown via direct crystallization, acquiring a grain-growth CRM
by growth through a blocking volume (Kobayashi, 1959; Stokking & Tauxe, 1987, 1990).
Alternatively, magnetite may have replaced existing phases in the BIF, acquiring a phase-
transformation CRM. The nature of this type of CRM is poorly understood, and in this
case is further hampered by the ongoing debate regarding the primary mineralogy in BIF's
which could include green rust, ferrihydrite and greenalite (Halevy et al., 2017; John-
son et al., 2018; Nutman et al., 2017; Tosca et al., 2016). There is also likely to be a ther-
mal component to the acquired CRM given the high metamorphic and hydrothermal tem-
peratures (450 — 550°C) the magnetite cooled from (Dymek & Klein, 1988; Frei et al.,
1999).



135 We consider both magnetite Pb-Pb ages and paleomagnetic field tests to verify the

136 age of magnetization. Three previous studies have investigated the potential of Pb-Pb
137 dating for magnetite (Frei et al., 1999; Frei & Polat, 2007; Erel et al., 1997). These stud-
138 ies were carried out on the Isua BIF, and the Brockman Iron Formation from the Hamer-
130 sley basin, western Australia. They were motivated by the absence of detrital minerals
140 that are typically used for U-Pb geochronology, such as zircon, apatite and baddeleyite
1 in BIFs (the apatite observed in the Isua BIF is considered to be associated with early

142 hydrothermal events ca. 3.63 Ga; Frei et al. (1999)). Magnetite contains low but mea-
143 surable concentrations of U (0.2-0.4 ppm) and Pb (0.2-0.7 ppm) with radiogenic Pb rep-
144 resenting ~ 2% of total Pb (Gelcich et al., 2005). The low amount of U and radiogenic

145 Pb makes it challenging to directly recover a U-Pb isochron from magnetite. However,
146 stepwise leaching allowed both uranogenic and thorogenic arrays to be successfully re-
147 covered and a Pb-Pb isochron to be calculated.

148 BIF specimens used to recover the Pb-Pb ages reported by Frei et al. (1999) and

149 Frei and Polat (2007) were collected at 65.20818°N, 49.75855°W (purple star in Figure

150 1), near sites 8A/A, B, C and D in this study. The studies recovered Pb-Pb isochron ages
151 of 3.691 £+ 0.049 Ga and 3.691 + 0.022 Ga and suggest magnetite formed during Eoarchean
152 amphibolite-grade metamorphism. The Pb-Pb age of the magnetite has not been per-

153 turbed or reset since this early metamorphic event. However, previous studies were un-
154 able to interpret these ages in terms of the subsequent thermal history of the area, since
155 the Pb diffusion rate in magnetite was unconstrained. Recent Pb diffusion measurements
156 and closure temperature estimates for magnetite (E. B. Watson et al., 2023) allow us to
157 determine that the Pb-Pb age was acquired during a metamorphic event exceeding 120-
158 400°C, consistent with the 450-550°C peak metamorphic temperature of the Eoarchean
159 event recovered from the grunerite-bearing, pyroxene and minnesotaite-absent mineral

160 assemblage in the BIF (Dymek & Klein, 1988). In addition, our results suggest that the
161 BIF has not been heated to temperatures exceeding 350°C in the subsequent Neoarchean
162 and Proterozoic metamorphic events.

163 The closure temperature of the U-Pb system for magnetite (E. B. Watson et al.,

164 2023) has significant applications for paleomagnetic studies. For thermal remanences,

165 the difference between the closure temperature and the magnetic blocking temperature
166 will allow the relationship between the magnetite age and the timing of NRM acquisi-

167 tion to be determined. In addition, for metamorphic rocks where the age of magnetite

168 relative to the age of the bulk rock is often uncertain this technique permits the age of

169 the magnetite, and therefore the oldest possible time of CRM acquisition, to be dated
170 directly.

i We conclude that the northernmost region of the northeast ISB has not experienced
172 temperatures above 350°C since 3.69 Ga. We show that regardless of the mechanism of
173 remanence acquisition, the age of magnetization can be verified by the Pb-Pb age of mag-
174 netite, since any subsequent low-temperature (150-400°C) thermal events will partially
175 or fully reset the U-Pb age. We argue that the magnetite in Isua carries a chemical re-

176 manent magnetization (CRM) formed during a complex series of metamorphic and meta-
177 somatic events ca. 3.7 Ga (Frei et al., 1999; Dymek & Klein, 1988; Nutman et al., 2022),
178 and this remanence has not been overprinted by subsequent metamorphic events (Fig-

179 ure 2). For specimens that pass paleomagnetic field tests and exhibit stable demagne-

180 tization, pseudo-Thellier experiments yielded a paleointensity estimate of > 15 uT for

181 the Eoarchean geomagnetic field.

182 1.1 Geologic Setting

183 The northeastern part of the ISB is subdivided into three main terranes separated
184 by faults (Figure 1). The 3.7 Ga northern terrane, the focus of this study, is sandwiched
185 between a northwest terrane and the 3.8 Ga southwest terrane (Nutman & Friend, 2009).
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Figure 1. A simplified geological map (after Nutman and Friend (2009)) depicts the north-
eastern part of the ISB. The two smaller maps show the entire extent of the ISB and its location
in Greenland. Previous tectonothermal constraints on the metamorphic history of the ISB are
shown by the coloured symbols: petrological constraints from metabasites (pink squares) and
metapelites (pink circles) and the inferred metamorphic boundaries (pink dashed lines; Arai et
al. (2015); Komiya et al. (2002)); garnet-biotite thermometry (blue stars; Rollinson (2002, 2003));
Sm-Nd pillow basalt ages (yellow triangle; Polat et al. (2003)); Pb-Pb apatite ages (green square;
Nishizawa et al. (2005)); Sm-Nd plagioclase amphibole ages (yellow star; Gruau et al. (1996));
and Pb-Pb magnetite BIF ages (purple star; Frei et al. (1999); Frei and Polat (2007)). The sites
where paleomagnetic field tests were conducted_ag part of this study are labelled 3AA,; 4A, 6A,
8A/A, B, C and D.
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The southern part of the northern terrane is dominated by metamorphosed boninites,
interspersed with dolomites, conglomerates, and basalts. Further north in the field area,
magnetite-bearing cherts begin to dominate, and the northernmost extent of the area

is almost exclusively made up of BIF. These 3.7 Ga sediments and volcanics were intruded
by dykes that are assumed to be part of the Ameralik dyke swarm, which was emplaced
3.26-3.5 Ga ago (ages constrained by U-Pb zircon dating) across much of the Nuuk dis-
trict of southwest Greenland (Nutman et al., 2004; Nutman & Friend, 2009). The final
major intrusive event in the area was the emplacement of a large (> 100 m wide) noritic
dyke, which trends north-south across the northeast part of the ISB cross-cutting all the
major lithologies (Nutman & Friend, 2009). Zircons from the dyke have a U-Pb age of
2.214 £ 0.010 Ga (Nutman et al., 1995).

The northern terrane has experienced three metamorphic events during the Eoarchean,
Neoarchean and Proterozoic, evidence for which are summarised in Table 1. The Eoarchean
metamorphic event was amphibolite grade resulting in the formation of a single gener-
ation of garnets (Rollinson, 2003) and the growth of grunerite and magnetite in the BIF
at 3.69 Ga (Dymek & Klein, 1988; Frei et al., 1999). Garnet-biotite thermometry indi-
cates a peak temperature of 470-550°C (Rollinson, 2002). This metamorphic event was
likely the result of the collision between the 3.7 Ga northern terrane and the 3.8 Ga south-
ern terrane at 3.69-3.66 Ga based on zircon U-Pb ages (Nutman & Friend, 2009).

A Neoarchean tectonothermal event associated with the juxtaposition of the Isuka-
sia and Kapisilik terranes occurred ca. 2.85 Ga (Nutman, Bennett, Friend, Yi, & Lee,
2015; Frei et al., 1999; Gruau et al., 1996; Polat et al., 2003). The metamorphic grade
increases from north to south towards the mylonitized region between the two terranes,
which lies > 20 km south of the ISB. The southernmost part of the ISB experienced
temperatures of 500-600°C (Gruau et al., 1996), with peak metamorphic temperatures
in the northernmost region substantially below 400°C, since no perturbation in BIF ap-
atite or magnetite Pb-Pb ages is observed for this time period (Nishizawa et al., 2005;

Frei et al., 1999). The Ameralik dykes were metamorphosed in this event and in the north-
ernmost part of the area the mineral assemblage was transformed from olivine, pyrox-

enes and plagioclase to a combination of actinolite, chlorite, epidote, albite, quartz, sphene,
serpentine and magnetite, indicating lower greenschist grade metamorphism (360-400°C;
Komiya et al. (2004); Arai et al. (2015)).

A subsequent thermal perturbation in the area at 1.5-1.6 Ga is not observed in most
of the metamorphic assemblages across the area, and most notably the 2.2 Ga norite dyke
retains it’s primary igneous mineralogy (Nutman et al., 2022). The only evidence for this
later event is in a perturbation in the Pb-Pb apatite age in the BIF, and the resetting
of the Rb-Sr age in the pillow basalts (Nishizawa et al., 2005; Polat et al., 2003). Since
neither system has undergone complete homogenization and resetting, this event is in-
terpreted to have been a low temperature (~ 320°C) overprint and not sufficient to pro-
duce new mineral growths or reaction rims on the existing metamorphic mineral assem-
blages.

1.2 Sample lithologies

In the southern part of the northeast ISB are outcrops of what has been described
as a round pebble conglomerate (Site 3AA). This conglomerate is sedimentary in origin
(Fedo, 2000), with sedimentary beds defined by variations in the matrix grain size. The
conglomerate is made up of rounded clasts that vary from 0.5-30 cm in diameter. Peb-
ble clasts have been rotated into the cleavage plane and stretched parallel to this foli-
ation. The clasts have a range of lithologies including amphibolite, quartzite, iron for-
mation, felsic volcanic and sandstone comprised of mafic grains. The conglomerate also
contains quartz veins that are boudinaged and comprise crystalline quartz, whereas the
quartzite clasts still preserve remanents of individual quartz grains, and variations in grain-



Table 1. A summary of the evidence for each of the three metamorphic events experienced by

the northeast Isua Supracrustal Belt.

Eoarchean Metamorphic Event (ca. 3.69 Ga)

The BIF was metamorphosed to an assemblage containing Dymek and Klein (1988)
grunerite, cummingtonite, actinolite and magnetite indicating

amphibolite grade metamorphism.

Magnetite in the BIF in the northern ISB has a Pb-Pb age of Frei et al. (1999); Frei and

3.69 Ga. Polat (2007)

Garnet grew during a single metamorphic event, at tempera- Rollinson (2003, 2002)
tures between 470-550°C based on garnet-biotite geothermom-

etry.

Neoarchean Metamorphic Event (ca. 2.85 Ga)

Sm-Nd ages in pillow basalt rims reset to 2.567 Ga in southern  Polat et al. (2003).
part of the northeast ISB.

No perturbation of Pb-Pb apatite ages in the banded iron for- Nishizawa et al. (2005).
mation suggests peak metamorphic temperature substantially

below 400°C in northern part of ISB.

Ameralik dykes (emplaced 3.26-3.5 Ga) retain primary igneous Nutman, Bennett, and
textures and are only weakly metamorphosed to a greenschist Friend (2015); Arai et al.
grade assemblage in northern part of ISB, so must post-date (2015)

amphibolite grade event.

Pb-Pb magnetite ages in BIF in the southwestern part of the Frei et al. (1999)

ISB are 2.84 £+ 0.05 Ga.

Sm-Nd plagioclase and amphibole ages from the Gar- Gruau et al. (1996)
benschiefer unit in the southern part of the ISB are

2.849 + 0.116 Ga, indicating a metamorphic temperature of

500-600°C.

Proterozoic Metamorphic Event (ca. 1.5-1.6 Ga)

Perturbation of Pb-Pb apatite age ca. 1.5 Ga in the BIF sug- Nishizawa et al. (2005)
gests an event below 400°C.

The Pb-Pb age of magnetite in the BIF was nor perturbed by Frei et al. (1999)
this event, suggesting its thermal influence in the northernmost

part of the northeast ISB was minimal.

Perturbation of Sm-Nd age and resetting of the Rb-Sr er- Polat et al. (2003)
rorchron in pillow basalt rims at 1.604 Ga indicates a meta-

morphic temperature of ~ 320°C.

2.2 Ga noritic dyke retains its primary igneous mineralogy, Nutman et al. (2022)
indicating no substantial metamorphism after this time, only

hydrothermal alteration.
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Figure 2. The thermal history of the ISB. A Temperature versus time plot showing the ther-
mal events that have influenced the ISB. The green rectangles represent the three metamorphic
events in the Eoarchean (dark green), Neoarchean and Proterozoic (pale green). The timing of
BIF formation, magnetite formation, the metamorphic events and dyke emplacement events are
shown by vertical lines. Since both the Pb-Pb age of the magnetite and the apatite still preserve
an age of 3.7-3.8 Ga we use the closure temperatures of these systems (shown by the red and
blue regions, respectively) to show the upper limit on the temperature experienced by the BIF
since magnetite formation during Eoarchean metamorphism. The magnetite Curie temperature,
above which remanence is entirely reset is also shown. B A Pullaiah diagram (Pullaiah et al.,
1975) shows that remanence acquired in any of the metamorphic events can be unblocked in the
lab during heating times of 1 hour up to temperatures < 580°C. The diagram also indicates
that the Neoarchean and Proterozoic events cannot entirely overprint the magnetization acquired
during Eoarchean metamorphism even during events lasting of order 100 Ma, although they may

result in thermal overprints < 450°C.
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size within each clast. The variety in the composition, dimensions and morphology of

the clasts was used to argue against a purely tectonic origin for the conglomerate (Fedo

et al., 2001; Nutman et al., 1984). The conglomerate was metamorphosed to amphibo-

lite grade with peak temperatures of 500-600°C during both the Eoarchean and Neoarchean
tectonothermal events (Table 1).

BIF forms in the northernmost part of field area (Figure 1). It varies from a magnetite-
bearing chert to a typical BIF with alternating layers of magnetite and quartz with a
varying degree of amphibole and carbonate. The BIF has been split into various cate-
gories depending on its mineral assemblage (Aoki et al., 2016; Dymek & Klein, 1988).

Here, we define BIF as the quartz-magnetite formation defined by Dymek and Klein (1988)

and the gray-type BIF defined by Aoki et al. (2016). The BIF has a Rb-Sr age of 3.7 + 0.14 Ga
(Moorbath et al., 1973) and apatite from the BIF yields a Pb-Pb age of 3.9 &+ 0.2 Ga
(Nishizawa et al., 2005). Two generations of magnetite are observed in the BIF, both

of which were formed after primary deposition of Fe-clays such as greenalite (Nutman

et al., 2017). The first generation of magnetite replaced the primary mineralogy in the

original depositional bands yields a Pb-Pb age of 3.69 4+ 0.22 Ga (Frei et al., 1999). A
subsequent hydrothermal event at 3.63 4+ 0.07 Ga introduced secondary veins of mag-

netite into the BIF as well as pyrite and apatite (Frei et al., 1999; Nishizawa et al., 2005).

The BIF in the northeast region of the ISB is intruded by part of the Ameralik dyke
swarm (Nutman & Friend, 2009), which was emplaced 3.26-3.5 Ga ago across much of
the Nuuk district of southwest Greenland (Nutman et al., 2004). We assume that the
dykes intruding the BIF are all part of the Ameralik dyke swarm, and refer to them all
as Ameralik dykes although previously in the literature some have been referred to as
Tarssartdq dykes (White et al., 2000; Nutman et al., 2004; Nutman, 1986). These dykes
are mafic in composition and variably deformed and boudinaged, and primary intrusive
contacts with the country rock often are sheared (Nutman et al., 2004). The Ameralik
dykes were emplaced after the Eoarchean metamorphic events which generated the mag-
netite in the primary depositional banding in the BIF (Frei et al., 1999; Dymek & Klein,
1988), but prior to subsequent Neoarchean and Proterozoic metamorphic events.

2 Materials and Methods
2.1 Paleomagnetic sampling and field tests

We conducted two field campaigns to the ISB between 29th July — 6th August 2018
and 16th July — 27th July 2019. We carried out geological mapping and collected ori-
ented drill core and block samples of a conglomerate and six sites where mafic Amera-
lik dykes intrude the BIF. A total of three-hundred-and-eight specimens were used for
subsequent paleomagnetic analysis (Table 2).

Sampling was carried out using a water-cooled Pomeroy EZ Core Drill to extract
2.5-cm-diameter cores. Cores were oriented using a Pomeroy Orienting Fixture and both
magnetic and sun compass readings were taken. We primarily relied upon sun compass
readings, since the BIF generated strong localized magnetic fields which disturbed mag-
netic compass readings. Cores were extracted using brass chisels to avoid remagnetiz-
ing the specimens.

Conglomerate tests, pseudo-baked contact tests, fold tests and reversal tests were
all conducted at various sites (Table 2) within the field area (Buchan, 2007; Graham, 1949).
For the conglomerate test, individual clasts were drilled, as well as the surrounding ma-
trix. For the pseudo-baked contact tests, both the middle and edge of the dykes were
drilled, although chilled margins were not obviously visible. The surrounding country
rock was drilled at regular intervals of 0.3—1 m, preferentially targeting regions of rock
that were absent of fractures, deformation or veining. Specimens were acquired up to
> 3 radii from the dyke to ensure sufficient sampling in the unbaked regions. Each area
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Table 2. A summary of the sites where paleomagnetic field tests were carried out. The first
column is the site name, the second and third are the latitude and longitude of the site, respec-
tively, the fourth is the number of specimens used for paleomagnetic analyses, the fifth is the

type of paleomagnetic field test that was carried out.

Site Location No. of speci- Paleomagnetic Field Test
mens
Latitude Longitude measured
(°N) W)
3AA 65.1744 49.8000 28 Conglomerate test - round peb-
ble conglomerate
4A 65.2073 49.7589 32 Baked contact test - BIF and
Ameralik dyke
6A 65.1982 49.7740 25 Baked contact test - BIF and
Ameralik dyke (boudinaged)
8A and A 65.2095 49.7579 46 Baked contact test - BIF and
Ameralik dyke
B 65.2111 49.7528 54 Baked contact test - BIF and
Ameralik dyke
C 65.2106 49.7528 32 Baked contact test - BIF and
Ameralik dyke
D 65.2115 49.7533 46 Baked contact test - BIF and

Ameralik dyke

was explored in detail to ensure no other dykes existed close to the unbaked region which
may have influenced the recovered paleomagnetic signals. Watson’s Vy, statistic was used
to determine if a distinct direction was acquired close to and far away from each dyke.
Both fold and reversal tests were carried out on unbaked BIF directions that passed Wat-
son’s Vi test (Tauxe et al., 1991).

2.2 Paleomagnetic analyses

Drill cores were cut into 1-cm thick discs using the ASC Scientific dual-blade rock
saw at MIT. BIF samples were further cut down to 1-mm thick slices using the Buehler
IsoMet® low speed saw in the MIT Paleomagnetism Laboratory due to their exception-
ally strong magnetic moments. Other lithologies (conglomerate clasts, matrix and Am-
eralik dykes) were measured as 1-cm thick discs. Specimens were demagnetized using
the 2G Enterprises superconducting quantum interference device (SQUID) rock mag-
netometer, housed in a magnetically-shielded room made of mu-metal with a background
DC field of < 200 nT in the MIT Paleomagnetism Laboratory.

Specimens were demagnetized sequentially using several techniques; a subset of spec-
imens were initially placed in liquid nitrogen to remove the majority of the multidomain
component (Halgedahl & Jarrard, 1995). In all cases where a liquid nitrogen step was
carried out, a sister specimen was also demagnetized without this step in order to en-
sure this didn’t introduce any bias into the recovered data. All specimens were then AF
demagnetized in steps of 2 mT from 2-10 mT along three orthogonal axes to ‘clean’ the
specimens of low-coercivity, unstable multidomain components. Specimens were then ther-
mally demagnetized between 100-580°C in gradually decreasing temperature steps rang-
ing from 50-5°C. Samples were heated for 1 hour to ensure any magnetization acquired
during metamorphic events lasting between 1000 years and 1 Ma was unblocked (Pullaiah
et al., 1975).
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Stable components of magnetization were identified using principal component anal-
ysis (Kirschvink, 1980). Stable, origin-trending components were defined as those where
the maximum angular deviation (MAD) is greater than the deviation angle (dAng). Com-
ponent directions were plotted in geographic coordinates in Stereonet (Allmendinger et
al., 2013; Cardozo & Allmendinger, 2013) and Fisher statistics calculated to constrain
the mean and «gs for each related group of specimens. Where the degree of scatter was
large a Watson test for randomness was also conducted (G. S. Watson, 1965).

A suite of sister specimens were AF demagnetized along three orthogonal axes from
0-145 mT in steps of 5 mT, with a small subset demagnetized up to 400 mT in steps of
100 mT between 200-400 mT to identify high-coercivity components. Three specimens
(A05¢, A07c, CO2b) were used for pseudo-Thellier experiments. A 50 uT ARM (50 uT
bias DC field applied under a 260 mT alternating field) and 40 mT IRM were imparted
to each specimen and then AF demagnetized up to 145 mT. Demagnetization of the ARM
was compared to demagnetization of the NRM to calculate paleointensities, By, us-

ing the following calibration:
ANRM By

AARM a (1)
where a = 3.28 is the calibration factor for magnetite (Paterson et al., 2016). For some
specimens, the NRM demagnetization had directional components in opposing directions,
resulting in substantial curvature in the demagnetization plots. To remove this curva-
ture, vector subtraction was used to isolate the moment magnitude in order to calculate
ﬁﬁg% . The ARM demagnetization was also compared to the IRM demagnetization to
verify the paleointensity recording fidelity of the BIF specimens. The recovered paleoin-
tensity, Byrec, was estimated using the following;:

AARM
AIRM ! @
where f = 3000 (Gattacceca & Rochette, 2004).

Banc =

Brec =

The recovered paleointensities were combined to find a weighted average and un-
certainty using the following equations:

Zfl: Wi fhq
T ¥
n=1 "7

where [ is the weighted mean, w; = ﬁ where o; is the standard deviation recovered

'a:

for each individual paleointensity measurement and 1; is each recovered paleointensity
value. The weighted uncertainty is then calculated using:

i 2
5= (Zn_lwz(ﬂz M)) (4)

nT_l Ziz:l wi

where n is the number of specimens.

2.3 Rock magnetic analyses

First-order reversal curve (FORC) diagrams, hysteresis loops and backfield curves
were measured using a Lakeshore Princeton Measurements Corporation (PMC) Micro-
Mag 2900 Series alternating gradient magnetometer (AGM) at the University of Cam-
bridge. Five BIF specimens (4A11, 6A09, 6A15, 8A06 and 8A19) were measured. FORCs
were measured with a saturating field Hg,y of 1 T in field steps of 2 mT. A total of 263
curves were measured with an averaging time of 300 ms. FORC diagrams were processed
using the software package FORCinel (Harrison & Feinberg, 2008). Hysteresis loops were
measured up to saturating fields of 0.5-1 T in order to calculate the hysteresis param-
eters M,s, My and H, which are the saturation remanent magnetization, saturation mag-
netization and coercivity, respectively. H.,., the coercivity of remanence, was calculated
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from the backfield curve when the magnetization is zero. Backfield curves were measured
up to a saturating field of 1 T. Backfield curves were also used to estimate the coerciv-
ity spectra of each population of magnetite grains within each specimen using MAX Un-
Mix (Maxbauer et al., 2016).

3 Results
3.1 Paleomagnetic carriers

The NRMs of three lithologies were subjected to thermal demagnetization: con-
glomeratic clasts (of varying mineralogy, with most being quartz-rich), dolerite dykes (part
of the Ameralik dyke swarm) and BIF. Thermal demagnetization shows that for the con-
glomerate clasts and dolerite, the majority of magnetization is removed between 300—
400°C (Figures S14 and S15). In the BIF samples, a sharp drop in magnetization close
to 580°C suggests the magnetic carrier is magnetite (Figure 6 and S16-18). None of these
carriers represent the primary mineralogy and therefore magnetization is interpreted as
a TCRM imparted during amphibolite grade metamorphism (450-550 °C). Alternating-
field (AF) demagnetization removed NRM with an intensity < 0.1 times that for isother-
mal remanent magnetization (IRM), indicating that specimens have not been lightning
remagnetized (Figure 11).

The domain state of magnetite in the BIF was characterized by comparing AF and
thermal demagnetization, backfield curves and a Lowrie test (Lowrie & Fuller, 1971). The
Lowrie test (Figure 3) showed that AF demagnetization of the NRM was significantly
more stable than demagnetization of a 40 mT IRM, indicating that the NRM is primar-
ily carried by stable, single-domain magnetite grains. All specimens plot in the multido-
main (MD) region of the Day plot and the FORC diagrams also revealed predominantly
MD behaviour (Figure 4). Multidomain magnetite was efficiently demagnetized at low
field strengths of < 10 mT (Hodych, 1982). Both high temperature (HT; > 400°C) and
high-coercivity (HC; > 60 mT) directions are similar (Figure S13) although HT direc-
tions are slightly influenced by low-coercivity, multidomain overprints which are not ef-
fectively removed during thermal demagnetization. Backfield curve acquisition revealed
three populations of magnetite grains (Figure 4); the largest population (64-100 % of
grains) is dominated by grains with a mean coercivity of ~ 10-20 mT, suggesting they
are multidomain. A second population (15-27 % of grains) has a mean coercivity rang-
ing from ~ 60-70 mT and a third population (< 10 % of grains) has a mean coerciv-
ity of > 150 mT. These higher coercivity grains are likely stable single domain or sin-
gle vortex magnetite grains (Hodych, 1982).

3.2 Conglomerate test

A conglomerate test (Site 3AA) was carried out (Figures 1 and S14) in the south-

ern part of the area, that experienced amphibolite grade metamorphism in both the Eoarchean

and Neoarchean metamorphic events (Table 1). Twenty-five clasts and three matrix spec-
imens were demagnetized up to 585°C (Table S5). The vast majority of specimens ex-
hibited unstable demagnetization behaviour shown by high maximum angular deviation
(MAD) values >> 10. Ten clasts and one matrix specimen exhibited at least two clear
stable components, at least one of which had a MAD j 10. Eight clasts exhibited a sta-
ble high temperature (HT; up to 350°C) component. A test for randomness was carried
out on recovered HT directions from these eight clasts. The length of the eight resultant
vectors R = 6.35 exceeds R, = 5.26, demonstrating that the hypothesis of random-
ness can be rejected with p = 0.01 significance (G. S. Watson (1965); Table S2). Twelve
low temperature (LT) components from nine clast specimens gave a resultant vector R =
7.69 which exceeds R, = 6.55, indicating that the hypothesis of randomness can be re-
jected. The LT and HT directions defined by the clasts are also similar (281/83, ags =
25 and 300/61, ags = 31, respectively) suggesting both the HT and LT components have
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Figure 3. Results of a Lowrie test conducted to determine whether the NRM in BIF speci-
mens is carried by MD or SD grains. The NRM (red curves) and IRM (blue curves) were demag-
netized up to 145 mT. For all three specimens shown, A A05c, B A07c and C C02b, the NRM
is signficantly more stable than the IRM, indicating that the NRM is predominantly carried by

single-domain magnetite.

experienced the same overprint (Figure S14). None of the samples showed a stable com-
ponent that extended significantly beyond 350°C. The conglomerate test therefore fails
and demonstrates that the conglomerate has been remagnetized in later metamorphic

events following its original deposition, most likely during both the Eoarchean and Neoarchean

metamorphic events, both of which reached amphibolite grade in the southern part of
the area.

3.3 Baked contact tests

We carried out pseudo-baked contact tests (where NRM component directions are
compared for BIF that was thermally perturbed by the intrusion and BIF sufficiently
far from the intrusion to be unaffected, and the intrusion direction itself is not consid-
ered) at six sites in the northernmost part of the eastern ISB (Figure 1). We were un-
able to carry out traditional baked contact tests, since the magnetization in the Amer-
alik dykes post-dates their emplacement, and was acquired during greenschist-grade meta-
morphism during the Neoarchean tectonothermal event (Table 1).

We targeted areas where Ameralik dykes had intruded through the BIF, and there-
fore represent a distinct, localized thermal perturbation that should only have influenced
the BIF immediately adjacent to the dykes. We found that in all cases, the dyke NRM
component directions were poorly defined and scattered, with low peak blocking tem-
peratures (< 350°C) at each site and between sites (Figure S15) suggesting variable CRM
acquisition during Neoarchean metamorphism (Komiya et al., 2004) or remanence dom-
inated by multidomain carriers.

We infer the boundary between BIF that was baked and BIF that remained largely
unbaked by the dyke intrusion by using a simple thermal diffusion model for a basaltic
dyke intruding into silicate country rock (Jaeger, 1964) and by also considering the dis-
tance at which HT components of the NRM begin to converge on a single direction (Fig-
ure 5). The radii of the dykes at Sites 4A, 6A, 8A, A, B, C and D were 3 m, 3 m, 5 m,
6.5 m, 3.35 m, 3.35 m and 8.5 m, respectively. The width of the baked region is influ-
enced by a number of factors including the temperature of dyke emplacement, the sub-
sequent cooling-rate of the dyke and the fluid flux into the surrounding BIF which de-
termines the degree of conductive versus convective heat transport. Given that all the
dykes are doleritic in composition (White et al., 2000; Nutman & Friend, 2009; Komiya
et al., 2004) it is plausible to assume they had similar emplacement temperatures. Dis-
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Figure 4. Rock magnetic analyses on banded iron formation specimens. A;B,C,D and E
show FORC diagrams for specimens 4A11, 6A09, 6A15 and 6A19, respectively. In all cases, the
FORC diagrams exhibit typical MD behaviour. However, F shows that during AF demagnetiza-
tion, remanence is removed up to fields exceeding 145 mT suggesting stable SV or SD grains are
present. G A Day plot summarizing the hysteresis behaviour of the samples. H-L show coerciv-
ity distributions derived from backfield curves. Three populations of magnetite grains are shown
by the red Gaussian curves and the blue and green Gaussian curves, which represent MD and

SD/SV populations of magnetite grains, respectively.
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temperature to which the country rock has been thermally perturbed (grey region) as a func-

tion of dyke radius. All recovered components of magnetization at each site are shown as black

crosses. The components used to calculate the baked directions are shown by the red bars and

the components used to calculated the unbaked directions are shown by the blue bars.
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crepancies between the convergence of unbaked directions and the thermal diffusion model
may reflect varying conditions in fluid flow and subtle variations in lithology (e.g., as seen
for site 6A).

The paleomagnetism of the Ameralik dykes

The Ameralik dykes are highly variable in terms of their paleomagnetic stability
and the recovered paleodirections. The dykes at site A and 6A show the most stable be-
haviour, and it is notable that the stable component is demagnetized by ~ 350°C, con-
sistent with magnetization acquired during Neoarchean lower greenschist metamorphism.
The dykes no longer contain any of their primary igneous mineralogy and magnetite is
formed during the replacement of olivine (Komiya et al., 2004), and it has been noted
that the magnetite content varies widely among the dykes most likely reflecting differ-
ent degrees of equilibration during metamorphism, as well as varying abundances of olivine
initially. The inconsistency in paleomagnetic stability between Ameralik dykes can there-
fore be explained by acquisition of a relatively low temperature (350°C) CRM, as well
as variations in the abundance, size and shape of magnetite present.

At site 6A, four specimens of the Ameralik dyke were demagnetized up to 580°C.
Three of the dyke samples (6A01, 6A02 and 6A03) are demagnetized by 350°C, and de-
fine a single direction of 321°/29° (ag; = 13°). The fourth dyke sample (6A04) which
comes from near the edge of the intrusion was entirely demagnetized at < 100°C.

At site 4A, eight Ameralik dyke specimens (including four sister specimens) were
demagnetized up to 580°C. The majority of magnetization was removed from the Am-
eralik dyke specimens by 350°C, and specimens generally show unstable magnetization
behaviour (for example, a consistent component cannot be recovered even from sister spec-
imens). Four specimens (4A01-2, 4A02-1, 4A02-2 and 4A04-2) showed a stable compo-
nent between 100-350°C which defined a direction 204/-73 (ags = 25).

At site 8A/A two Ameralik dykes, A and 8A, intrude close to one another (37.5 m
apart) through a well exposed section of BIF. The two dykes define distinct directions
and have contrasting magnetic properties. Eight specimens (including four sister spec-
imens) of dyke A define a direction of 253°/-25° (ag5 = 4°). The magnetization is very
stable until ~ 330°C and the majority (> 90%) of magnetization is removed between
325-375°C. Six specimens of dyke 8A were demagnetized, five of which had resolvable
components and two of which had stable components at temperature exceeding 300°C.
The two specimens with stable HT components (8A01 and 8A03B) show broadly sim-
ilar behaviour to dyke A, although the behaviour is generally less stable with consider-
ably higher MADs (~ 20° for the HT components of dyke 8A, compared to < 5° for all
specimens of dyke A). The two HT components from dyke 8A define the direction 120°/-
53° (0495 = 390).

At site B, twelve Ameralik dyke specimens were measured. Nine of the dyke spec-
imens were thermally demagnetized and three were AF demagnetized. The dyke spec-
imens exhibited unstable demagnetization behaviour often with a MAD > 20°. The ma-
jority of magnetization was removed below 300°C for thermally demagnetized specimens,
and below 60 mT for AF demagnetized specimens. LT (< 150°C) components were highly
scattered. However, seven specimens exhibited a stable component up to a maximum
temperature of 220-425°C which define a consistent direction of 045/69 (g5 = 18). This
is consistent with the direction 340°/66° (g5 = 32°) recovered from the three AF de-
magnetized specimens.

At site C eight dyke specimens (including four sister specimens) were thermally de-
magnetized. Six of the dyke specimens exhibited highly unstable thermal demagnetiza-
tions and no stable components of magnetization could be resolved. Two sister speci-
mens (C24a and C24b) exhibited stable demagnetization up to 550°C (MAD < 10°).
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At site D, six dyke specimens (including two sister specimens) were thermally de-
magnetized. HT (> 300°C) components were recovered from three of the dyke speci-
mens defining the direction 246°/42° (ags = 51°). A distinct LT direction (< 300°C)
was also recovered for all four specimens (including averages of sister specimens) defin-
ing the direction 135°/53° (ags = 28°).

Pseudo-baked contact tests

For each pseudo-baked contact test, Watson’s Vy statistic was calculated (G. S. Wat-
son, 1983); this statistic determines whether the HT baked and unbaked directions are
statistically distinct representing a passed pseudo-baked contact test, or indistinguish-
able representing a failed test.

At site 8A /A, fifteen BIF specimens were measured (including one sister specimen;
Table 3). BIF specimens < 7.3 m from the contact with dyke 8A (> 30 m from dyke
A) exhibited LT (< 200°C), MT (< 450°C) and HT (> 500°C) components with gen-
erally stable demagnetization behaviour (MAD < 10°). A significant portion of the mag-
netization is lost by 100°C and most of the remaining magnetization is lost by 400°C
(Figure 6). Seven baked BIF specimens had a HT component that defined the direction
187°/-24° (g5 = 59°). Unbaked BIF specimens > 20 m from dyke 8A and > 10 m
from dyke A generally exhibited a stable MT (< 450°C) and HT (> 500°C) component.
The HT components define a direction of 025°/62° (ags = 47°). The calculated Wat-
son Vi statistic for the unbaked and baked BIF directions exceeds the critical Vi value,
indicating a passed pseudo-baked contact test with 95% confidence (Figure 7A).

At site 6A (Figure 6), the baked (< 5.45 m from the contact) BIF specimens con-
tained an MT component which is demagnetized < 400°C. Five baked specimens de-
fined a coherent direction of 249°/56° (ags; = 28°). One BIF specimen, 6A10, collected
1.45 m from the dyke had a HT component (T > 475°C, Table 3) that was consistent
with the direction recovered from three unbaked BIF specimens (6A15, 6A16 and 6A17)
collected > 5.45 m from the dyke contact, suggesting its original HT magnetization was
not overprinted during dyke emplacement. The four specimens demagnetize up to > 500°C
and define the direction of 048°/46° (ags; = 25°). Watson’s Vi, value for the unbaked
and baked directions exceeds the critical value of Vyy, indicating a passed pseudo-baked
contact test with 95% confidence (Figure 7B).

At site C, twenty one BIF specimens were both thermally and AF demagnetized
(Figure 6). Baked BIF specimens taken < 20 m from the dyke contact defined a con-
sistent HT (stable up to 500°C) direction of 174°/71° (ags = 21°). Eleven sister spec-
imens of BIF were also AF demagnetized. Seven of these specimens lie within 20 m of
the dyke contact and define a HC direction of 208°/70° (ags = 26°). When combined,
the HC and HT direction is 169°/79° (ags = 22°). Further than 20 m from the dyke
a distinct direction emerges for both thermally and AF demagnetized BIF samples with
a direction of 313°/30° (g5 = 26°) and 276°/53° (ags = 35°), respectively. When
combined, these give a HC and HT direction of 294°/25° (ags = 18°). Watson’s Vi
statistic for the combined HC and HT directions exceeds the critical value of Viy, indi-
cating a passed pseudo-baked contact test with 95% confidence (Figure 7C).

At site D, seventeen BIF specimens (including 3 sister specimens) were thermally
demagnetized (Figure S18, Table 4). BIF specimens taken < 11 m from the dyke con-
tact defined scattered directions at low temperatures (< 290°C), and define a HT (>
310°C) direction of 229°/17° (ags = 79°). BIF samples taken from > 11 m from the
dyke contact define a HT (> 500°C) component defining the direction 303°/48° (a5 =
43°). Using Watson’s Vi statistic, we found that the two directions are statistically dis-
tinct at the 95% confidence interval (Figure 7D). However, site D is not included in fur-
ther analysis, since the uncertainty in the recovered directions is large and overlaps, and

—17—



manuscript submitted to JGR Solid Earth

_ i i
O O

5 Distance (m) 4 8

300—\615\1 2 -gd

N

)

6A16

N
a

e
3
<

Moment (x 106 Am2)
; L5
g
Moment (x 1 06 Am?
Moment (x 106 Am2)

£ g
5 8
g8 8
i i
N
b

N

S

3
I

Moment (x 106 Amz)

T B o 04
0 100 200 300 400 500 0 100 200 %00 400, 500 0 100 200 300 4600 500 0 _100 200 300 468 500
Temperature (°C) Temperature (C) Temperature (©C) Temperature (~C)

A06 A08
o colNece)
8A19 A0S AQ7
A09

20
& 8A19-2
€
<
~0
°
x
“— 40+
C
9}
€ 20
o
= 0~ T T T T T 000~ T T ' ! ! 0~ T T T T T 0
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400500 0 100 200 300 400 500
Temperature (°C) Temperature (°C) Temperature (~C) Temperature (°C)
C15 C13 C10 i CO5
O O OO O 00O 0! O
Cl4 Ci12 Cl11  C09 C06
C08:
0 45 10 Distance (m) 1‘5 ‘
T C22 M°1cos T,/ CO4 o
S | Eotaq | S e \ =
<C 008! < o0 | <o
© w“ © 0.12 \ . o \ ©
:C_)o.os— | Qoo | ‘ :C_>o.oaf \ :9 :
x ‘\\ X 0.084 \‘\\ 4 20064 \ wi X
=004 | 1 = 7| =
CIC) \ 8006 \ / 80.04— S— ) / ' g
Eomd £ 0041 - 1S T e
o o | Q0.2 o [oFY
3 \\ Soee 8 : s
0.00 T T T T T 0.00 T T T T T 0.00 T T - - - 0.00 T T T T T
0 100 200 300 400 500 0 100 200 300 80 500 0 100 200 300 48 500 0 100 200 300 4(03 500
Temperature (°C) Temperature (¥C) Temperature (VC) Temperature (¥C)

Figure 6. Passed pseudo-baked contact tests for sites 6A (top panel), 8A/A (middle panel)
and C (lower panel). The schematic diagrams show the distance of each sample (white circle)
from the Ameralik dyke (red) and the location of the baked (orange) and unbaked (yellow) re-
gions. Representative thermal demagnetization curves and zijderveld diagrams are shown for a
range of distances from the intrusion-BIF contact. Zijderveld diagrams are show using ‘E, Hor-
izontal” and ‘N, Up’ as the z,y projection and inclination and declination are shown by open

circles and closed squares, respectively. LT, MT and HT components are shown in blue, purple

and pink, respectively.
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Figure 7. Bootstrapping tests to determine whether baked (red) and unbaked (blue) BIF
directions are distinct to 95% confidence by calculating Watson’s Vy statistic. If Vy calcu-
lated from the measured paleodirections is greater than the critical value of Vy calculated from
bootstrapped data with the same number of samples and degree of clustering, x, the our pseudo-
baked contact test is considered to pass. For A, B and C, which show data for sites 8A/A, 6A
and C, respectively, Vi is greater than the critical value indicating passed pseudo-baked contact
tests. For D, the pseudo-baked contact test technically passes, although we do not include in
further analysis because of the high degree of scatter in the directions and the fact sampling did
not extend sufficiently far from the baked zone (Figure 5). E and F show data for sites B and

4A, respectively, Vyy is less than the critical value indicating failed pseudo-baked contact tests.
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Table 3. A summary of the directions used in the passed pseudo-baked contact tests at sites
8A/A, 6A and C.

Sample Distance from Distance from AF /thermal? Range Dec (°) Inc (°) Origin MAD dAng
dyke 1 (m) dyke 2 (m) (mT or °C) trending?

Site 6A baked

6A05 0.07 thermal 100-300 188 82 X 1 1
6A09 1.15 thermal 100-350 262 39 X 17 22
6A10 1.45 thermal 200-375 329 63 X 11 15
6A11 2.55 thermal 0-350 282 42 v 14 5
6A12 3.75 thermal 0-350 204 68 v 5 1
6A13 5.45 thermal 150-350 263 5 v 21 19
Site 6A unbaked
6A15 7.05 thermal 200-555 67 36 v 13 12
6A16 7.35 thermal 150-580 42 27 v 8 7
6A17 9.1 thermal 375-580 18 65 v 25 23
6A10 1.45 thermal 475-510 52 51 v 19 17
Site 8A/A baked
8A05 -2.4 39.9 thermal 400-575 211 -19 's 9 2
8A06 -2.0 39.5 thermal 400-580 194 68 v 11 1
8A09 0.1 37.4 thermal 426-580 173 28 v 7 2
8A10 0.4 37.1 thermal 565-580 236 -28 X 14 37
8A12 1.4 36.1 thermal 475-580 169 -66 v 7 5
8A13 1.8 35.7 thermal 100-580 220 3 v 11 4
8A15 4.5 33.0 thermal 375-580 166 42 v 4 1
8A17 7.3 30.2 thermal 450-580 194 -70 v 5 4
Site 8A/A unbaked

8A19 20.1 17.4 thermal 413-580 350 45 v 9

A05 24.8 13.3 thermal 375-550 354 66 v 14 5
A07 26.7 11.4 thermal 400-550 58 22 v 14 10
A08 27.2 10.9 thermal 450-550 331 49 v 19 0
A09 27.7 10.4 thermal 400-550 138 44 's 16 1

Site C baked
C23a 1 thermal 100-500 183 -86 v 17 2
C22b 2.6 thermal 100-500 185 69 v 4 1
C21a 3.3 thermal 100-500 173 80 v 11 4
C20a 5 thermal 100-500 89 39 v 15 10
C19a 6.3 thermal 0-500 195 -67 v 17 2
C18b 6.8 thermal 100-500 196 29 v 9 1
Cl18a 6.8 AF 25-145 182 84 v 3 3
C17b 8 thermal 320-500 194 48 v 11 6
Cl7a 8 AF 25-145 225 20 X 9 24
Cl6a 9.5 thermal 0-500 219 51 v 4 3
Cl5a 11.2 thermal 300-500 327 50 X 8 13
C14b 12.4 thermal 100-500 189 79 v 6 2
C13a 13.8 thermal 290-500 149 28 v 15 9
Cl2a 14.6 thermal 0-500 356 82 X 7 10
C12b 14.6 AF 30-145 289 48 v 25 4
Clla 17 thermal 100-500 161 38 v 8 4
Cl1lb 17 AF 55-145 205 61 X 12 15
C10a 18.4 thermal 100-550 38 32 v 10 4
Co09a 18.8 thermal 100-550 194 76 v 5 3
Co08a 19.5 thermal 310-500 215 46 v 20 14
CO08b 19.5 AF 10-145 174 84 X 2 4
Co6a 20.6 thermal 330-550 310 25 's 7 2
Site C unbaked

CO05a 21.8 thermal 400-550 317 29 v 23 11
CO05b 21.8 AF 10-145 255 2 X 2 5
Co04a 23.3 thermal 290-440 334 38 v 5 3
C04b 23.3 AF 10-145 318 40 X 2 3
Co02a 25.7 thermal 150-550 328 7 X 3 3
C02b 25.7 AF 10-145 262 19 X 1 5
Co0la 27.2 thermal 300-550 265 43 v 4 3
CO01b 27.2 AF 10-145 281 25 X 13 19
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thermal diffusion modelling suggests sampling did not extend far enough from the in-
trusion (Figure 5).

At site B, twenty-one BIF specimens were thermally demagnetized (Figure S17, Ta-
ble 4). BIF specimens experienced alteration during heating to temperatures exceeding
475°C and it is therefore unclear how far above this temperature these stable compo-
nents extend. Specimens which exhibited a MAD < 10° and a stable component up to
475°C were assessed for the pseudo-baked contact test. At a distance of > 23 m from
the dyke contact, six unbaked BIF specimens define a consistent direction of 302°/69°
(ag5 = 44°). Baked BIF specimens < 23 m from the dyke contact define two broadly
antipodal directions. Of the sixteen specimens in this region, seven have a negative in-
clination and define the direction 186°/-43° (ag5 = 23°). The recovered directions for
the baked and unbaked BIF are indistinguishable to 95% confidence using Watson’s V,,
statistic (Figure 7E).

At Site 4A, eleven BIF specimens (including four sister specimens) were demag-
netized up to 580°C (Figure S16, Table 4). The BIF specimens showed stable demag-
netization, although the recovered directions are highly scattered, even when compared
to sister specimens. 4A12 and 4A13, which were collected furthest from the contact at
9.7 and 13.2 m respectively, had MT and HT components which defined the direction
179°/-49° (a5 = 34°) suggesting that the BIF has been entirely overprinted, or is un-
able to retain a stable magnetization direction. This is consistent with the large drop
in magnetization during a preliminary liquid nitrogen step, suggesting the vast major-
ity of magnetite in the specimens is multidomain. The BIF specimens defined a coher-
ent LT direction up to temperatures of 350°C with direction 235°/46° (ags = 28°) con-
sistent with an overprint acquired during Neoarchean metamorphism. The LT and HT
components in the BIFs overlap with the HT component in the dyke, again suggesting
a pervasive overprint on this field site. The recovered directions for the baked and un-
baked BIF are indistinguishable to 95% confidence using Watson’s V,, statistic (Figure
TF).

3.4 Fold Test

We carried out a fold test on unbaked and baked BIF from the three sites that passed

the pseudo-baked contact test: 6A, 8A/A and C. Each set of unbaked directions were
untilted based on the basal bedding measurement (parallel to the banding in the BIF)
for each site (Figure 8). Planar bedding measurements were 108°/60° (site C), 145°/67°
(site 8A/A) and 346°/83° (site 6A). Each set of measurements were tilted progressive
from -10% to 100% tilt correction by changing the dip of the correction and holding the
strike constant. For each degree of tilting, a mean direction was calculated for all three
data sets combined, and the primary eigenvalue, 7 was calculated for the mean direc-
tion. The larger the value of 71 the greater the degree of clustering of directions, regard-
less of their polarity (Tauxe & Watson, 1994).

For the baked directions, the maximum value of 7, was recovered between -5-45%
untilting (Figure 9). This suggests that the directions in the baked BIF were acquired
post-tilting due to the juxtaposition of the 3.7 Ga northern terrane and 3.8 Ga south-
ern terrane at 3.69 Ga (Nutman & Friend, 2009), most likely during the emplacement
of the Ameralik dyke swarm 3.26-3.5 Ga (Nutman et al., 2004). It is unknown whether
the original magnetization in the dykes was uniform in orientation, but at 20% tilting
a southern magnetization direction is recovered from the baked BIF (Figure 9).

For the unbaked BIF directions the maximum value of 7; was recovered between
80-110% untilting, suggesting a passed fold test (Figure 9). This indicates that the mag-
netization in the unbaked BIF was acquired pre- or syn-tilting during Eoarchean meta-
morphism and the juxtaposition of terranes at 3.69 Ga (Nutman & Friend, 2009). Af-

21—



Table 4.

A summary of the directions used in the failed pseudo-baked contact tests at sites

4A, B and D.
Sample Distance from dyke (m) Range (°C) Dec (°) Inc (°) Origin trending? MAD dAng
Site 4A baked
4A05 0.8 0-300 252 40 6 16
4A06 1.15 413-580 288 -8 18 4
4A07 1.4 100-375 252 33 4 3
Site 4A unbaked
4A10 6.4 375-450 316 -24 v 8 9
4A11 6.8 100-300 187 33 v 6 2
4A12 9.7 500-580 160 -34 v 13 9
4A13 13.2 350-450 208 -25 v 7 2
Site B baked
B1l1l 0.2 220-550 159 44 X 8 13
B13 0.7 200-475 171 -29 v 5 1
B14 2.2 310-475 321 41 v 7 0
B29 3 310-475 174 80 v 7 2
B15 4 220-475 165 -34 v 9 1
B30 4.9 100-450 197 -57 v 5 3
B16 6.6 290-475 218 -38 X 6 6
B18 8.1 300-475 148 -61 v 7 1
B33 10.1 290-450 87 3 v 10 3
B20 12 220-340 78 29 v 14 13
B21 12.5 300-475 64 34 v 9 7
B22 14.4 220-375 309 28 v 5 3
B23 22.2 300-475 358 46 v 13 4
Site B unbaked
B24 23.3 300-475 61 -43 v 20 7
B25 24.4 290-475 96 -56 v 7 3
B26 24.5 150-320 72 -53 x 20 23
B27 25.9 310-450 260 -23 v 36 13
B28 26 100-475 136 -48 v 6 3
Site D baked
D10 0.7 100-475 241 33 v 12 2
D09 4.4 220-500 219 4 v 13 3
Do8 5.1 100-500 249 23 v 10 6
D29 5.3 330-530 232 -18 v 13 2
DO7 5.9 350-500 72 -11 v 12 7
D06 6.7 220-475 62 24 v 10 5
D05 10 340-500 246 -12 v 7 1
D04 10.7 310-500 222 26 v 17 3
Site D unbaked
D26 11 150-530 51 33 X 9 10
D03 11.2 0-500 34 7 v 7 2
D02 12.1 100-500 348 72 v 20 8
D24 17.7 150-530 313 5 v 5 2
D23 20.4 150-530 340 51 v 7 4
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Figure 8. Passed pseudo-baked contact tests in geographic coordinates and unbaked paleodi-
rections in tilt-corrected coordinates. (A) Equal area, lower hemisphere stereoplots showing high
temperature (HT) and high coercivity (HC) components recovered for the BIF recovered from
Site C. The mean baked BIF direction and unbaked BIF directions are shown by the red and
blue stars, respectively. Each recovered paleodirection in the BIF is coloured based on its dis-
tance from the dyke contact. (B) An aerial sketch of field sites B, C and D in Zone A. The dyke
is shown in red, the baked BIF in orange and unbaked BIF in yellow. (C) An outcrop sketch of
site 8A/A. The dykes at site 8A/A are shown in red, the baked BIF is shown in orange and the
unbaked BIF in yellow. (D) HT component directions recovered from the baked contact test at
sites A and 8A. Each HT direction in the BIF is colour coded with distance from dyke 8A. (E)
HT and LT component directions recovered from the baked contact test at site 6A. (F) The HT
component directions recovered from the unbaked BIF for each of the passed baked contact tests
at site C (blue), site 8A/A (red) and site 6A (green). The directions are shown in geographic co-
ordinates. The basal bedding for each site is shown in the same colour. (G) The HT component
directions recovered from the unbaked BIF at each site after tilt correction. The directions from
sites C and 8A/A converge (black star) and the direction from site 6A is antipodal (white star).

These directions pass a reversal test.
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from -10-100%. The maximum value of 71 is shaded in blue. The directions for sites 6A, 8A/A
and C are shown in green, red and blue, respectively on equal area stereonet projections for 0%,
50% and 100% untilting. B As for A, for baked BIF. The maximum value of 71 was recovered

at 20% tilting, suggesting Ameralik and thermal remagnetization of the baked BIF was pre- or
syn-tilting. C A cartoon schematic showing how the recovered paleomagnetic directions can be

interpreted in terms of the geological history of the ISB.

ter untilting, the unbaked paleodirections converge into two antipodal groups, with one
direction defined by sites 8A/A and C and the antipodal direction defined by site 6A.

3.5 Reversal Test

We carried out two types of reversal test to determine whether the two antipodal
directions recovered after untilting the unbaked BIF directions from sites 6A, 8A/A and
C represent a magnetic field reversal. We assume that none of our sites have been over-
turned, although we were unable to identify any convincing way-up indicators in the field
to confirm this. We compared fourteen directions sampled from the fisherian distribu-
tion recovered from sites 8A/A and C with four antipodal directions sampled from the
fisherian distribution recovered from site 6A. The direction defined by site 6A was ro-
tated 180° to have the same polarity as the direction defined by sites 8A/A and C. The
recovered x, y and z directional components of each mean direction were then plotted
as cumulative distributions (Figure 10A—C). Bounds that encompass 95% of the data
were shown to overlap for all three directional components indicating a passed reversal
test (Tauxe et al., 1991).

We also compared the two directions by calculating Watson’s Vi, statistic for each
recovered Fisher distribution of sites 8A/A and C (N = 14,k = 5) and 6A flipped to
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Figure 10. A reversal test for unbaked BIF directions recovered from sites 8A/A, 6A and C.
Plots A, B and C show the distribution of x, y and z directional components, respectively. The
95% confidence intervals for each direction overlap for all three components, indicating a passed
reversal test. D Watson’s Vyy statistic was calculated and demonstrates that if both directions
are rotated to the same polarity, they are indistinguishable to greater than 95% confidence. E
shows an equal area, lower hemisphere stereonet projection of the recovered paleodirections in

red, blue and green for sites 8A/A, C and 6A, respectively.

its antipode (N = 4,k = 11), and the critical value of Vi for each by randomly sam-
pling each Fisher distribution 1000 times. The calculated value of Vi, falls below the 5th
percentile of the cumulative distribution of simulated Vi values, demonstrating that the
two directions are indistinguishable with 95% confidence (Figure 10D).

3.6 Pseudo-Thellier paleointensity estimates

Three specimens (A05c, A07c and C02b) from sites 8A/A and C that passed the
pseudo-baked contact test, fold test and reversal test were used for Pseudo-Thellier ex-
periments (Paterson et al. (2016); Figure 11). These specimens were also chosen because
they are close to the locality where the magnetite in the BIF was U-Pb dated (Frei et
al., 1999; Frei & Polat, 2007). Specimens were AF demagnetized up to 145 mT to firstly
remove the NRM. A 50 T ARM was then imparted and again the specimens were de-
magnetized up to 145 mT. Finally, the samples were given a 40 mT IRM which was also
demagnetized up to 145 mT. AF demagnetization of the NRM revealed a HC compo-
nent which was origin-trending and stable to > 130 mT. The NRM demagnetization was
compared to the AF demagnetization of a 50 pT anhysteretic remanent magnetization
(ARM). A preliminary paleointensity estimate of 15.1 + 1.2 uT (uncertainty is two stan-
dard deviations), assuming the NRM represents a TRM, was recovered from all three
specimens (Figure 12). One specimen was also corrected for remanence anisotropy (Selkin
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Figure 11. The top panel shows AF demagnetization of an NRM (circles), 50 4T ARM
(squares) and 40 mT IRM (triangles) for BIF specimens A05c¢, A07c, C02b. The middle panel
shows zijderveld diagrams for AF demagnetization of the NRMs and HC, origin-trending compo-
nents are shown by pink lines on the inset panels. On the lowermost panel, NRM vs 50 u'T ARM
plots are shown. These were used to calculate Pseudo-Thellier paleointensities. The pink line

shows origin-trending, HC component over which the paleointensity estimates were calculated.

et al., 2000) which slightly increased the recovered paleointensity to 16.7 + 0.7 uT. Since
the magnetite in our samples acquired a CRM, these results are taken as evidence for

the presence of a field but should not be considered an accurate representation of its strength.

CRM acquisition is known to be less efficient than TRM acquisition, but calibrating be-
tween the two remains challenging.

Paleointensity estimates were acquired by comparing the vector-subtracted NRM
demagnetization to the ARM demagnetization. Three distinctive gradients were observed
for specimens AQ5c and AO7¢ and four for C02b. A paleointensity was calculated for each
linear part of the curve between the change in slope. The recovered values vary substan-
tially for the low and medium coercivity components (Table S3). The high coercivity com-
ponents, which were also origin-trending components for the NRM (Figure 11) return
similar paleointensity estimates of 17 + 1.2 T, 15+ 0.4 T and 15 + 0.6 uT, respec-
tively (uncertainties are two standard deviations).
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Figure 12. A summary of previous paleointensity studies throughout the Archean and
Hadean compiled by Bono et al. (2021). Solid circles represent whole rock studies (Herrero-
Bervera et al., 2016; Muxworthy et al., 2013; Biggin et al., 2009; Morimoto et al., 1997; Selkin
et al., 2008; Selkin & Tauxe, 2000; Yoshihara & Hamano, 2000; Miki et al., 2009; Shcherbakova
et al., 2017) while open circles represent single crystal studies (Tarduno et al., 2015, 2010, 2007).
The paleointensities for the three BIF specimens measured here are shown in red. The uncer-
tainty is similar to the size of the circle for the new measurements presented here. The ineffi-
ciency of CRM remanence acquisition suggests these intensities likely represent a lower estimate

for the Eoarchean geomagnetic field strength (shown by the upward pointing red arrow).

27—



634 4 Discussion

635 4.1 The age of dykes and implications for passed pseudo-baked contact

636 tests

637 We have assumed that the dykes sampled in this study are part of the Ameralik

638 dyke swarm, following the interpretation of Nutman and Friend (2009). However, three

630 sets of Archean dykes are discussed in the literature for this region; the Ameralik, Tarssartoq
640 and Inaluk dykes. The Tarssartoq dykes are thought to be part of the Ameralik dyke

641 swarm (Nutman et al., 2004), with both having basaltic compositions and common in-

642 clusion of plagioclase megacrysts. The different nomenclature for these two suites of dykes

643 was adopted to account for the differing extent of deformation, with the Tarssartoq dykes

64 being better preserved (Nutman, 1986). However, a genetic link between the two has never

645 been firmly established (White et al., 2000). The Tarssartoq dykes have an intrusion age
646 of ca. 3550 Ma ago and a U-Pb baddelyite age of 3490 £2 Ma (Crowley et al., 2000).

647 The Inaluk dykes identified in the area are noritic in composition (Nilsson et al.,
648 2010; Nutman, 1986), up to 4 m in diameter and generally folded (White et al., 2000).
649 Their small size and sparse occurrence suggest it is unlikely that these are the dykes we

650 sampled in this study. Nonetheless, they have been dated and have returned ages of 3512 4+ 6 Ma,
651 3659 + 2 Ma, 3658 + 1 Ma and 3661 + 7 Ma (Nutman et al., 2004; Crowley et al.,

652 2000; Crowley, 2003; Friend & Nutman, 2005). Regardless of which type of dykes we sam-

653 pled in the area, all of them have an age > 3.26 Ga, the younger limit on the emplace-

654 ment age of the Ameralik dykes. Our passed pseudo-baked contact tests therefore sug-

655 gest that the magnetization in the unbaked BIF was acquired prior to 3.26 Ga.

656 4.2 The tectonic history of the ISB and implications for the fold and

657 reversal tests

658 The ISB has undergone several tectonic events resulting in shearing, tilting and fold-
659 ing. The first major event was the development of a juvenile arc between 3720-3690 Ma

660 ago (Nutman & Friend, 2009; Nutman et al., 2009). The BIF forms part of the central
661 tectonic domain described by Appel et al. (1998) and experienced tight, isoclinal fold-

662 ing prior to its juxtaposition against the rest of the 3.7 Ga northern terrane. The 3.7 Ga
663 northern terrane and 3.8 Ga southern terrane collided 3690-3660 Ma, and subsequently
664 both terranes were sheared by a common event between 3650-3600 Ma (Nutman & Friend,
665 2009). Arai et al. (2015) also suggest exhumation and faulting of cold, brittle Eoarchean
666 crust following the juxtaposition of the two terranes, although the exact timing of the

667 event is poorly constrained.

668 A subsequent Noarchean tectonic event occurred ca. 2.85 Ga ago, where the en-

669 tire northern Isukasia terrane collided with the southern Kapisilik terrane (Nutman, Ben-
670 nett, Friend, Yi, & Lee, 2015). Large mylonite zones developed > 20 km south of the

671 ISB and are associated with metamorphism 2.69 Ga that metamorphosed some of the

672 Ameralik dykes to epidote-amphibolite grade. The influence of this southern shear zone
673 is minimal in the northern part of the ISB, and is unlikely to have resulted in any ma-

674 jor structural deformation. Given that the baked BIF fails the fold test while the un-
675 baked BIF passes, this suggests that folding occurred prior to the emplacement of the
676 dykes > 3.26 Ga, most likely during the tectonic and shearing events 3.69-3.60 Ga. This

677 suggests the remanence in the unbaked BIF was acquired before this time.

o78 Our reversal test is based on the assumption that the BIF at sites 8A/A, 6A and
679 C have not been overturned. We were unable to identify any reliable younging direction
680 indicators in the field, and given the tight isoclinal folding within the BIF we cannot rule
681 out the possibility of overturning. If site 6A is overturned, this would result in the ap-

682 parent reversed polarity observed at this site. This possibility does not influence the out-
683 come of our fold test which is based on the clustering of directions regardless of polar-
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ity (Tauxe et al., 1991). However, we acknowledge that given the complex deformation
of the ISB, our reversal test is ambiguous.

4.3 Using paleomagnetic field tests and field observations to reinterpret
the tectonothermal history of the northernmost part of the ISB

The metamorphic history of the ISB is complex, and the timing and grade of each
metamorphic event remain debated. Part of the difficulty in recovering the tectonother-
mal history of the area is that the observed metamorphic grades are spatially heteroge-
neous, and therefore each observation needs to be carefully considered in terms of its ge-
ographic location. We have compiled the location of each relevant observation for the
three metamorphic events discussed here in Figure 1 and Table 1. One particular dis-
crepancy that is significant for the interpretation of our paleomagnetic data is the dif-
fering interpretations regarding the grade of Eoarchean metamorphism in the northern-
most part of the field area. Arai et al. (2015) and Komiya et al. (2002) argue that this
area of the belt experienced greenschist grade metamorphism ca. 3.71 Ga during exhuma-
tion following the collision of the 3.8 Ga southern terrane with the 3.7 Ga northern ter-
rane. However, there are several lines of evidence suggesting this event was amphibo-
lite grade (Table 1) and no evidence for subsequent retrogressive metamorphism (Arai
et al., 2015). The magnetite carrying remanence in the BIFs grew during this early meta-
morphic event, and since HT components demagnetize up to 550°C (Figure 6) we ar-
gue this is most consistent with an amphibolite-grade metamorphic event.

The discrepancy between the metamorphic grade interpretations of Arai et al. (2015),
Komiya et al. (2002) and other authors (Rollinson, 2003; Nutman et al., 2009; Frei et
al., 1999; Dymek & Klein, 1988) can be resolved by considering the difference in their
interpretations of the mafic units in the area. The former authors interpret the north-
ernmost part of the ISB as a series of repeatedly faulted pillow basalts and BIF that are
stratigraphically conformable. However, Nutman and Friend (2009) interpret the mafic
units in this area as Ameralik dykes, and we agree from our own field observations that
the relationship between the mafics and BIF is intrusive. All studies (including this one)
agree upon the interpretation of the large mafic units in the south as pillow basalts, which
are well-preserved and still exhibit clear pillow structures with glassy rims. Therefore,
the apparent increase in metamorphic grade from north to south as interpreted by Arai
et al. (2015) and Komiya et al. (2002) reflects the Neoarchean greenschist grade meta-
morphism of the Ameralik dykes in the north, and the pervasive Eoarchean amphibo-
lite grade metamorphism of the pillow basalts in the south of the area.

The Neoarchean metamorphic event is thought to increase in grade from north to
south within the larger Isukasia region (Nutman, Bennett, Friend, Yi, & Lee, 2015). In
the region where we carried out pseudo-baked contact tests, the metamorphic grade as-
sociated with this Neoarchean event has not been directly constrained in detail, although
there are several lines of evidence that suggest a lower greenschist grade event with a max-
imum temperature of 350°C. Neither apatite nor magnetite Pb-Pb ages in the BIF in
this area were perturbed during this event, suggesting the peak temperatures were well
below the blocking temperatures of both systems (Nishizawa et al., 2005; Frei et al., 1999;
Frei & Polat, 2007). The mineral assemblages in the Ameralik dykes are also consistent
with greenschist facies conditions (Arai et al., 2015; Komiya et al., 2004). In addition,
we find that for all of our pseudo-baked contact tests, the magnetization in the Amer-
alik dykes is entirely unblocked by ~ 350°C (Figure S15). The subsequent Proterozoic
metamorphic event ca. 1.5 Ga did not cause a sufficient thermal perturbation in the north-
ernmost part of the area to influence the recovered Pb-Pb magnetite ages in the BIF (Frei
et al., 1999). The observed Neoarchean metamorphic assemblages were also unaffected
(Arai et al., 2015), and the 2.2 Ga norite dyke was not metamorphosed and retains its
igneous mineralogy (Nutman et al., 2022), although some hydrothermal alteration is ob-
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served, which may also account for the perturbation of the Pb-Pb apatite ages in the BIF
(Nishizawa et al., 2005).

Our paleomagnetic observations are consistent with a single major amphibolite-
grade metamorphic event at 3.69 Ga which resulted in the formation of magnetite, and
the corresponding magnetization recovered from the BIFs. We found that remanence was
unblocked in the lab at ~ 550°C, consistent with an amphibolite grade event (Figure
2B). The Ameralik dykes were emplaced after this Eoarchean metamorphic event, and
prior to lower greenschist metamorphism experienced during the Neoarchean ca. 2.85 Ga.
The dykes acquired their magnetization during metamorphism, acquiring a low temper-
ature CRM which was unblocked in the lab at 350°C (Figure S15). The subsequent Pro-
terozoic thermal event had a negligible thermal influence, suggesting it reached lower tem-
peratures than the Neoarchean event, consistent with the observed LT overprints that
were removed by 100-150°C (Figure 6). We show that neither the Neoarchean nor Pro-
terozoic event could have entirely overprinted the remanence acquired during Eoarchean
metamorphism, even if these events lasted for > 0.1 Ga (Figure 2B; Pullaiah et al. (1975)).

4.4 Preservation of an ancient magnetic field record in the Isua Supracrustal

Belt

We interpret the magnetization in unbaked BIF as a likely record of paleomagnetic
remanence acquired during Eoarchean metamorphism at 3.69 Ga (Dymek & Klein, 1988;
Frei et al., 1999). The passed pseudo-baked contact tests suggest the magnetization in
the BIF was not overprinted by Neoarchean or Proterozoic metamorphism supporting
numerous lines of evidence that neither event exceeded 350°C (Table 1). The convergence
of unbaked directions in the BIF's after tilt correction confirms the magnetization was
acquired prior to tilting, most likely during the juxtaposition of the 3.7 Ga northern ter-
rane and 3.8 Ga southern terrane at 3.69 Ga (Nutman & Friend, 2009). The consistent
southward direction recovered in the baked BIF in geographic coordinates (Figure 8) sup-
ports our hypothesis that this magnetization was acquired during Ameralik dyke emplace-
ment 3.26-3.5 Ga, and following tilting.

We have shown that paleomagnetic directions in the BIF can be constrained with
sufficient confidence to pass our pseudo-baked contact tests with 95% confidence (Fig-
ure 8). We note that anisotropy in BIFs, which is predominantly in the plane of the bands
(Schmidt & Clark, 1994), will act to rotate both the unbaked and baked directions into
the plane of banding. At each field site studied here, samples were preferentially taken
from undeformed bands, and the planar orientation of the bands is approximately con-
stant across each site (as described by our basal bedding measurements). Therefore, any
anisotropy correction could be assumed to act to correct all recovered directions in the
same way. This will have two effects: first, to focus the recovered directions towards the
pole to the plane of banding, reducing the scatter in the observed measurements and sec-
ond, to increase the angle between recovered baked and unbaked directions in our pseudo-
baked contact tests since it will remove the bias that pulls both directions into the plane
of the bands, thereby improving the confidence to which they pass.

The high degree of scatter in the recovered directions can be explained by the fact
that magnetite grain growth took place over a long time period during metamorphism
and therefore remanence was acquired at different times by different populations of grains
throughout metamorphism. This may indicate that the scatter in the BIF reflects sec-
ular variation of the ancient magnetic field. Our paleodirectional results also suggest the
Eoarchean geodynamo may have been reversing. The observed convergence of tilt-corrected
results in two antipodal directions (Figure 9) is consistent with a reversing field. Given
the uncertainty in the relative timing of remanence acquisition between sites A/8A, C
and 6A during metamorphism we cannot constrain a possible reversal rate.
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785 Our results are consistent with previous studies that suggest the Earth’s geomag-
786 netic field has been active since the Eoarchean (Tarduno et al., 2015, 2020). Given the

787 slow cooling rates post-metamorphism, it is likely that our paleointensity estimate rep-

788 resents a time-averaged field and may have been further reduced from the ‘true’ value

789 of the geomagnetic field by reversals, on top of the inefficiency associated with remanence
790 acquisition. Therefore we cannot rule out that the Archean magnetic field was at least

701 as strong as Earth’s magnetic field today. This highlights current challenges in accurately
702 recovering the strength and stability of the geomagnetic field over Earth’s history, al-

703 though our results suggest behaviour of the Eoarchean geomagnetic field was similar to
794 that observed today. Recent dynamo models have predicted the magnetic field declined
705 in intensity from the Archean until the Ediacaran (Davies et al., 2022) immediately prior
796 to inner core nucleation. Further constraints on the stability of the Archean field and

797 how this behaviour is manifest in the recovered paleointensity estimates will be required
708 to properly characterize paleointensity trends on billion year timescales.

799 The paleomagnetic record suggests that Earth has been surrounded by a protec-

800 tive magnetosphere since life originated on its surface. However, our recovered paleoin-

801 tensity of > 15 uT is equivalent to a virtual dipole moment of 1.6x10%2Am?, suggest-

802 ing a solar wind standoff distance ~ 5 Earth radii, consistent with previous results (Tarduno
803 et al., 2014). This is approximately half of the standoff distance provided by Earth’s mag-
804 netosphere today, although we acknowledge our results represent a lower estimate. Re-

305 cent models have also shown that a weak intrinsic magnetic field can act to increase at-
806 mospheric escape via the polar wind, an outflow of ions along open magnetic field lines

807 in the polar regions (Gronoff et al., 2020; Gunell et al., 2018). The degree of atmospheric
308 escape is therefore a trade-off between a larger magnetosphere creating a greater stand-
800 off distance that protects the atmosphere from erosion, versus greater connection of open
810 magnetic field lines with the interplanetary magnetic field and increased interaction be-
811 tween the solar wind and atmosphere in the cusp region both of which enhance escape

812 (Vidotto, 2021; Blackman & Tarduno, 2018).

813 Given the uncertainty in the exact strength of Earth’s magnetic field through time
814 and the unknown reversal rate, the delicate balance between magnetic field strength and
815 atmospheric escape could easily be tipped in favour of net atmospheric loss in the pres-
816 ence of a stronger solar wind during the Archean. Further studies should focus on con-
817 straining reliable paleointensities in the Archean. Whole-rock, orientable specimens with
818 magnetization ages constrained by U-Pb dating of magnetite should allow time-resolved
819 paleointensity records to be recovered with sufficient time resolution to interrogate the
820 stability and strength of the geomagnetic field during the Archean now the existence of
821 such a field has been confirmed.

822 5 Conclusions

823 The ISB contains exceptionally well-preserved crustal rocks from the Eoarchean.

824 In particular, the northern-most part of the northeastern end of the belt has only ex-

825 perienced one high temperature (470-550°C) metamorphic and metasomatic episode dur-

826 ing the Eoarchean (Rollinson, 2002, 2003). During this early metamorphic event, mag-
827 netite was formed in the BIFs with a Pb-Pb age of 3.69 Ga (Frei et al., 1999). Between
828 3.26-3.5 Ga the Ameralik dykes were emplaced (Nutman et al., 2004) and thermally re-

829 set the BIF immediately adjacent to each intrusion. The dykes were influenced by a sub-
830 sequent lower greenschist grade metamorphic event in the Neoarchean ca. 2.85 Ga (Arai
831 et al., 2015). A third, low temperature metamorphic event occurred 1.5-1.6 Ga and is

832 observed as perturbations to Pb-Pb, Rb-Sr and Sm-Nd ages (Nishizawa et al., 2005; Po-
833 lat et al., 2003), but did not have any influence on the observed metamorphic assemblages

834 in the area (Nutman et al., 2022; Arai et al., 2015).
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Passed pseudo-baked contacts and fold tests from three sites suggest high-temperature
magnetization in the BIF was acquired during Eoarchean amphibolite-grade metamor-
phism and was not reset by either of the subsequent low grade metamorphic events. The
BIF's therefore preserve a primary, high-temperature magnetization from the Eoarchean.
Thermal relaxation times for magnetite also indicate that a tectonothermal event with
peak temperatures < 350°C would be insufficient to overprint remanences acquired up
to 550°C (Pullaiah et al., 1975).

Pseudo-Thellier paleointensity results for the BIF recover an Eoarchean geomag-
netic field strength of at least 15.1 4+ 1.2 pT. There is significant uncertainty regarding
the type of remanence acquired; when magnetite formed during metamorphism it may
have acquired a growth CRM, an alteration CRM or a TCRM and therefore paleointen-
sity estimates likely offer only a lower limit on the true intensity. Paleodirectional re-
sults suggest the Eoarchean geomagnetic field may have experienced reversals although
we were unable to confirm if any of the sampled outcrops of BIF had been overturned.
Regardless of its exact strength and stability, our results suggest Earth has sustained an
intrinsic magnetic field since at least 3.7 Ga. The role of the geomagnetic field in Earth’s
habitability is presently ambiguous; a magnetosphere can both shield and enhance at-
mospheric erosion. The solar wind was substantially stronger during the Archean, and
therefore the strength of the geomagnetic field and the frequency of reversals will have
had a major influence on the stand-off distance created by the magnetosphere and its
effectiveness in shielding Earth from atmospheric loss.

Data Availability

Raw data are available for reviewers at Zenodo: https://doi.org/10.5281 /zenodo.8052859.
A Jupyter notebook and all relevant data used to run the paleomagnetic field tests in
PMagPy is available on GitHub: https://github.com/TinySpaceMagnet/Greenland Paleomagnetic_Data.
All other details of analysis and data interpretation are included in the supplementary
materials
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