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Abstract Recovering ancient records of Earth's magnetic field is essential for determining the role of the
magnetosphere in protecting early Earth from cosmic radiation and atmospheric escape. We present
paleomagnetic field tests hinting that a record of Earth's 3.7‐billion‐year (Ga) old magnetic field may be
preserved in the northeastern Isua Supracrustal Belt as a chemical remanent magnetization acquired during
amphibolite‐grade metamorphism in the banded iron formation. Multiple petrological and geochronological
lines of evidence indicate that the northernmost part of Isua has not experienced metamorphic temperatures
exceeding 380°C since the Eoarchean, suggesting the rocks have not been significantly heated since
magnetization was acquired. We use “pseudo” baked contact tests (intrusions emplaced 3.26–3.5 Ga ago) and a
fold test (folding 3.6 Ga ago) to demonstrate that some samples preserve a ca. 3.7 Ga record of the magnetic
field. We recover a field strength of >15 µT. This suggests that Earth's magnetic field may have been weak
enough to enhance atmospheric escape during the Archean.

Plain Language Summary Recovering ancient records of Earth's magnetic field is challenging
because the magnetization in rocks is often reset by heating during tectonic burial over their long and complex
geological histories. We show that rocks from the Isua Supracrustal Belt in West Greenland have experienced
three thermal events throughout their geological history. The first event was the most significant, and heated the
rocks up to 550°C 3.7‐billion‐years‐ago. The subsequent two events did not heat the rocks in the northernmost
part of the area above 380°C. We use multiple lines of evidence to test this claim, including paleomagnetic field
tests, the metamorphic mineral assemblages across the area, and the temperatures at which radiometric ages of
the observed mineral populations are reset. We use these lines of evidence to argue that an ancient, 3.7 billion
year old record of Earth's magnetic field may be preserved in the banded iron formations in the northernmost
part of the field area. The magnetization was acquired during mineral transformation associated with the first
thermal event and therefore only a lower limit on the strength of the ancient magnetic field was constrained.
However, we are able to conclude that the ancient magnetic field was likely comparable with the strength of
Earth's magnetic field today.

1. Introduction
Recovering a reliable record of geodynamo strength throughout Earth history is key to understanding the role of
magnetic fields in planetary habitability, the thermal evolution of early Earth, and the power sources required to
sustain planetary dynamos for billions of years. The geodynamo is currently driven by thermochemical con-
vection in the liquid outer core, although there remains some debate how such a field was sustained for billions of
years prior to the onset of core solidification (Landeau et al., 2022; Olson, 2013). The operation of the geodynamo

RESEARCH ARTICLE
10.1029/2023JB027706

Key Points:
• The north‐eastern part of the Isua

Supracrustal Belt experienced two
metamorphic events at 3.69 Ga and
2.85 Ga and one hydrothermal event at
1.5 Ga

• Banded iron formations acquired a
chemical remanent magnetization
during the first thermal event that was
not entirely overprinted by subsequent
events

• Paleomagnetic results hint that a record
of the Eoarchean geomagnetic field is
preserved in the Isua Supracrustal Belt

Supporting Information:
Supporting Information may be found in
the online version of this article.

Correspondence to:
C. I. O. Nichols,
claire.nichols@earth.ox.ac.uk

Citation:
Nichols, C. I. O., Weiss, B. P., Eyster, A.,
Martin, C. R., Maloof, A. C., Kelly, N. M.,
et al. (2024). Possible Eoarchean records
of the geomagnetic field preserved in the
Isua Supracrustal Belt, southern west
Greenland. Journal of Geophysical
Research: Solid Earth, 129,
e2023JB027706. https://doi.org/10.1029/
2023JB027706

Received 21 AUG 2023
Accepted 17 MAR 2024

Author Contributions:
Conceptualization: Claire I. O. Nichols,
Benjamin P. Weiss
Formal analysis: Claire I. O. Nichols,
Benjamin P. Weiss, Athena Eyster, Craig
R. Martin, Adam C. Maloof, Nigel
M. Kelly, Mike J. Zawaski,
E. Bruce Watson, Daniele J. Cherniak
Funding acquisition: Claire I. O. Nichols,
Stephen J. Mojzsis
Investigation: Claire I. O. Nichols,
Benjamin P. Weiss, Athena Eyster, Craig
R. Martin, Adam C. Maloof, Nigel

© 2024 The Authors.
This is an open access article under the
terms of the Creative Commons
Attribution‐NonCommercial License,
which permits use, distribution and
reproduction in any medium, provided the
original work is properly cited and is not
used for commercial purposes.

NICHOLS ET AL. 1 of 36

https://orcid.org/0000-0003-2947-5694
https://orcid.org/0000-0003-3113-3415
https://orcid.org/0000-0003-1530-0658
https://orcid.org/0000-0002-7312-1167
https://orcid.org/0000-0003-0032-6628
https://orcid.org/0000-0002-0486-8275
https://orcid.org/0000-0002-4235-6510
https://orcid.org/0000-0003-0000-125X
mailto:claire.nichols@earth.ox.ac.uk
https://doi.org/10.1029/2023JB027706
https://doi.org/10.1029/2023JB027706
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023JB027706&domain=pdf&date_stamp=2024-04-24


depends upon the heat flow across the core‐mantle boundary, which is a function of both the amount of heat
removed by mantle convection and the supply of heat from the core. Recent studies have inferred a gradual
decrease in the strength of the dynamo from the Archean until ca. 0.5 Ga based on the existing paleointensity
record, which is sparse throughout this time period. These studies propose the inner core began to solidify at the
end of this decline (Bono et al., 2019; Davies et al., 2022; Zhou et al., 2022). A relatively young inner core
suggests a high core thermal conductivity and a high conductive heat flow of ∼15 TW (Landeau et al., 2022). In
order for thermal convection to sustain the dynamo prior to inner core nucleation would require the total heat flow
out of the core to exceed 15 TW. This heat flow is approaching the upper limit of present day estimates, and would
result in an increased number of mantle plumes and a higher degree of mantle melting in Earth's early history
suggesting a higher heat flux into the mantle than today. However, petrological observations of both komatiites
and cratonic lithosphere suggest secular cooling of Earth with a constant Urey ratio (e.g., constant ratio of
radiogenic heating to surface heat flow), indicating the ratio of the heat flux into and out of the mantle has not
decreased with time (Herzberg et al., 2010; Lay et al., 2008; Pearson et al., 2021). To reconcile the current
paradox, trends in magnetic field strength need to be resolved with greater precision to confirm the age of the
inner core. In addition, further work is needed to investigate different dynamo mechanisms and core heat flow
requirements for the early geomagnetic field, and whether a decline in, or constant magnetic field strength is
expected prior to core solidification (Davies et al., 2022; Landeau et al., 2017).

The preservation of a temperate climate and liquid water on early Earth depends critically upon the strength of the
magnetosphere (Sterenborg et al., 2011; Tarduno et al., 2014). Recent atmospheric escape models have suggested
that both weak (<10 μT) and strong (>1 mT) magnetic fields could substantially enhance atmospheric escape
under present‐day solar wind conditions via the polar wind or cusp escape, respectively (Gronoff et al., 2020;
Gunell et al., 2018; Lundin et al., 2007). During the Archean, the Sun was rotating faster, generating a stronger
stellar dynamo and therefore the solar wind was more intense than today (Vidotto, 2021). An increased solar wind
strength causes greater interaction with the upper atmosphere and greater escape of ions assuming a constant level
of protection from Earth's magnetosphere. Previous magnetohydrodynamic simulations have suggested that if
Earth's magnetic field was half its present day strength 3.5 Ga ago, the area of the polar cap (the area containing
open dipolar magnetic field lines, allowing atmospheric escape via the polar wind) could increase by up to 50%
(Sterenborg et al., 2011). In order to quantify the extent to which atmospheric escape in the Archean was driven by
the solar wind, we therefore need robust observations of Earth's magnetic field strength during this time period.

The evolution of Earth's atmosphere played a pivotal role in developing life as we know it; initially the atmo-
sphere was depleted in oxygen (i.e., reduced), creating conditions favorable for the origins of life (Catling &
Zahnle, 2020; Sasselov et al., 2020). However, complex life was able to develop following the Great Oxidation
Event (GOE) ca. 2.5 Ga, and this may at least in part have been driven by hydrogen loss (Catling, 2013; Zahnle
et al., 2013). There is evidence for loss of ionized xenon and hydrogen throughout the Archean (Avice et al., 2018;
Zahnle et al., 2013, 2019), and the loss of ionized species is inherently linked to the magnetosphere (Gronoff
et al., 2020). In order to assess the extent to which hydrogen and xenon loss were mediated by Earth's magnetic
field, we must recover accurate records of its strength prior to 2.5 Ga ago. The maximum amount of hydrogen and
xenon escape via the polar wind can be determined from the lower limit on magnetic field strength. Therefore,
recovering these limits for the early magnetic field will allow us to determine the relative importance of this
escape mechanism for the evolution of Earth's atmosphere prior to the GOE. Atmospheric escape models can rely
upon paleomagnetic observations to assess the size of the polar cap under increasing solar wind strengths, and
therefore the role of Earth's magnetic field in mitigating or enhancing past atmospheric escape.

Extending the paleomagnetic record back through time becomes increasingly challenging, as ancient rocks have
inevitably experienced multiple metamorphic and metasomatic events during their lengthy geological histories.
Modern paleointensity studies often focus on fresh lava flows, where the lava acquires a thermal remanent
magnetization (TRM) during cooling and crystallization (Valet, 2003). The age of magnetization therefore
corresponds to the crystallization age of the lava and a paleointensity can be reliably recovered using thermal
demagnetization (Dunlop & Ozdemir, 1993). However, when considering rocks that have undergone meta-
morphism or metasomatism, rocks will acquire a thermochemical remanent magnetization (TCRM) during
mineralogical transformations associated with these events. A TCRM introduces uncertainty in both the timing of
magnetization, since the magnetization post‐dates the formation age of the rock and, if unrecognized may lead to
underestimates of the strength of the recovered magnetization, given that a TCRM has a lower remanence sus-
ceptibility than a TRM (Stokking & Tauxe, 1987, 1990).

M. Kelly, Mike J. Zawaski, Stephen
J. Mojzsis, E. Bruce Watson
Writing – original draft: Claire
I. O. Nichols, Benjamin P. Weiss,
Athena Eyster, Craig R. Martin, Adam
C. Maloof, Stephen J. Mojzsis
Writing – review & editing: Claire
I. O. Nichols, Benjamin P. Weiss,
Athena Eyster, Craig R. Martin, Adam
C. Maloof, Mike J. Zawaski, Stephen
J. Mojzsis, E. Bruce Watson

Journal of Geophysical Research: Solid Earth 10.1029/2023JB027706

NICHOLS ET AL. 2 of 36

 21699356, 2024, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JB

027706 by M
assachusetts Institute of T

echnolo, W
iley O

nline L
ibrary on [24/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



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 Formation, Australia (Biggin et al., 2011; Herrero‐Bervera
et al., 2016; Tarduno et al., 2010). A paleointensity of 6.4 μT was recovered from the Duffer Formation (Her-
rero‐Bervera et al., 2016), although it remains unresolved whether this value represents a genuinely weak
geomagnetic field acquired as a TRM, or a lower estimate on the true paleointensity acquired as a TCRM.
Paleomagnetic studies on 4.2–3.2 Ga old single zircon crystals have argued for evidence of an active geodynamo
during the Archean and Hadean with a similar field strength to today (Tarduno et al., 2015, 2020, 2023). However,
other studies have demonstrated that the magnetic carriers in these zircons are secondary in origin and the
magnetization is likely an overprint that post‐dates the formation of the zircons by billions of years (F. 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 detrital). In
contrast, for whole‐rock samples, the age of magnetization can be assessed using paleomagnetic field tests. The
aim of this study is to extend the ancient whole‐rock paleomagnetic record beyond 3.5 Ga.

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 formations (BIFs) in the Isua Supracrustal Belt (ISB),
southwest Greenland. We compile existing geochronological and petrological observations to determine a
thermal history for the ISB and identify three metamorphic and hydrothermal episodes that may have remag-
netized these rocks. We present results from paleomagnetic field tests that allow us to verify whether magneti-
zation pre‐ or post‐dates the emplacement of igneous intrusions and folding. We also discuss how the thermal
history of the area can be constrained from Pb‐Pb isochrons for magnetite, and U‐Pb ages for apatite in the BIF.

We argue that the magnetite in Isua should carry a TCRM formed during amphibolite‐grade metamorphism ca.
3.7 Ga (Frei et al., 1999; Dymek, 1988; Nutman et al., 2022). The BIF has a whole‐rock Rb‐Sr age of
3.7 ± 0.14 Ga (Moorbath et al., 1973) and a Pb‐Pb apatite age of 3.9 ± 0.2 Ga (Nishizawa et al., 2005). However,
it is now commonly accepted that magnetite in BIF is not a primary phase formed directly via precipitation from
the water column. Instead, the majority of magnetite in BIFs is now considered to be the product of meta-
morphism and diagenesis of precursor ferro‐ferric oxides and hydroxides (Rasmussen & Muhling, 2018; Kon-
hauser et al., 2017; Nutman, 2017). The magnetite may have grown via direct crystallization, acquiring a CRM by
grain 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. How this type of
CRM becomes magnetized is poorly understood, and in this case is further hampered by the ongoing debate
regarding the primary mineralogy in BIFs, which could include green rust, ferrihydrite and greenalite (Halevy
et al., 2017; J. E. Johnson et al., 2018; Nutman, 2017; Tosca et al., 2016).

Our results tentatively suggest that the BIF in the northernmost part of the northeastern ISB has escaped meta-
morphic events exceeding 400°C since 3.7 Ga, and therefore the high temperature component of magnetization
preserves a record of the Eoarchean geomagnetic field. We highlight the importance of combining detailed field
observations with petrological and geochronological analyses and paleomagnetic field tests; without this context
the recovered paleodirections are ambiguous and cannot be reliably interpreted. The approach presented here can
now be applied to other Archean terranes in order to build up a robust picture of Earth's earliest geomagnetic field
record.

1.1. U‐Pb Ages of Magnetite and Apatite as Thermochronometers

The Isua BIF contains abundant magnetite and apatite, for which U‐Pb thermochronometry can be used to es-
timate metamorphic temperatures. U‐Pb dating of apatite is a well‐established method, and the Isua BIF has
previously been dated using this approach (Nishizawa et al., 2005). Magnetite can also contain low but
measurable concentrations of U (0.2–0.4 ppm) and Pb (0.2–0.7 ppm) with radiogenic Pb representing ∼2% of
total Pb (Gelcich et al., 2005). The low amount of U and radiogenic Pb makes it challenging to directly recover a
U‐Pb isochron from magnetite. However, stepwise leaching allowed both uranogenic and thorogenic arrays to be
successfully recovered and a Pb‐Pb isochron to be calculated (Frei et al., 1999).

The apatite observed in the Isua BIF is considered to be associated with early hydrothermal events ca. 3.63 Ga
(Frei et al., 1999). Three previous studies have investigated the potential of Pb‐Pb dating for magnetite in BIFs
(Erel et al., 1997; Frei et al., 1999; Frei & Polat, 2007). These studies were carried out on the Isua BIF and the
Brockman Iron Formation from the Hamersley basin, western Australia. Studies on the Isua BIF recovered Pb‐Pb
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isochron ages of 3.691 ± 0.049 Ga and 3.691 ± 0.022 Ga (Frei et al., 1999; Frei & Polat, 2007). The Pb‐Pb age of
the magnetite has not been perturbed or reset since this early metamorphic event and no additional magnetite
nucleation or growth since this time. However, previous studies were unable to interpret these ages in terms of the
subsequent thermal history of the area, since the Pb diffusion rate in magnetite was unconstrained.

Based on Pb diffusion measurements for apatite and magnetite (Cherniak et al., 1991; E. B. Watson et al., 2023),
assuming a maximum cooling rate of 100°C Ma− 1 following peak metamorphic conditions (Figures S1 and S2 in
Supporting Information S1), and a maximum grain size of 27 and 100 μm for magnetite and apatite in the Isua
BIF, respectively (Figures S3 and S4 in Supporting Information S1), we estimated the peak closure temperature
for each system. Pb‐Pb isochrons for magnetite will be reset by heating to >380°C, and U‐Pb ages in apatite will
be reset by heating to >530°C. Since both of these temperatures are below the Curie temperature for magnetite
(580°C), these serve as useful reference points for assessing which thermal events may have remagnetized the
Isua BIF.

1.2. Geologic Setting

The northeastern part of the ISB is subdivided into three main terranes separated by faults (Figure 1). The 3.7 Ga
northern terrane, the focus of this study, is sandwiched between a northwest terrane and the 3.8 Ga southwest
terrane (Nutman & Friend, 2009). 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 (based on their composition, distribution and thickness; see Discussion for further details) emplaced
3.26–3.5 Ga ago (ages constrained by U‐Pb zircon dating) across much of the Nuuk district 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 Isua BIF, the main focus of this study, has a simple mineralogy comprised of alternating bands of quartz and
magnetite with minor amphibole at the boundary between the two phases. The northernmost 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 below that suggest this part of the belt (Figure S5 in Supporting Information S1) only expe-
rienced one significant (>380°C) metamorphic event ca. 3.69 Ga.

The northern terrane has experienced two metamorphic events during the Eoarchean and Neoarchean, and a
hydrothermal event during the Proterozoic, evidence for each event is summarized in Table 1. The temperature
and timing of the events are summarized in Figure 2. The Eoarchean metamorphic event was upper‐greenschist to
amphibolite grade, resulting in the formation of a single generation of garnets (Rollinson, 2003) and the growth of
grunerite and magnetite in the BIF at 3.69 Ga (Dymek, 1988; Frei et al., 1999). Garnet‐biotite thermometry
indicates 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 southern terrane at 3.69–3.66 Ga based on zircon U‐
Pb ages (Nutman & Friend, 2009).

A Neoarchean metamorphic event followed the juxtaposition of the Isukasia and Kapisilik terranes occurred ca.
2.98–2.95 Ga (Nutman et al., 2015; Frei et al., 1999; Gruau et al., 1996; Polat et al., 2003). The metamorphic
grade increases from north to south toward 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).
However, peak metamorphic temperatures in the northernmost region remained below 380°C, since neither the
BIF apatite or magnetite Pb‐Pb ages were reset during this time period (Nishizawa et al. (2005); Frei et al. (1999)).
The Ameralik dykes were metamorphosed in this event, with their doleritic assemblage being transformed to
actinolite, chlorite, epidote and magnetite‐bearing assemblage, indicating lower greenschist grade metamorphism
(360–400°C; Komiya et al. (2004); Arai et al. (2014)).

A subsequent thermal perturbation at 1.5–1.6 Ga is not observed in most of the metamorphic assemblages across
the area, with the 2.2 Ga norite dyke retaining its primary igneous mineralogy (Nutman et al., 2022). The only
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Figure 1.
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evidence for this later event is in a partial resetting of the Pb‐Pb apatite age in the BIF, and the complete resetting
of the Rb‐Sr age in the pillow basalts (Nishizawa et al., 2005; Polat et al., 2003). Since neither system has un-
dergone complete homogenization and resetting, this event is interpreted to have been a low temperature (∼320°
C) overprint and not sufficient to produce new mineral growths or reaction rims on the existing metamorphic
mineral assemblages.

1.3. Sample Lithologies

In the southern part of the northeast ISB are outcrops of a round pebble conglomerate (Site 3AA). This
conglomerate is sedimentary in origin (Fedo, 2000), with beds defined by variations in the matrix grain size. The
conglomerate is made up of rounded clasts that vary from 0.5 to 30 cm in diameter. Pebble clasts have been
rotated into the cleavage plane and stretched parallel to this foliation, which most likely developed during
Noearchean metamorphism and the collision of the Isukasia and Kapisilik terranes. The clasts have a range of
lithologies including amphibolite, quartzite, iron formation, 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 grainsize 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 meta-
morphosed to amphibolite grade with peak temperatures of 500–600°C during both the Eoarchean and Neo-
archean tectonothermal events (Table 1).

A large (>100 m wide) noritic dyke 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). This intrusion is a useful target to assess the extent of remagnetization during the Proterozoic
metamorphic event. The dyke primarily is composed of coarse, crystalline orthopyroxene, clinopyroxene and
plagioclase. The pyroxenes have been partially altered to amphiboles, and the larger crystals are surrounded by a
matrix of quartz, K‐feldspar, plagioclase, Fe‐Ti oxide, hornblende and apatite (Nutman et al., 1995).

BIF forms 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 varying amounts of amphibole and carbonate. The BIF has
been variably categorized depending on its mineral assemblage (Aoki et al., 2016; Dymek, 1988). Here, we define
BIF as the quartz‐magnetite formation defined by Dymek (1988) and the gray‐type BIF defined by Aoki
et al. (2016). Two generations of magnetite are observed in the BIF, both of which were formed after primary
deposition of Fe‐clays such as greenalite (Nutman, 2017). The first generation of magnetite replaced the primary
mineralogy in the original depositional bands yields a Pb‐Pb age of 3.69 ± 0.22 Ga (Frei et al., 1999). A sub-
sequent hydrothermal event at 3.63 ± 0.07 Ga introduced secondary veins of magnetite 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 Tarssartôq
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 Eoarcheanmetamorphic events that generated
the magnetite in the primary depositional banding in the BIF (Dymek, 1988; Frei et al., 1999), but prior to
subsequent Neoarchean metamorphism and Proterozoic hydrothermal events. The original mineral assemblage in

Figure 1. A simplified geological map [after Nutman and Friend (2009)] depicts the northeastern 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 colored symbols, where pink, blue and yellow
colors represent evidence for Eoarchean metamorphism, Neoarchean metamorphism and Proterozoic hydrothermal activity, respectively. Petrological constraints from
metabasites (squares) and metapelites (circles) and the inferred metamorphic boundaries (gray lines; Arai et al. (2014); Komiya et al. (2002)); garnet‐biotite
thermometry (5‐point stars; Rollinson (2002, 2003)); Sm‐Nd pillow basalt ages (upwards pointing triangle; Polat et al. (2003)); Pb‐Pb apatite ages (pentagon; Nishizawa
et al. (2005)); Sm‐Nd plagioclase amphibole ages (7‐point star; Gruau et al. (1996)); and Pb‐Pb magnetite BIF ages (downwards pointing triangle; Frei et al. (1999); Frei
and Polat (2007)). The sites where paleomagnetic data were collected as part of this study are labeled 8A/A, B, C, D, 3AA, 4A, 5A and 6A.
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the Ameralik dykes contained no magnetite and large multidomain magnetite crystals are thought to have formed
during Neoarchean greenschist grade metamorphism (Nutman et al., 2004).

2. Materials and Methods
2.1. Paleomagnetic Sampling and Field Tests

We conducted two field campaigns to the ISB between 29 July–6 August 2018 and 16 July–27 July 2019. We
carried out geological mapping and collected oriented drill cores and block samples of the pebble conglomerate,
the norite dyke, and six sites where mafic Ameralik 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 magnetic compass readings. Cores were extracted using copper beryllium alloy chisels to avoid
remagnetizing the specimens.

Conglomerate tests, pseudo‐baked contact tests and a fold test were 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 matrix. 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

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. 3.69–3.63 Ga)

The BIF was transformed to an assemblage containing grunerite, cummingtonite, actinolite
and magnetite indicating amphibolite grade metamorphism.

Dymek (1988)

Magnetite in the BIF in the northern ISB has a Pb‐Pb age of 3.69 Ga. Frei et al. (1999); Frei and Polat (2007)

Garnet grew during a single metamorphic event at temperatures between 470 and 550°C
based on garnet‐biotite geothermometry.

Rollinson (2002, 2003)

Apatite and cross‐cutting veins of magnetite formed in the BIF at ca. 3.63 Ga during
hydrothermal activity

Frei et al. (1999)

Neoarchean Metamorphic Event (ca. 2.85 Ga)

Sm‐Nd ages in pillow basalt rims was reset to 2.567 Ga in the southern part of the
northeast ISB.

Polat et al. (2003).

The Pb‐Pb apatite ages in the banded iron formation are not impacted by this event,
suggesting a peak metamorphic temperature below 530°C in northern part of ISB.

Nishizawa et al. (2005).

Ameralik dykes (emplaced 3.26–3.5 Ga) retain primary igneous textures and are only
weakly metamorphosed to a greenschist grade assemblage in the northern part of ISB and
so must post‐date the amphibolite grade event.

A. Nutman et al. (2015); Arai et al. (2014)

Pb‐Pb magnetite ages in BIF in the southwestern part of the ISB are reset to 2.84 ± 0.05 Ga.
(This age is not recovered in the BIF is the northeastern part of the ISB.)

Frei et al. (1999)

Sm‐Nd plagioclase and amphibole ages from the Garbenschiefer unit in the southern part of
the ISB are 2.849 ± 0.116 Ga, indicating a metamorphic temperature of 500–600°C.

Gruau et al. (1996)

Proterozoic Hydrothermal Event (ca. 1.5–1.6 Ga)

Perturbation of Pb‐Pb apatite age ca. 1.5 Ga in the BIF suggests an event below 530°C. The
Pb‐Pb age of magnetite in the BIF was not perturbed by this event, suggesting peak
temperatures below 380°C in the northernmost part of the northeast ISB.

Nishizawa et al. (2005); Frei et al. (1999); E. B.
Watson et al. (2023)

Perturbation of the Sm‐Nd age and resetting of the Rb‐Sr errorchron in pillow basalt rims at
1.604 Ga indicates a hydrothermal temperature of ∼320°C.

Polat et al. (2003)

The 2.2 Ga noritic dyke retains its primary igneous mineralogy, indicating no substantial
metamorphism after this time, and only hydrothermal alteration.

Nutman et al. (2022)

Journal of Geophysical Research: Solid Earth 10.1029/2023JB027706
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of 0.3–1 m, preferentially targeting regions of rock that were absent of fractures, deformation or veining (Figure
S6 in Supporting Information S1). Specimens were acquired up to >3 radii from the dyke to ensure sufficient
sampling in the unbaked regions. Each area 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 VW statistic was used
to determine if paleomagnetic directions close to and far from the dyke have distinct directions. Fold tests were
carried out on unbaked BIF directions that passed Watson's VW test (Tauxe et al., 1991).

Figure 2. The thermal history of the ISB. (a) The BIF formed ca. 3.7 Ga ago and subsequently experienced an amphibolite grade metamorphic event. This metamorphic
event resulted in magnetite growth in the BIF that acquired a TCRM, and set the U‐Pb ages for both the magnetite and apatite. The Ameralik dykes were subsequently
emplaced, and later experienced greenschist‐grade, Neoarchean metamorphism. Neither the magnetite nor the apatite U‐Pb ages were perturbed by this event,
suggesting the maximum metamorphic temperature was below the closure temperature for both systems. A large norite dyke was then emplaced 2.2 Ga ago, and
experienced hydrothermal alteration ca. 1.5 Ga ago although its igneous mineralogy was retained. The magnetite U‐Pb ages were not perturbed this event, but the apatite
U‐Pb age was partly altered due to modification by hydrothermal fluids. (b) A Pullaiah diagram (Pullaiah et al., 1975) showing the blocking time as a function of
temperature for single domain magnetite. This diagram shows that remanence acquired in any of the metamorphic events can be unblocked in the laboratory during
heating times of 1 hr up to temperatures <580°C. The diagram indicates that the Neoarchean and Proterozoic events cannot entirely thermally overprint the
magnetization carried by single domain grains during Eoarchean metamorphism even during events lasting of order 100 Ma, although they may result in thermal
overprints <450°C.

Table 2
A Summary of the Sites Where Paleomagnetic Field Tests Were Carried out

Site

Location

No. of specimens measured Paleomagnetic field testLatitude (° N) Longitude (° W)

3AA 65.1744 49.8000 28 Conglomerate test ‐ round pebble conglomerate

5A 65.1689 49.8074 8 Paleodirection ‐ norite dyke

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/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

Note. All GPS coordinates are given for the World Geodetic System 1984 (WGS84).
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2.2. Paleomagnetic Analyses

Drill cores were cut into ∼1‐cm thick discs using an ASC Scientific dual‐blade rock saw at MIT. BIF samples
were further cut down to∼1‐mm thick slices using a Buehler IsoMet® low speed saw in the MIT Paleomagnetism
Laboratory due to their exceptionally strong magnetic moments. Other lithologies (conglomerate clasts, matrix
and Ameralik dykes) were measured as 1‐cm thick discs. Specimens were measured using the 2G Enterprises
superconducting quantum interference device (SQUID) rock magnetometer, 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 specimens 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
ensure this did not introduce any bias into the recovered data. All specimens were then alternating field (AF)
demagnetized in steps of 2 mT from 2 to 10 mT along three orthogonal axes using inline coils housed within the
magnetometer to clean the specimens of low‐coercivity, unstable multidomain components. Specimens were then
thermally demagnetized in an ASC Scientific TS‐48SC thermal demagnetization oven between 100 and 580°C in
gradually decreasing temperature steps ranging from 50 to 5°C. Samples were heated for 1 hr to ensure any
magnetization carried by single domain grains acquired during metamorphic events lasting between 103–
106 years was unblocked (Pullaiah et al., 1975).

Stable components of magnetization were identified using principal component analysis (Kirschvink, 1980).
Stable, origin‐trending components were defined as those where the maximum angular deviation (MAD) is
greater than the deviation angle (dAng), and both values are small. Component directions were plotted in
geographic coordinates in Stereonet (Allmendinger et al., 2013; Cardozo & Allmendinger, 2013), and Fisher
statistics calculated to constrain the mean and α95 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 was AF demagnetized along three orthogonal axes from 0 to 145 mT in steps of 5 mT,
with a small subset demagnetized up to 400 mT in steps of 100 mT between 200 and 400 mT to identify high‐
coercivity components. Three specimens (A05c, A07c, and C02b) were used for pseudo‐Thellier experiments.
A 50 μT anhysteretic remanent magnetization (ARM) applied under a 260 mTAF and 40mT isothermal remanent
magnetization (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, Banc, using

Banc =
ΔNRM
ΔARM

Blab

a
(1)

where a = 3.28 is the calibration factor for magnetite (Paterson et al., 2016). For some specimens, the NRM
demagnetization had multiple directional components in opposing directions, resulting in substantial curvature in
the orthographic demagnetization plots. To remove this curvature, vector subtraction was used to isolate the
moment magnitude in order to calculate ΔNRM

ΔARM . The ARM demagnetization was also compared to the IRM
demagnetization to verify the paleointensity recording fidelity of the BIF specimens. The recovered paleo-
intensity, Brec, was estimated using the following:

Brec =
ΔARM
ΔIRM

f (2)

where f = 3,000 (Gattacceca & Rochette, 2004).

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

μ̄ =
∑i

n=1wiμi
∑i

n=1wi
(3)
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where μ̄ is the weighted mean, wi =
1
σ2i

where σi is the standard deviation recovered for each individual paleo-

intensity measurement, and μi is each recovered paleointensity value. The weighted uncertainty is then calculated
using:

σ̄ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⎛

⎜
⎜
⎜
⎜
⎝

∑i
n=1wi(μi − μ̄)2

n− 1
n ∑i

n=1wi

⎞

⎟
⎟
⎟
⎟
⎠

√
√
√
√
√
√
√

(4)

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) MicroMag 2900 Series alternating gradient magne-
tometer (AGM) at the University of Cambridge. Five BIF specimens (4A11, 6A09, 6A15, 8A06 and 8A19) were
measured. FORCs were measured with a saturating field Hsat 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 parameters Mrs, Ms, and Hc which are the saturation remanent magnetization,
saturation magnetization and coercivity, respectively. Hcr, the coercivity of remanence, was calculated 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 coercivity spectra of each population of magnetite grains within
each specimen using MAX UnMix (Maxbauer et al., 2016).

3. Results
3.1. Paleomagnetic Carriers

In the BIF samples, scanning electron microscopy (SEM) and petrological analyses revealed that the magnetic
carrier is magnetite (Figures S4 and S10 in Supporting Information S1), consistent with a sharp drop in
magnetization close to 580°C. 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, suggesting that the NRM is primarily carried by stable, single‐domain magnetite grains. However, given
that the validity of the Lowrie test rests on the form of single grain anisotropy, this conclusion is somewhat
uncertain (Newell, 2000). Furthermore, all specimens plot in the multidomain (MD) region of the Day plot, and
the FORC diagrams also revealed predominantly MD behavior (Figure 4) suggesting that the single domain (SD)

Figure 3. Results of a Lowrie test conducted to determine whether the NRM in BIF specimens is carried byMD or SD grains. The NRM and IRMwere demagnetized up
to 145 mT. For all three specimens shown, (a) A05c, (b) A07c and (c) C02b, the NRM is retained to higher alternating fields than the IRM, indicating that the NRM is
predominantly carried by single‐domain magnetite.
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grains carrying the remanence represent a small proportion of the total population of magnetite grains. SEM
images and low temperature demagnetization also demonstrate that the vast majority of magnetite grains have a
diameter between 1 and 26 μm (Figures S3 and S4 in Supporting Information S1). Multidomain magnetite was
efficiently demagnetized at low field strengths of <10 mT (Hodych, 1982). During NRM demagnetization,
multiple directions were recovered representing different directional components of magnetization. Both the high
temperature (HT; >400°C) and high‐coercivity (HC; >60 mT) components in the BIF were found to be similar
(Figure S7 in Supporting Information S1). HT directions are also slightly influenced by low‐coercivity, multi-
domain overprints which are not effectively removed during thermal demagnetization. Backfield curve acqui-
sition revealed three populations of magnetite grains (Figure 4, Table S1); 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

Figure 4. Rock magnetic analyses on banded iron formation specimens. (a), (b), (c), (d), and (e) show first order reversal curve (FORC) diagrams for specimens 4A11,
6A09, 6A15 and 6A19, respectively. In all cases, the FORC diagrams exhibit typical MD behavior, with the signal predominantly spread out over the vertical axis.
However, (f) shows that during AF demagnetization, remanence is removed up to fields exceeding 145 mT suggesting stable SV or SD grains are present. (g) A Day plot
summarizing the hysteresis behavior of the samples. (h–l) show coercivity distributions derived from backfield demagnetization curves (i.e., demagnetization from
saturation state). Three populations of magnetite grains are identified by best‐fit Gaussian curves which represent MD (red) and SD/SV (blue/green) populations,
respectively.
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population (15%–27% of grains) has a mean coercivity ranging from∼60–70 mT and a third population (<10% of
grains) has a mean coercivity of >150 mT. These higher coercivity grains are likely stable single domain or single
vortex (SV) magnetite grains (Hodych, 1982).

The NRMs of four lithologies were subjected to thermal demagnetization: conglomeratic clasts (of varying
mineralogy, with most being quartz‐rich), the norite dyke, dolerite dykes (part of the Ameralik dyke swarm) and
the BIF. Thermal demagnetization shows that for the conglomerate clasts and dolerite, the majority of NRM is
removed between 300 and 400°C (Figures S8 and S9 in Supporting Information S1). In the norite dyke the
majority of magnetization is removed between 500 and 600°C. The magnetic carriers in the norite dyke are though
to carry a primary TRM acquired during initial cooling of the intrusion. However, the magnetic carriers in the
conglomerate clasts, Ameralik dykes and BIF are thought have been altered during metamorphism and therefore
the magnetization is interpreted as a TCRM imparted during greenschist to amphibolite grade metamorphism
(450–550°C). In the BIF, AF demagnetization removed NRM with an intensity <0.1 times that for isothermal
remanent magnetization (IRM), indicating that specimens have not been lightning remagnetized (Figure 3).

3.2. Conglomerate Test

A conglomerate test (Site 3AA) was carried out (Figure 1) in the southern 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 specimens were demagnetized up to 585°C (Table S2; Figure S8 in Supporting In-
formation S1). The vast majority of specimens exhibited unstable demagnetization behavior shown by high MAD
values ≫10°. Ten clasts and one matrix specimen exhibited at least two clear stable components, at least one of
which had aMAD <10°. Eight clasts exhibited a stable 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 Ro = 5.26, demonstrating that the hypothesis of randomness can be rejected with
p = 0.01 significance (G. S. Watson (1965); Table S3). Twelve low temperature (LT) components (T < 100°C)
from nine clast specimens gave a resultant vector R = 7.69 which exceeds Ro = 6.55, indicating that the hy-
pothesis of randomness can be rejected. The LT and HT directions defined by the clasts are also similar (83°/281°,
α95 = 25° and 61°/300°, α95 = 31°, respectively) suggesting both the HT and LT components have experienced
the same overprint (Figure S8 in Supporting Information S1). None of the samples showed a stable component
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. Norite Dyke

Eight specimens (including three sister specimens) of the norite dyke were demagnetized up to 580°C (Table S4).
The norite dyke shows two distinct types of demagnetization depending on whether samples were collected close
to the dyke edge (specimens 5A03, 5A04 and 5A05, collected within 2.4 m of the contact) or from the dyke center
(specimens 5A25 and 5A26, collected more than 10 m from the contact). The majority of magnetization is
removed close to 580°C, indicating that magnetite is the dominant magnetic carrier. In samples from the dyke
center, magnetization drops off more steeply at slightly higher temperatures (Figure 5). Three stable components
of magnetization were identified in all norite dyke specimens, with a HT component above 565°C, a medium
temperature (MT) component between 510 and 565°C and a LT component between 0 and 375°C. For the
specimens from the dyke center, the LT, MT and HT directions are 83°/011°, α95 = 11°; 67°/018°, α95 = 22°; and
87°/002°, α95 = 15°, respectively (Figure 5). These directions are indistinguishable from the present‐day mag-
netic field direction in Isua (75°/000°), suggesting that the center of the dyke contains predominantly MD
magnetite that has acquired a viscous remanent magnetization from the present‐day field.

For the specimens from the dyke edge, the LT, MT and HT components are 49°/025°, α95 = 18°; 41°/095°,
α95 = 4°; and 31°/069°, α95 = 16°, respectively (Figure 5). The HT and MT directions are similar to one another,
and likely reflect remanence acquired during emplacement of the norite dyke 2.2 Ga. The LT component is
distinct from the present‐day magnetic field direction.
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3.4. Pseudo‐Baked Contact Tests

As discussed below, we found that the magnetization carried by the Ameralik dykes is inherently unstable. We
were therefore unable to carry out traditional baked contact tests, and assume that the magnetization in the

Figure 5. The demagnetization behavior of the edge and center of the large N‐S trending norite dyke shown in Figure 1. (a) An example of the demagnetization behavior
exhibited by three specimens collected <2.4 m from the edge of the dyke. Inset shows orthographic projections of endpoints of NRM demagnetization on north‐east (N–
E) and up‐east (U–E) directions (Zijderveld diagram). (b) An example of the demagnetization behavior exhibited by two specimens collected >10 m from the edge of the
dyke. Inset shows orthographic projections of endpoints of NRM demagnetization on north‐east (N–E) and up‐east (U–E) directions (Zijderveld diagram). (c) The
difference in unblocking temperature between the edge and center of the dyke. The specimens collected closer to the edge of the dyke unblock at slightly lower
temperatures than those collected from the center. (d) An equal area stereographic projection showing the recovered directions from the dyke edge and the dyke center.
Shallower, eastward trending directions are recovered from the dyke edge, while the dyke center exhibits steeper, northward trending components that may suggest a
viscous remanence overprint from the present‐day field.
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Ameralik dykes post‐dates their emplacement and was acquired during greenschist‐grade metamorphism during
the Neoarchean tectonothermal event (Table 1). We therefore carried out pseudo‐baked contact tests, where only
paleomagnetic directions recovered from the country rock surrounding the dykes (in this case carried by the BIF)
are considered. We compare the NRM components close to the dyke that were thermally perturbed by the
intrusion to the NRM components in the BIF sufficiently far from the intrusion to be thermally unaffected. The
direction carried by the Ameralik dyke itself is not considered. We carried out pseudo‐baked contact tests at six
sites in the northernmost part of the eastern ISB (Figure 1).

We targeted areas where Ameralik dykes had intruded through the BIF, and therefore 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 temperatures (<350°C) at each site and between sites (Figure S9 in Supporting Information S1) sug-
gesting variable CRM acquisition during Neoarchean metamorphism (Komiya et al., 2004).

We infer the boundary betweenBIF that was baked andBIF that remained largely unbaked by the dyke intrusion by
using a simple thermal diffusionmodel for a basaltic dyke intruding into silicate country rock (Jaeger, 1964), and by
considering the distance at which HT components of the NRM begin to converge on a single direction (Figure 6).
The radii of the dykes at Sites 4A, 6A, 8A, A, B, C and D were 3, 3, 5, 6.5, 3.35, 3.35 and 8.5 m, respectively.

Figure 6. Thermal profiles calculated using the model reported by Jaeger (1964) show a simple estimate of the temperature to which the country rock has been thermally
perturbed (gray region) as a function of dyke radius. We show for sites 8A/A, 6A, 4A, C and B that the unbaked components lie predominantly outside of the thermally
perturbed region, and minor overlaps can be explained by accounting for factors such as thermal convection and dyke emplacement below the liquidus temperature
which are not taken into account by the model used here. At Site D, the unbaked directions extend well into the thermally perturbed zone and we therefore disregard this
site in further analysis.
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The width of the baked region is influenced by a number of factors and the diffusion model shown in Figure 6
gives only an approximate estimate on the width of the baked region at each site. We assume all dykes were
emplaced at the same temperature (1200°C) since they all have a doleritic composition (White et al., 2000;
Nutman & Friend, 2009; Komiya et al., 2004). We assume that the dykes are emplaced at their liquidus tem-
perature (i.e., they are carrying no crystalline cargo), which is likely an upper limit on the initial temperature. We
assume the surrounding country rock is dry, and there is no heat transport away from the intrusion via convection,
which would act to reduce the size of the baked region (Annen, 2017; Nabelek et al., 2012). The reported widths
of the dykes are upper limits, since tilting will make the apparent width of the intrusions greater than their
emplacement width. The shape of the temperature versus distance curves (Figure 6) assumes no thermal con-
vection within the intrusion or rejuvenation of melt supply after initial dyke emplacement.

3.4.1. The Paleomagnetism of the Ameralik Dykes

The Ameralik dykes are highly variable in terms of their paleomagnetic stability and the recovered paleodir-
ections. The dykes at sites 8A/A and 6A show the most stable behavior, with a HT component demagnetized by
∼350°C. We suggest this may be because growth of magnetite during metamorphism essentially imparted a
partial TRM (pTRM) up to 350°C, although the mechanism of remanence acquisition is currently not well enough
constrained to confirm this. The dykes no longer contain any of their primary igneous mineralogy, and the
magnetite present is formed during the replacement of olivine (Komiya et al., 2004). It has been noted that the
magnetite content varies widely among the dykes most likely reflecting different degrees of equilibration during
metamorphism, as well as varying abundances of initial olivine. The inconsistency in paleomagnetic stability
between Ameralik dykes can 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. The NRMs of the dyke samples
(6A01, 6A02 and 6A03) are demagnetized by 350°C, and define a single direction of 29°/321° (α95 = 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 Ameralik dyke specimens by 350°C, and specimens generally
show unstable magnetization behavior (e.g., a consistent component cannot be recovered even from sister
specimens). Four specimens (4A01‐2, 4A02‐1, 4A02‐2 and 4A04‐2) showed a stable component between 100 and
350°C which defined a direction − 73°/204° (α95 = 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 speci-
mens (including four sister specimens) of dyke A define a direction of − 25°/253° (α95= 4°). The magnetization is
very stable until ∼330°C and the majority (>90%) of magnetization is removed between 325 and 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 similar behavior to dyke A, although the behavior is generally less stable with considerably 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 − 53°/120° (α95 = 39°).

Sites B, C and D all sample the same Ameralik dyke (Figure S11 in Supporting Information S1). At site B, twelve
Ameralik dyke specimens were measured. Nine of the dyke specimens were thermally demagnetized and three
were AF demagnetized. The dyke specimens exhibited unstable demagnetization behavior often with a MAD
>20°. The majority 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 69°/045° (α95= 18°). This component is consistent with the direction 66°/340° (α95= 32°) recovered
from the three AF demagnetized specimens. At site C, eight dyke specimens (including four sister specimens)
were thermally demagnetized. Six of the dyke specimens exhibited highly unstable thermal demagnetizations and
no stable components of magnetization could be resolved. Two sister specimens (C24a and C24b) exhibited stable
demagnetization up to 550°C (MAD <10°). At site D, six dyke specimens (including two sister specimens) were
thermally demagnetized. HT (>300°C) components were recovered from three of the dyke specimens defining
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the direction 42°/246° (α95 = 51°). A distinct LT direction (<300°C) was also recovered for all four specimens
(including averages of sister specimens) defining the direction 53°/135° (α95 = 28°).

3.4.2. Changes in BIF Paleomagnetic Directions With Distance From Ameralik Dyke Intrusions

For each pseudo‐baked contact test, Watson's VW statistic was calculated (G. S. Watson, 1983); this statistic
determines whether the mean HT baked and unbaked directions are statistically distinct, representing a passed
pseudo‐baked contact test, or indistinguishable (i.e., they share a common mean) representing a failed test.

At site 8A/A, fifteen BIF specimens were measured (including one sister specimen; Table 3; Table S5). 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 generally stable demagnetization behavior (MAD <10°). A significant
portion of the magnetization is lost by 100°C, with the remaining portion lost by 400°C (Figure 7). Seven baked
BIF specimens had a HT component that defined the direction − 24°/187° (α95 = 59°). Unbaked BIF specimens
>20 m from dyke 8A and >10 m from dyke A generally exhibited stable MT (≤450°C) and HT (>500°C)
components. The HT component defines a direction of 62°/025° (α95 = 47°). The calculated Watson VW statistic
for the unbaked and baked BIF directions exceeds the critical VW value, indicating a passed pseudo‐baked contact
test with 95% confidence (Figure 8A).

At site 6A (Figure 9; Table S6), the baked (<5.45 m from the contact) BIF specimens contained an MT
component which is demagnetized <400°C. Five baked specimens defined a coherent direction of 56°/249°
(α95= 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 46°/048°
(α95= 25°). Watson's VW value for the unbaked and baked directions exceeds the critical value of VW, indicating a
passed pseudo‐baked contact test with 95% confidence (Figure 8b).

At site C, twenty one BIF specimens were both thermally and AF demagnetized (Figure 10; Table S7). Baked BIF
specimens taken <20 m from the dyke contact defined a consistent HT (stable up to 500°C) direction of 71°/174°
(α95= 21°). Eleven sister specimens of BIF were also AF demagnetized. Seven of these specimens lie within 20m
of the dyke contact and define a HC direction of 70°/208° (α95 = 26°). When combined, the HC and HT direction
is 79°/169° (α95 = 22°). Further than 20 m from the dyke, a distinct direction emerges for both thermally and AF
demagnetized BIF samples with a direction of 30°/313° (α95= 26°) and 53°/276° (α95= 35°), respectively. When
combined, these give a HC and HT direction of 25°/294° (α95 = 18°). Watson's VW statistic for the combined HC
and HT directions exceeds the critical value of VW, indicating a passed pseudo‐baked contact test with 95%
confidence (Figure 8c).

At site D, seventeen BIF specimens (including 3 sister specimens) were thermally demagnetized (Figure S12 in
Supporting Information S1; Table 4; Table S8). BIF specimens taken <11 m from the dyke contact defined
scattered directions at low temperatures (<290°C), and define a HT (>310°C) direction of 17°/229° (α95 = 79°).
BIF samples taken from ≥11 m from the dyke contact define a HT (≥500°C) component defining the direction
48°/303° (α95 = 43°). Using Watson's VW statistic, we found that the two directions are statistically distinct at the
95% confidence interval (Figure 8d). However, site D is not included in further analysis, since the uncertainty in
the recovered directions is large and overlaps, and thermal diffusion modeling suggests sampling did not extend
far enough from the intrusion (Figure 6d).

At site B, twenty‐one BIF specimens were thermally demagnetized (Figure S13 in Supporting Information S1;
Table 4; Table S9). BIF specimens experienced alteration during heating to temperatures exceeding 475°C and it
is therefore unclear how far above this temperature these stable components 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° (α95 = 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 inclination and define the direction 186°/− 43° (α95 = 23°). The
recovered directions for the baked and unbaked BIF are indistinguishable to 95% confidence using Watson's Vw

statistic (Figure 8e).
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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 dyke 1 (m) Distance from dyke 2 (m) AF/thermal? Range (mT or °C) Dec (°) Inc (°) Origin trending? MAD (°) dAng (°)

Site 6A baked

6A05 0.07 Thermal 100–300 188 82 × 1 1

6A09 1.15 Thermal 100–350 262 39 × 17 22

6A10 1.45 Thermal 200–375 329 63 × 11 15

6A11 2.55 Thermal 0–350 282 42 ✓ 14 5

6A12 3.75 Thermal 0–350 204 68 ✓ 5 1

6A13 5.45 Thermal 150–350 263 5 ✓ 21 19

Site 6A unbaked

6A15 7.05 Thermal 200–555 67 36 ✓ 13 12

6A16 7.35 Thermal 150–580 42 27 ✓ 8 7

6A17 9.1 Thermal 375–580 18 65 ✓ 25 23

6A10 1.45 Thermal 475–510 52 51 ✓ 19 17

Site 8A/A baked

8A05 − 2.4 39.9 Thermal 400–575 211 − 19 ✓ 9 2

8A06 − 2.0 39.5 Thermal 400–580 194 68 ✓ 11 1

8A09 0.1 37.4 Thermal 426–580 173 28 ✓ 7 2

8A10 0.4 37.1 Thermal 565–580 236 − 28 × 14 37

8A12 1.4 36.1 Thermal 475–580 169 − 66 ✓ 7 5

8A13 1.8 35.7 Thermal 100–580 220 3 ✓ 11 4

8A15 4.5 33.0 Thermal 375–580 166 42 ✓ 4 1

8A17 7.3 30.2 Thermal 450–580 194 − 70 ✓ 5 4

Site 8A/A unbaked

8A19 20.1 17.4 Thermal 413–580 350 45 ✓ 9 2

A05 24.8 13.3 Thermal 375–550 354 66 ✓ 14 5

A07 26.7 11.4 Thermal 400–550 58 22 ✓ 14 10

A08 27.2 10.9 Thermal 450–550 331 49 ✓ 19 0

A09 27.7 10.4 Thermal 400–550 138 44 ✓ 16 1

Site C baked

C23a 1 Thermal 100–500 183 − 86 ✓ 17 2

C22b 2.6 Thermal 100–500 185 69 ✓ 4 1

C21a 3.3 Thermal 100–500 173 80 ✓ 11 4

C20a 5 Thermal 100–500 89 39 ✓ 15 10

C19a 6.3 Thermal 0–500 195 − 67 ✓ 17 2

C18b 6.8 Thermal 100–500 196 29 ✓ 9 1

C18a 6.8 AF 25–145 182 84 ✓ 3 3

C17b 8 Thermal 320–500 194 48 ✓ 11 6

C17a 8 AF 25–145 225 20 × 9 24

C16a 9.5 Thermal 0–500 219 51 ✓ 4 3

C15a 11.2 Thermal 300–500 327 50 × 8 13

C14b 12.4 Thermal 100–500 189 79 ✓ 6 2

C13a 13.8 Thermal 290–500 149 28 ✓ 15 9

C12a 14.6 Thermal 0–500 356 82 × 7 10
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At Site 4A, eleven BIF specimens (including four sister specimens) were demagnetized up to 580°C (Figure S14
in Supporting Information S1; Table 4; Table S10). The BIF specimens showed stable demagnetization, 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° (α95 = 34°) suggesting that the BIF has been entirely overprinted, or is unable to
retain a stable magnetization direction. This result is consistent with the large drop in magnetization during a
preliminary liquid nitrogen step, suggesting that the vast majority of magnetite in the specimens is multidomain.
The BIF specimens defined a coherent LT direction up to temperatures of 350°C with direction 235°/46°
(α95= 28°) consistent 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.
We could not rule out that the mean directions for the baked and unbaked BIF share a common mean. They are
indistinguishable to 95% confidence using Watson's Vw statistic (Figure 8f).

3.5. 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. The structure of a large‐scale (several hundred meters) fold was recovered from bedding
measurements of the BIF (parallel to the banding in the BIF) in the northernmost part of the area. The fold has a
near‐vertical axial‐plane (calculated as the plane that bisects the fold and intersects the fold axis) with a strike, dip
and dip direction of 175°/85°W and the fold axis has a plunge and trend of 54°/181°. Initially, the fold was tilt‐
corrected to remove the plunge of the fold axis (Figure S15 in Supporting Information S1). Then, each set of
baked and unbaked paleomagnetic directions were untilted based on the bedding measurement for each site
(Figure 11; Figure S15 in Supporting Information S1). Average bedding measurements for each site were 108°/
60° SSW (site C), 145°/67° SW (site 8A/A) and 346°/83° E (site 6A). Each set of measurements were tilted
progressively from − 10% to 110% tilt correction by changing the dip of the correction and holding the strike
constant. For each degree of tilting the primary eigenvalue, τ1, was calculated. The larger the value of τ1 the
greater the degree of clustering of directions, regardless of their polarity (Tauxe & Watson, 1994).

For the baked directions, the maximum value of τ1 was recovered between below 70% untilting (Figure 11). This
result suggests that the directions in the baked BIF were acquired post‐tilting due to the juxtaposition of the 3.7 Ga

Table 3
Continued

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

C12b 14.6 AF 30–145 289 48 ✓ 25 4

C11a 17 Thermal 100–500 161 38 ✓ 8 4

C11b 17 AF 55–145 205 61 × 12 15

C10a 18.4 Thermal 100–550 38 32 ✓ 10 4

C09a 18.8 Thermal 100–550 194 76 ✓ 5 3

C08a 19.5 Thermal 310–500 215 46 ✓ 20 14

C08b 19.5 AF 10–145 174 84 × 2 4

C06a 20.6 Thermal 330–550 310 25 ✓ 7 2

Site C unbaked

C05a 21.8 Thermal 400–550 317 29 ✓ 23 11

C05b 21.8 AF 10–145 255 2 × 2 5

C04a 23.3 Thermal 290–440 334 38 ✓ 5 3

C04b 23.3 AF 10–145 318 40 × 2 3

C02a 25.7 Thermal 150–550 328 7 × 3 3

C02b 25.7 AF 10–145 262 19 × 1 5

C01a 27.2 Thermal 300–550 265 43 ✓ 4 3

C01b 27.2 AF 10–145 281 25 × 13 19
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Figure 7.
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northern terrane and 3.8 Ga southern 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 magnetization direction pointing
toward the south is recovered from the baked BIF (Figure 11).

For the unbaked BIF directions, the maximum value of τ1 was recovered between 80% and 110% untilting,
suggesting a passed fold test (Figure 11). This result indicates that the magnetization in the unbaked BIF was
acquired pre‐ or syn‐tilting during Eoarchean metamorphism and the juxtaposition of terranes at 3.69 Ga (Nutman
& Friend, 2009). After untilting, the unbaked paleodirections converge onto a single direction.

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 and
fold test were used for Pseudo‐Thellier experiments (Paterson et al. (2016); Figure 12). 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 first remove the NRM. A 50 μT ARMwas
applied, and again the specimens were demagnetized up to 145 mT. Finally, the samples were given a 40mT IRM,
which was also demagnetized up to 145 mT. The ARM and IRM acquisitions were used to determine the fidelity
of the samples, and they were found to be able to reliably recover an ARM paleointensity of 50 μT (Figure S16 in
Supporting Information S1, Table S11).

AF demagnetization of the NRM revealed a HC component that was origin‐trending and stable to >130 mT.
Paleointensity estimates were acquired by comparing the vector‐subtracted NRM demagnetization to the ARM
demagnetization. Three distinctive slopes were observed for specimens A05c and A07c and four for C02b. A
paleointensity was calculated for each linear part of the curve between the change in slope. The recovered
values vary substantially for the LC and MC components (Table S12). The HC components, which were also
origin‐trending components for the NRM (Figure 12) return similar paleointensity estimates of 17 ± 1.2 μT,
15 ± 0.4 μT, and 15 ± 0.6 μT, respectively (uncertainties are two standard deviations). A mean paleointensity
estimate of 15.1 ± 1.2 μT (uncertainty is two standard deviations), assuming the NRM represents a TRM, was
recovered by combining results for the three specimens (Figure 13). One specimen was also corrected for
remanence anisotropy (Selkin et al., 2000) which slightly increased the recovered paleointensity to
16.7 ± 0.7 μT. 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
usually less efficient than TRM acquisition (Stokking & Tauxe, 1987, 1990), but calibrating between the two
remains challenging.

4. Discussion
4.1. The Age of Dykes and Implications for Passed Pseudo‐Baked Contact Tests

We have assumed that the dykes sampled in this study are part of the Ameralik dyke swarm, following the
interpretation of Nutman and Friend (2009). However, three sets of Archean dykes are discussed in the literature
for this region; the Ameralik, Tarssartôq and Inaluk dykes. The Tarssartôq dykes are thought to be part of the
Ameralik dyke swarm (Nutman et al., 2004), with both having basaltic compositions and common inclusion of
plagioclase megacrysts. The different nomenclature for these two suites of dykes was adopted to account for the
differing extent of deformation, with the Tarssartôq dykes being better preserved (Nutman, 1986). However, a
genetic link between the two has never been firmly established (White et al., 2000). The Tarssartôq dykes have a
U‐Pb baddelyite age of 3,490 ± 2 Ma (Crowley et al., 2000).

Figure 7. Passed pseudo‐baked contact tests for site 8A/A. (a) A field sketch of the outcrop from which samples were taken at site 8A/A. (b) An equal area, lower
hemisphere stereographic projection showing high temperature (HT) and high coercivity (HC) components for the BIF at site 8A/A. Samples collected further from both
dykes show a distinct direction compared to those collected closer to the dykes, indicating a positive pseudo‐baked contact test. (c) A schematic diagram showing the
distance of each sample from the Ameralik dykes. The samples in the yellow region are not thermally perturbed by either dyke. (d) Thermal demagnetization curves and
(e) zijderveld diagrams are shown for a range of distances from the intrusion‐BIF contact to show how the recovered directions change with extent of thermal
perturbation imparted by the dykes.
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Figure 8. Bootstrapping tests to determine whether baked and unbaked BIF directions are distinct to 95% confidence by calculating Watson's VW statistic. If
VW > VWcritical the pseudo‐baked contact test is considered to pass. We show passed tests for (a), (b), and (c), which show data for sites 8A/A, 6A and C, respectively.
(d) At Site D the pseudo‐baked contact test technically passes, although we do not include it in further analyses because of the high degree of scatter in the directions and
the fact sampling did not extend sufficiently far from the baked zone (Figure 6D). (e) and (f) show data for sites B and 4A which fail the test.
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The Inaluk dykes identified in the area are noritic in composition (Nilsson et al., 2010; A. P. Nutman, 1986), up to
4 m in diameter and generally folded (White et al., 2000). They are distinct from the large norite dyke that runs
north‐south across the area (Figure 1). The small size and sparse occurrence of the Inaluk dykes suggest it is
unlikely they were sampled in this study. Nonetheless, they have been dated in previous studies and return ages of
3,512 ± 6 Ma, 3,659 ± 2 Ma, 3,658 ± 1 Ma, and 3,661 ± 7 Ma (Nutman et al., 2004; Crowley, 2003; Crowley
et al., 2000; Friend & Nutman, 2005). Regardless of which type of dykes we sampled in the area, all of them have
an age >3.26 Ga, the younger limit on the emplacement age of the Ameralik dykes. Our passed pseudo‐baked
contact tests therefore suggest that the magnetization in the unbaked BIF was acquired prior to 3.26 Ga.

4.2. The Tectonic History of the ISB and Implications for the Fold Test

The ISB has undergone several tectonic events resulting in shearing, tilting and folding. The first major event was
the development of a juvenile arc between 3,720 and 3,690 Ma ago (Nutman & Friend, 2009; Nutman
et al., 2009). The BIF forms part of the central tectonic domain described by Appel et al. (1998) and experienced
tight, isoclinal folding prior to its juxtaposition against the rest of the 3.7 Ga northern terrane. The 3.7 Ga northern
terrane and 3.8 Ga southern terrane collided 3,690–3,660 Ma, and subsequently both terranes were sheared by a

Figure 9. Passed pseudo‐baked contact tests for site 6A. (a) A schematic diagram showing the distance of each sample from the Ameralik dyke. Samples that taken >7 m
from the dyke are unbaked. (b) Thermal demagnetization curves and (c) zijderveld diagrams are shown for a range of distances from the intrusion‐BIF contact to show
how the recovered directions change with extent of thermal perturbation by the dyke.
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Figure 10.
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common event between 3,650 and 3,600Ma (Nutman & Friend, 2009). Arai et al. (2014) also suggest exhumation
and faulting of cold, brittle Eoarchean crust following the juxtaposition of the two terranes, although the exact
timing of the event is poorly constrained.

A subsequent Neoarchean tectonic event occurred ca. 2.85 Ga ago, where the entire northern Isukasia terrane
collided with the southern Kapisilik terrane (Nutman et al., 2015). Large mylonite zones developed >20 km south
of the ISB and are associated with metamorphism 2.69 Ga that metamorphosed some of the Ameralik dykes to
epidote‐amphibolite grade. The influence of this southern shear zone is minimal in the northern part of the ISB,
and is unlikely to have resulted in any major structural deformation. Given that the baked BIF fails the fold test
while the unbaked BIF passes (Figures 11 and 14), this suggests that folding occurred prior to the emplacement of
the dykes >3.26 Ga, most likely during the tectonic and shearing events 3.69–3.60 Ga. This suggests the
remanence in the unbaked BIF was acquired before 3.60 Ga.

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 (Figure 1 and Table 1) and part of the difficulty in recovering the
tectonothermal history of the area is that the observed metamorphic grades are spatially heterogeneous, and
therefore each observation needs to be carefully considered in terms of its geographic location. Understanding the
variation in metamorphic grade with geographic location is critical for determining the extent of metamorphic
overprints on recovered paleomagnetic data at an outcrop scale. In the existing literature, there are differing
interpretations regarding the timing and grade of Eoarchean metamorphism in the northernmost part of the field
area, which must be resolved to interpret our paleomagnetic data. Arai et al. (2014) and Komiya et al. (2002)
report lower greenschist grade Eoarchean metamorphism in the northernmost part of the area, while other authors
(Rollinson, 2003; Nutman et al., 2009; Frei et al., 1999; Dymek, 1988) report amphibolite grade Eoarchean
metamorphism in the same area. This discrepancy originates from different interpretations regarding the origin of
mafic units in the area. The former authors interpret the northernmost part of the ISB as a series of repeatedly
faulted pillow basalts and BIF that are both part of the 3.7 Ga northern terrane. However, Nutman and
Friend (2009) interpret the mafic units in this area as Ameralik dykes emplaced 3.26–3.5 Ga, and we agree from
our own field observations that the relationship between the mafics and BIF is intrusive. This suggests that the
lower greenschist grade metamorphic event interpreted by Arai et al. (2014) and Komiya et al. (2002) must post‐
date dyke emplacement (i.e., the dykes were metamorphosed by the Neoarchean event). All studies (including
this one) agree upon the interpretation of the large mafic units in the southern part of the area as pillow basalts,
which are well‐preserved and still exhibit clear pillow structures with glassy rims. Therefore, we suggest the
entire area was metamorphosed to amphibolite grade during the Eoarchean metamorphic event, and subsequently
from lower‐greenschist grade in the north to upper‐amphibolite grade in the south during Neoarchean
metamorphism.

Our paleomagnetic observations are consistent with a single major amphibolite‐grade metamorphic event at
3.69 Ga that resulted in the formation of magnetite, and the corresponding magnetization recovered from the BIFs
(Table 5; Figure 14). We found that remanence in the unbaked BIF that passes both the pseudo‐baked contact test
and the fold test, indicating a magnetization age of ca. 3.7 Ga, was unblocked in the lab at∼550°C, consistent with
an amphibolite grade Eoarchean event (Figure 2b). The Ameralik dykes were emplaced after this Eoarchean
metamorphic event, and acquired their magnetization during Neoarchean metamorphism that resulted in the
replacement of their primary igneous mineralogy to a greenschist grade metamorphic assemblage including the
growth of magnetite (Table 5; Figure 14). This magnetite acquired a low temperature CRMwhich was unblocked
in the lab at 350°C (Figure S9 in Supporting Information S1). Finally, the norite dyke acquired a thermal remanent
magnetization during emplacement at 2.2 Ga and after Neoarchean metamorphism. The magnetization in the
norite dyke was partially overprinted by the subsequent Proterozoic hydrothermal event. We show that neither the

Figure 10. Passed pseudo‐baked contact tests for site C. (a) An aerial sketch showing relief of the outcrops and the location of Sites B, C and D. The large Ameralik dyke
that passes through all of these sites is also shown. (b) An equal area, lower hemisphere stereographic projection showing the distinct directions recovered from the
baked BIF close to the Ameralik dyke, and the unbaked BIF far from the Ameralik dyke, indicating a passed pseudo‐baked contact test. (c) A schematic diagram
showing the distance of each sample from the Ameralik dyke. Samples taken >21 m from the dyke were not thermally perturbed by the intrusion. (d) Thermal
demagnetization curves and (e) zijderveld diagrams are shown for a range of distances from the intrusion‐BIF contact to show how the recovered directions change with
extent of thermal perturbation.
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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 ✓ 8 9

4A11 6.8 100–300 187 33 ✓ 6 2

4A12 9.7 500–580 160 − 34 ✓ 13 9

4A13 13.2 350–450 208 − 25 ✓ 7 2

Site B baked

B11 0.2 220–550 159 44 × 8 13

B13 0.7 290–475 171 − 29 ✓ 5 1

B14 2.2 310–475 321 41 ✓ 7 0

B29 3 310–475 174 80 ✓ 7 2

B15 4 220–475 165 − 34 ✓ 9 1

B30 4.9 100–450 197 − 57 ✓ 5 3

B16 6.6 290–475 218 − 38 × 6 6

B18 8.1 300–475 148 − 61 ✓ 7 1

B33 10.1 290–450 87 3 ✓ 10 3

B20 12 220–340 78 29 ✓ 14 13

B21 12.5 300–475 64 34 ✓ 9 7

B22 14.4 220–375 309 28 ✓ 5 3

B23 22.2 300–475 358 46 ✓ 13 4

Site B unbaked

B24 23.3 300–475 61 − 43 ✓ 20 7

B25 24.4 290–475 96 − 56 ✓ 7 3

B26 24.5 150–320 72 − 53 × 20 23

B27 25.9 310–450 260 − 23 ✓ 36 13

B28 26 100–475 136 − 48 ✓ 6 3

Site D baked

D10 0.7 100–475 241 33 ✓ 12 2

D09 4.4 220–500 219 4 ✓ 13 3

D08 5.1 100–500 249 23 ✓ 10 6

D29 5.3 330–530 232 − 18 ✓ 13 2

D07 5.9 350–500 72 − 11 ✓ 12 7

D06 6.7 220–475 62 24 ✓ 10 5

D05 10 340–500 246 − 12 ✓ 7 1

D04 10.7 310–500 222 26 ✓ 17 3

Site D unbaked

D26 11 150–530 51 33 × 9 10

D03 11.2 0–500 34 7 ✓ 7 2

D02 12.1 100–500 348 72 ✓ 20 8
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Neoarchean nor Proterozoic 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. The Origin of Scatter in Recovered Paleodirections From the Banded Iron Formation

We find that the recovered paleodirections averaged for each site in the BIF exhibit a high degree of scatter
(α95 ≥ 25°). However, for an individual specimen, directions are often well defined (MAD <10°; Table 3). This is
similar to the observed paleosecular variation records recovered from lava flows that acquired a TRM almost
instantaneously (hours to days), or from sedimentary sequences where a detrital magnetization is locked in during
compaction of a narrow layer of sediment at a specific burial depth (Marco et al., 1998; C. L. Johnson et al., 2008).
In these cases, a well‐defined direction is recovered from each specimen, but a wide range of directions are
recovered from samples with closely‐related ages (<104–105 years). If enough samples are measured, this secular
variation can be averaged out to recover a well‐defined paleodirection (α95 < 1°). Using the TK03 model for the
last 5 Ma of paleosecular variation (Tauxe & Kent, 2004), we show that a small number of specimens (n < 10),
consistent with the results presented here, will result in high degrees of scatter (α95 > 25°; Figure S16 in Sup-
porting Information S1).

We suggest CRM acquisition in the BIF may have allowed this secular variation to be captured. The BIF is
heterogeneous on a centimeter‐to‐meter‐scale, with secondary magnetite veins and brecciated carbonate layers
found pervasively on this scale. It is therefore plausible that the short lengthscale spatial variations in fluid flow
and temperature will result in effectively instantaneous CRM acquisition on a centimeter‐scale (i.e., in each
sample), while CRM acquisition is protracted on a meter‐scale (i.e., across each site). Therefore, when consid-
ering CRM acquisition across the entire outcrop, it is plausible this could capture secular variation on a scale
<104–105 years, due to subtle differences in the time of remanence acquisition during metamorphism.

Directional scatter may also partly be attributed to the remanence anisotropy in the BIFs. Previous studies have
demonstrated that the remanence is predominantly parallel to the plane of the magnetite bands (Schmidt &
Clark, 1994) and can be approximated as an isotropic plane of susceptibility parallel to the bands (and bedding),
with a much lower susceptibility perpendicular to the bands. We carried out preliminary anisotropy of ARM
(AARM) measurements on 11 specimens from Site C. We found a strong foliation defined by the principal and
intermediate susceptibility axes with a ratio of κ1

κ2
= 2.16 ± 1.34, which is found to be on average ∼4 times

stronger than the susceptibility in the minor susceptibility axis, κ3 (Jelinek (1981); Table S13). This could
explain why, at some sites, the recovered α95 is greater than would be expected for secular variation (Figure
S16 in Supporting Information S1), since a strong planar anisotropy can act to scatter the recovered directions
depending on the orientation of magnetization relative to the banding (Figure S17 in Supporting
Information S1).

The possible influence of a strong planar anisotropy on our field tests is also considered. For the pseudo‐baked
contact tests, we chose sites where the orientation of the banding (and therefore the bedding) was relatively
constant. Assuming that the anisotropy is coplanar with the mean bedding orientation at each site, that it is
isotropic, and is four times stronger in the plane of the bands compared to perpendicular to the bands (i.e.,
κ1= κ2= 4× κ3) we re‐evaluated the results of our field tests (Figures S18 and S19 in Supporting Information S1).
We show that our pseudo‐baked contact tests all still pass, although the fold tests become less well‐defined with
no significant clustering for a narrow range of untilting. Since this is only based on a synthetic anisotropy
correction, and we have not considered other anisotropy orientations (e.g., anisotropy coplanar with the fold
cleavage) we simply use this to highlight that the fold test is inconclusive without further anisotropy measure-
ments. This introduces a degree of ambiguity when interpreting whether folding pre‐dates or post‐dates the
emplacement of the Ameralik dykes. We therefore cannot rule out that the directions were scattered by folding
that occurred during the Neoarchean, as discussed in Section 4.2.

Table 4
Continued

Sample Distance from dyke (m) Range (°C) Dec (°) Inc (°) Origin trending? MAD (°) dAng (°)

D24 17.7 150–530 313 5 ✓ 5 2

D23 20.4 150–530 340 51 ✓ 7 4
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Figure 11.
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4.5. Preservation of an Ancient Magnetic Field Record in the ISB and Implications for Atmospheric
Escape During the Archean

Our passed pseudo baked contact tests alongside a detailed assessment of the metamorphic and hydrothermal
history of the ISB, confirm that a ca. 3.7 Ga old remanence is likely preserved in the unbaked BIF in the
northernmost part of the studied region. Our recovered paleointensity (>15 μT) is considered a lower limit on the
field strength at this time. An exact paleointensity cannot be determined because CRM acquisition is inherently
less efficient than TRM acquisition (Stokking & Tauxe, 1987, 1990). In addition, since magnetization was
acquired over a relatively long time period during metamorphism, reversals may also have resulted in an un-
derestimate of the average field strength. However, we acknowledge that magnetic anisotropy corrections could
act to either increase or decrease the recovered paleointensity. Previous experiments have shown that if the
principal anisotropy axis is parallel to the external field, the paleointensity can be over‐estimated by 220% or
more (Selkin et al., 2000). We anisotropy corrected one of our paleointensity estimates and found that it led to a
small increase in field strength, but was still within the uncertainty of our uncorrected measurements. Given the
small effect of our anisotropy correction, we argue it is likely that the paleointensity reported here can confi-
dently be interpreted as a lower estimate of the ancient field strength. However, the field could be as weak as
6.8 μT if the maximum anisotropy correction were to be applied. This is similar to the 3.5 Ga paleointensity
recovered in the Barberton (Herrero‐Bervera et al., 2016), although this is also thought to be a lower limit on the
true field strength.

Our recovered paleointensity is equivalent to a virtual dipole moment of 1.6 × 1022Am2, suggesting a solar wind
standoff distance of ∼5 Earth radii, consistent with previous results (Tarduno et al., 2014). This standoff distance
is approximately half of that provided by Earth's magnetosphere today, although we acknowledge our results
represent a lower estimate. Stronger geomagnetic fields are required to maintain a constant standoff distance
during Earth's early history to account for a significantly stronger solar wind during the Hadean and Archean
(Vidotto, 2021). Similarly, a stronger geomagnetic field would be required to maintain the size of the polar cap,
which directly controls the amount of atmospheric loss via the polar wind (Sterenborg et al., 2011). Given present
day conditions, Earth's magnetic field would need to be <10 μT atmospheric escape via the polar wind to be
substantially enhanced (Gronoff et al., 2020; Gunell et al., 2018). Therefore, given the strong solar wind con-
ditions it is likely our lower limit on the strength of the 3.7 Ga old field would have resulted in increased at-
mospheric escape via the polar wind compared to the present day. However, when considering the inefficiency of
CRM acquisition, the 3.7 Ga old field may have been similar in strength to the present day, enhancing atmospheric
escape given the increased intensity of the solar wind. Future models can now incorporate this lower limit on
geomagnetic field strength to quantify the maximum escape rate of ionized species, such as hydrogen and xenon,
from Earth's early atmosphere and determine whether this escape could have contributed significantly to the Great
Oxygenation Event.

5. Conclusions
The ISB contains exceptionally well‐preserved crustal rocks from the Eoarchean. In particular, the northern‐
most part of the northeastern end of the belt has only experienced one high temperature (470–550°C) meta-
morphic and metasomatic episode during the Eoarchean (Rollinson, 2002, 2003). During this early meta-
morphic event, magnetite was formed in the BIFs with a Pb‐Pb age of 3.69 Ga (Frei et al., 1999). Between 3.26
and 3.5 Ga the Ameralik dykes were emplaced (Nutman et al., 2004) and thermally reset the BIF immediately
adjacent to each intrusion. The dykes were influenced by a subsequent lower greenschist grade metamorphic
event in the Neoarchean ca. 2.85 Ga (Arai et al., 2014). A third, low temperature hydrothermal event occurred

Figure 11. A fold test of the BIF in the ISB. (a) Structural data for the fold prior to unfolding. (b) Structural data for the fold after rotating the plunge of the fold axis to
horizontal. (c) Structural data for the fold after unfolding the limbs. (d–f) are the same as (a–c) for unbaked BIF directions. It can be seen that during unfolding, the
directions at the three sites converge, indicating a passed fold test. (g–i) are the same as (a–c) for baked BIF directions. It can be seen that the clustering of these
directions diverges during unfolding, indicating a failed baked contact test. (j) The principal eigenvalue, τ1, was calculated for all the unbaked BIF directions during
various degrees of untilting ranging from − 10%–110% using PMagPy software (Tauxe et al., 2016). Pseudo‐samples with the same distribution of directions as the real
data are randomly drawn during bootstrapping, and show a systematic increase in clustering with increasing untilting. The maximum degree of clustering is found
between 80% and 110% untilting with 95% confidence. (k) As for (j), for baked BIF. The clustering of directions slightly decreases during untilting, with the maximum
degree of clustering below 70% untilting. This suggests that the Ameralik dykes were emplaced and thermally remagnetized the baked BIF either prior to, or during
folding.
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1.5–1.6 Ga and is observed as perturbations to Pb‐Pb, Rb‐Sr and Sm‐Nd ages (Nishizawa et al., 2005; Polat
et al., 2003), but did not have any influence on the observed metamorphic assemblages in the area (Nutman
et al., 2022; Arai et al., 2014).

Three sites passed both pseudo‐baked contact tests and a fold test, suggesting high‐temperature magnetization in
the BIF was acquired during Eoarchean amphibolite‐grade metamorphism and was not reset by either the
Neoarchean metamorphic event, nor the Proterozoic hydrothermal event. The BIFs therefore likely preserve a
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). Using the approach outlined in this study, whole‐rock, orientable specimens with
magnetization ages constrained by U‐Pb dating of magnetite (E. B. Watson et al., 2023) can now be used to
recover lower‐limits on Earth's magnetic field strength throughout the Archean. Using these paleomagnetic

Figure 12. (a–c) show AF demagnetization of an NRM, 50 μT ARM and 40 mT IRM for unbaked BIF specimens A05c, A07c, C02b, respectively. These specimens pass
both the pseudo‐baked contact test and the fold test. (d–f) show zijderveld diagrams for AF demagnetization of the NRMs, exhibiting high‐coercivity, origin‐trending
components. (g–i) show NRM versus 50 μT ARM plots used to calculate Pseudo‐Thellier paleointensities. The gradient of each curve is multiplied by the strength of the
applied field and calibrated to correct for non‐thermal demagnetization in order to recover a paleointensity estimate.
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observations, combined with atmospheric escape models that use conditions that reflect the increased strength of
the early solar wind, will allow us to determine whether Earth's magnetic field drove atmospheric escape of
hydrogen, eventually culminating in the GOE (Catling, 2013; Zahnle et al., 2013, 2019).

Pseudo‐Thellier paleointensity results for the BIF recover an Eoarchean geomagnetic field strength of at least
15.1 ± 1.2 μT. Our results are consistent with previous studies that suggest Earth's geomagnetic field has been
active since the Eoarchean (Tarduno et al., 2015, 2020). Given the slow cooling rates post‐metamorphism, it is
likely that our paleointensity estimate represents a time‐averaged field and may have been further reduced from
the “true” value of the geomagnetic field by reversals. In addition, the strength of the magnetic field was inef-
ficiently captured by CRM acquisition. Therefore, we cannot rule out that the Archean magnetic field was at least
as strong as Earth's magnetic field today. This study highlights current challenges in accurately recovering the
strength and stability of the geomagnetic field over Earth's history, although our results suggest behavior of the
Eoarchean geomagnetic field was similar to that observed today. Given the much stronger solar wind during the
Archean (Vidotto, 2021), our results suggest that atmospheric escape via the polar wind may have been enhanced
at this time (Gunell et al., 2018; Sterenborg et al., 2011). Recent dynamomodels have predicted the magnetic field
declined in intensity from the Archean until the Ediacaran (Davies et al., 2022) immediately prior to inner core
nucleation. Further constraints on the stability of the Archean field and how this behavior is manifest in the
recovered paleointensity estimates will be required to properly characterize paleointensity trends on billion year
timescales. Regardless of its exact strength and stability, our results suggest Earth has sustained an intrinsic
magnetic field since at least 3.7 Ga.

Figure 13. A summary of previous paleointensity studies throughout the Archean and Hadean compiled by Bono
et al. (2021). 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 and Tauxe (2000); Yoshihara and Hamano (2000); Miki et al. (2009); Shcherbakova
et al. (2017). Single crystal studies: Tarduno et al. (2015); Tarduno et al. (2010, 2007). Note that both the age and
paleointensity values of the latter are disputed (Weiss et al., 2018; M. Tang et al., 2019; Borlina et al., 2020; Taylor
et al., 2023). The paleointensities for the three BIF specimens measured here are shown in red. The inefficiency of CRM
remanence acquisition suggests these intensities likely represent a lower estimate for the Eoarchean geomagnetic field
strength. The most extreme anisotropy correction (if the external field was parallel to the principal anisotropy axis) would
result in a 220% over‐estimation of the ancient magnetic field strength (Selkin & Tauxe, 2000). A lower limit of 6.8 μT is
included to reflect the maximum anisotropy correction that could be applied.
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Figure 14. A cartoon schematic showing how the recovered paleomagnetic directions can be interpreted in terms of the geological history of the ISB. (a) The banded iron
formation was deposited in anoxic oceans >3.7 Ga ago. The mineralogy of primary precipitates remains debated, but these are likely to include iron clays and
oxyhydroxides. (b) During amphibolite grade metamorphism ca. 3.7 Ga ago, magnetite replaced the primary mineralogy in the BIF and acquired a chemical remanent
magnetization (CRM). This preservation of this CRM in the BIF is confirmed by both passed pseudo‐baked contact tests and a fold test. (c) The BIF experienced folding
during juxtaposition of the northern and southern terranes after CRM acquisition, causing the 3.7 Ga directions to disperse. (d) The emplacement of the Ameralik dykes
caused the BIF immediately adjacent to the dykes to be thermally reset. The overprints are in a coherent southern direction, and fail the fold test suggesting they post‐
date folding. (e) The Ameralik dykes acquire an unstable CRM during Neoarchean metamorphism due to protracted magnetite growth within the dykes. This
metamorphic event was sufficiently low temperature to not entirely thermally overprint the directions in the baked and unbaked BIF.
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Data Availability Statement
Raw data are available from Zenodo: https://doi.org/10.5281/zenodo.8052859 (Nichols et al., 2024a). A Jupyter
notebook and all relevant data used to run the paleomagnetic field tests in PMagPy is available at https://doi.org/
10.5281/zenodo.10379004 (Nichols et al., 2024b). All other details of analysis and data interpretation are
included in Supporting Information S1.
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S1. Geological mapping of the Isua Supracrustal Belt (ISB)33

The northernmost part of the northeastern ISB is surrounded by the Greenland ice sheet34

and the degree of exposure is controlled by the extent of perennial snow. In July 2019,35

there was extensive melting of the perennial snow and the area was well-exposed. Ex-36

amples of the types of exposures we are sampled are shown in Figure 6 and 11. Previ-37

ous work has not mapped this area in detail (Nutman et al., 2009). We therefore mapped38

the newly-exposed region with 5–10 m resolution (Figure 5). Mafic intrusives were found39

to intrude exclusively into the banded iron formation (BIF), while the feldspar-rich in-40

trusives intrude exclusively into the bedded chert. The contact between the chert and41

BIF was not exposed and may be unconformable. Patches of plagioclase megacrysts have42

been observed in some Ameralik dykes (White et al., 2000; Komiya et al., 2002; Nutman43

et al., 2004).44

S2. Petrography45

Thin sections were prepared by Spectrum Petrographics Inc. and polished cores were pre-46

pared in the Department of Earth Sciences, University of Oxford. Thin sections were ex-47

amined using a petrographic microscope under both plane and crossed polarized trans-48

mitted light. Scanning electron microscopy (SEM) analyses were carried out at the British49

Geological Survey on carbon-coated, polished core slices. Backscatter electron (BSE) im-50

ages were acquired using an accelerating voltage of 15 kV, a working distance of 10 mm,51

a 20 ms dwell time and a 5 µm stepsize. Mineral compositions were semi-quantified us-52

ing electron dispersive X-ray spectroscopy (EDS) phase mapping. Measurements were53

analysed using the Zeiss Mineralogic software.54

Thin sections of the BIF and chert lithologies were examined using a petrographic55

microscope (Figure 10). The cherts are quartz-rich and bands are defined by minor mag-56

netite. Finer scale laminations within the quartz-rich layers are defined by cummingtonite57

and grunerite as previously observed in the quartz-silicate-rich iron-formation defined58

by ref. Dymek (1988). The presence of abundant cummingtonite and grunerite gives this59

lithology its beige colouration in outcrop (Figure 5C).60

The BIF is characterised by sharp mm-scale bands of quartz and magnetite (Fig-61

ure 10). The amphiboles grunerite, cummingtonite and actinolite are observed growing62

along the edges of the magnetite-rich bands and most likely formed during greenschist-63

grade metamorphism at 2.57 Ga (Arai et al., 2014; Polat et al., 2003). The low grade64

metamorphism and slight deformation is also observed in quartz grains under cross po-65

larised light. The quartz grains are equant in size and have grain boundaries approach-66

ing equilibrium (120◦ angles). A crenulation cleavage is also observed in specimen C0667

at an oblique angle to the magnetite-quartz bands (Figure 10).68

Figure 4 shows BSE images of the BIF. EDS phase mapping shows that the light69

bands are predominantly quartz and the dark bands are predominantly magnetite. No70

other iron-oxide or iron-sulfide phases are present. Along the edges of the bands, the am-71

phiboles cummingtonite/grunerite and actinolite are observed and are likely evidence of72

amphibolite-grade Eoarchean metamorphism (Dymek, 1988; Arai et al., 2014; Polat et73

al., 2003). Small apatite grains are observed and range in size from 10–100 µm and most74

likely formed during hydrothermal events at 3.9 and 1.5 Ga (Nishizawa et al., 2005; Frei75

et al., 1999). These apatite grain sizes observed in the EDS phase maps are used to in-76

terpret the closure temperature of U-Pb system for apatite dating of the Isua BIF (Nishizawa77

et al., 2005).78

S3. Paleointensity Fidelity Tests79

Fidelity tests were carried out by comparing the 50 µT anhysteretic remanent magne-80

tization (ARM) to the 40 mT isothermal remanent magnetization (IRM). Since the IRM81

was only acquired over 40 mT (Figure 15), paleointensity estimates were retrieved be-82

tween 0–40 mT. The difference, D′ (Bryson et al., 2017), between the retrieved paleoin-83
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tensity, I, and the applied ARM field, L was calculated using:84

D′ =

∣∣∣∣I − L

L

∣∣∣∣ (1)

and the error, E, was calculated from the uncertainty on the paleointensity W , using:85

E =
W

L
(2)

and the fidelity parameters are summarised in Table 11. We found good agreement be-86

tween the applied field and recovered field, with specimens A05c and A07c both return-87

ing a paleointensity within 10% of the ARM imparted (Figure 15).88

S4. Pb diffusion measurements in magnetite89

The following section summarises the method and results from E. B. Watson et al. (2023).90

Lead diffusion in natural magnetite (Fe3O4) was characterized over the temperature range91

500–675ºC using the powder-source method (E. B. Watson & Dohmen, 2010). Magnetite92

crystals (Moriah, New York, U.S.A.) were sawn into slabs 5–8 mm2 in area and ∼ 1 mm93

thick using a low-speed diamond saw, with slab orientations parallel to cubic 001 or oc-94

tahedral 111 forms. One surface of each slab was polished using routine procedures of95

the Rensselaer Polytechnic Institute laboratory that have been demonstrated to yield96

surfaces free of dislocations and other lattice damage (E. B. Watson et al., 2016).97

A mixture of PbSO4 and Fe2O3 (1:1 mass proportions) was prepared for use as a98

powder source to provide Pb2+ ions at the surfaces of the magnetite crystals for diffu-99

sive exchange with Fe2+ in the magnetite. The combination of Fe2O3 in the source and100

the magnetite samples themselves constituted a solid-state oxygen fugacity buffer (magnetite-101

hematite; MH), ensuring that the stable oxidation of Pb during the diffusion experiments102

was 2+, as expected in natural settings where both magnetite and hematite are present.103

Preparation for a diffusion experiment involved packing a polished magnetite slab104

in PbSO4-Fe2O3 powder source at the pre-sealed end of a silica-glass tube, which was105

then evacuated with a mechanical pump and sealed off with an H2-O2 torch. This en-106

closed, fO2-buffered system (SiO2 ampoule and contents) was suspended in a vertical-107

tube furnace and held at temperature for a preset duration to allow Pb2+ from the source108

to exchange diffusively with Fe2+ from the magnetite. The diffusion experiment was ter-109

minated by removing the SiO2 ampoule from the furnace and allowing it to cool in air.110

The magnetite slab was cleaned of source powder by sonication in ethanol, and Pb up-111

take was characterized by depth-profiling perpendicular to the surface using Rutherford112

backscattering spectroscopy (RBS; see Cherniak et al. (2010); E. B. Watson and Dohmen113

(2010)). Diffusivities were recovered from Pb profiles by fitting the concentration vs. depth114

data to the solution to the non-steady state diffusion equation for 1-D diffusion into a115

semi-infinite medium with constant surface concentration. A time series was conducted116

at 650ºC to ensure that our approach yielded diffusivities independent of experiment du-117

ration.118

The activation energy, E, and pre-exponential factor, Do, for Pb in magnetite were119

found to be 98 kJ mol−1 and 9.0×10−17 m2s−1, respectively. The diffusion rate of Pb2+120

in apatite was previously experimentally determined and E and Do were found to be 229 kJ mol−1
121

and 2×10−8 m s−2, respectively (Cherniak et al., 1991). The Dodson closure temper-122

ature, Tc of the system can then be calculated using the approach described by (Dodson,123

1973) where124

Tc =
E

R lnAτ Do

a2

(3)

R is the gas constant (8.314 J mol−1 K−1), A is a numerical constant which depends on125

the geometry and decay constant of the parent and is assumed to be 55 here, represent-126

ing diffusion from a sphere (Dodson, 1973). τ is the time constant which is given by τ =127
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−RT
E dT

dt

where T is absolute temperature and taken to be 50◦C and dT
dt is the cooling rate.128

We conservatively assume that the cooling rate following metamorphism was between129

1–100◦C Myr−1 given the uncertainty in the definition of Archean ‘tectonics’ and there-130

fore the mechanism of exhumation during early ‘tectonothermal’ events (Webb et al., 2020;131

Arai et al., 2014; Kaczmarek et al., 2016). a is the grain size, which is varied from 1 nm132

to 1 mm to cover magnetite grains with magnetic properties varying from superparam-133

agnetic to multidomain.134

Representative grain sizes of magnetite in BIF samples from sites A, C and D were135

estimated magnetically. We measured the magnitude of the magnetic moment of the NRM136

at room temperature (MNRM ) and then measured the moment again after having cooled137

the samples down to -210◦C by submerging them in liquid nitrogen (M−210◦C). The amount138

of remanence removed allows average grain size to be estimated using the relationship139

empirically defined by Halgedahl and Jarrard (1995):140

M−210◦C

MNRM
= 0.714− 0.618 ln a (4)

We found that the specimens retained between 49–71% of their remanence, correspond-141

ing to an average grain size of ∼ 1–26 µm (Figure 3). The closure temperature of Pb in142

magnetite therefore varies from 120–400◦C in the Isua BIF (Figure 1).143

The grain size of apatite in the BIF was previously assumed to be 30 µm (Nishizawa144

et al., 2005). However, from our EDS phase maps (see Petrography section) we find the145

grains range in size from ∼ 10–100 µm. Based on our grain size and cooling rate esti-146

mates, the closure temperature of Pb in apatite varies from 360–530◦C (Figure 2).147

S5. The demagnetization behaviour of the conglomerate, BIF and Amera-148

lik dykes149

In order to confirm that the high temperature (HT) components of demagnetization in150

the BIF were carried by stable, single domain or single vortex magnetite grains, we also151

carried out alternating field (AF) demagnetization to verify these components are also152

high coercivity (HC). We found that HC and HT components define the same direction,153

although AF demagnetization did a slightly better job of removing unstable components154

carried by multidomain magnetite (Figure 7).155

Paleomagnetic field tests were carried out at seven sites: 3AA, 4A, 6A, 8A/A, B,156

C and D. At site 3AA we conducted a conglomerate test. We found that both matrix157

and clasts defined coherent LT and HT directions, suggesting pervasive overprinting of158

the magnetization after deposition, most likely during Eoarchean and Neoarchean meta-159

morphism (Figure 8).160

At sites 4A, 6A, 8A/A, B, C and D, Ameralik dykes are intruded through the BIF.161

We sampled these localities with the intention of carrying out baked contact tests. How-162

ever, we found that the magnetization in the Ameralik dykes, which were emplaced 3.26–163

3.5 Ga (Nutman et al., 2004) had been overprinted during greenschist-grade Neoarchean164

metamorphism, resulting in unstable demagnetization trends that unblock at 350◦C (Fig-165

ure 9).166

Pseudo-baked contact tests at sites 4A, B and D compared the directions of the167

baked BIF, immediately adjacent to each Ameralik dyke intrusion, with unbaked BIF168

at a sufficient distance from the intrusion to have avoided being thermally reset. The lo-169

cation of each specimen, and representative thermal demagnetization trends are shown170

in Figures 14, 13 and 12. At sites 4A and B, the magnetization has been overprinted fol-171

lowing dyke emplacement, most likely due to localized faulting and associated metaso-172

matism. At site D, sampling was not extended to a sufficient distance to avoid the ther-173

mal affects of the intrusion. All three of these sites failed our pseudo-baked contact test.174
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Data Set S1. Jupyter Notebook - Paleomagnetic Field Tests275

All directional data and an accompanying Jupyter Notebook are available at https://276

github.com/TinySpaceMagnet/Greenland Paleomagnetic Data to run the paleomag-277

netic field tests analyses including the pseudo-baked contact tests, the fold test and the278

reversal tests.279

Table 1. Components and their coercivity spectra calculated using MAX UnMix (Maxbauer et

al., 2016).

Table 2. A table summarizing the paleomagnetic components identified during a conglomer-

ate test at site 3AA. The first column is the specimen name, the second column is the lithology

(either clast or matrix), the third and fourth column and the start and end temperature across

which the component was fitted, the fifth column is the number of points in the component fit,

the sixth and seventh column are the declination and inclination of the identified component, the

eighth column indicates whether the component is origin-trending (where MAD > dAng), the

ninth column is the maximum angular deviation, the tenth column is the deviation angle and the

eleventh column indicates whether the component fit was anchored to the origin.

Table 3. A table of the critical resultant vector values Ro for Watson’s randomness test

(G. S. Watson, 1965).

Table 4. A table summarizing the paleomagnetic components identified in the 2.2 Ga norite

dyke at site 5A. The first column is the specimen name, the second column is the lithology, the

third column is the distance from the dyke contact, the fourth and fifth column are the start and

end temperature across which the component was fitted, the sixth column is the component, the

seventh column is the number of points in the component fit, the eighth and ninth column are

the declination and inclination of the identified component, the tenth column indicates whether

the component is origin-trending (where MAD > dAng), the eleventh column is the maximum

angular deviation, the twelfth column is the deviation angle and the thirteenth column indicates

whether the component fit was anchored to the origin.
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Table 5. A table summarizing the paleomagnetic components identified during a baked contact

test at site 8A and A. The first column is the specimen name, the second column is the lithology,

the third column is the distance from the dyke 8A-BIF contact, the fourth column is the distance

from the dyke A-BIF contact, the fifth and sixth column and the start and end temperature

across which the component was fitted, the seventh temperature is the component, the eighth

column is the number of points in the component fit, the ninth and tenth column are the decli-

nation and inclination of the identified component, the eleventh column indicates whether the

component is origin-trending (where MAD > dAng), the twelfth column is the maximum angu-

lar deviation, the thirteenth column is the deviation angle and the fourteenth column indicates

whether the component fit was anchored to the origin.

Table 6. A table summarizing the paleomagnetic components identified during a baked con-

tact test at site 6A. The first column is the specimen name, the second column is the lithology,

the third column is the distance from the dyke-BIF contact, the fourth and fifth column and

the start and end temperature across which the component was fitted, the sixth column is the

number of points in the component fit, the seventh and eighth column are the declination and

inclination of the identified component, the ninth column indicates whether the component is

origin-trending (where MAD > dAng), the tenth column is the maximum angular deviation, the

eleventh column is the deviation angle and the twelfth column indicates whether the component

fit was anchored to the origin.

Table 7. A table summarizing the paleomagnetic components identified during a baked contact

test at site C. The first column is the specimen name, the second column is the lithology, the

third column is the distance from the dyke 8A-BIF contact, the fourth column is the distance

from the dyke A-BIF contact, the fifth and sixth column and the start and end temperature

across which the component was fitted, the seventh and eighth column are the start and end field

for AF demagnetized specimens, the ninth column is the component, the tenth column is the

number of points in the component fit, the eleventh and twelfth column are the declination and

inclination of the identified component, the thirteenth column indicates whether the component

is origin-trending (where MAD > dAng), the fourteenth column is the maximum angular devia-

tion, the fifteenth column is the deviation angle and the sixteenth column indicates whether the

component fit was anchored to the origin.

Table 8. A table summarizing the paleomagnetic components identified during a baked contact

test at site D. The first column is the specimen name, the second column is the lithology, the

third column is the distance from the dyke contact, the fourth and fifth column are the start and

end temperature across which the component was fitted, the sixth column is the component, the

seventh column is the number of points in the component fit, the eighth and ninth column are

the declination and inclination of the identified component, the tenth column indicates whether

the component is origin-trending (where MAD > dAng), the eleventh column is the maximum

angular deviation, the twelfth column is the deviation angle and the thirteenth column indicates

whether the component fit was anchored to the origin.
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Table 9. A table summarizing the paleomagnetic components identified during a baked contact

test at site B. The first column is the specimen name, the second column is the lithology, the

third column is the distance from the dyke 8A-BIF contact, the fourth column is the distance

from the dyke A-BIF contact, the fifth and sixth column and the start and end temperature

across which the component was fitted, the seventh and eighth column are the start and end field

for AF demagnetized specimens, the ninth column is the component, the tenth column is the

number of points in the component fit, the eleventh and twelfth column are the declination and

inclination of the identified component, the thirteenth column indicates whether the component

is origin-trending (where MAD > dAng), the fourteenth column is the maximum angular devia-

tion, the fifteenth column is the deviation angle and the sixteenth column indicates whether the

component fit was anchored to the origin.

Table 10. A table summarizing the paleomagnetic components identified during a baked con-

tact test at site 4A. The first column is the specimen name, the second column is the lithology,

the third column is the distance from the dyke-BIF contact, the fourth and fifth column and

the start and end temperature across which the component was fitted, the sixth column is the

number of points in the component fit, the seventh and eighth column are the declination and

inclination of the identified component, the ninth column indicates whether the component is

origin-trending (where MAD > dAng), the tenth column is the maximum angular deviation, the

eleventh column is the deviation angle and the twelfth column indicates whether the component

fit was anchored to the origin.

Table 11. A summary of fidelity tests by comparing the AF demagnetization of the 50 µT

ARM against a 40 mT IRM for specimens A05c, A07c and C02b. Paleointensities were calculated

for each distinct change in gradient. Uncertainties are one standard deviation.

Table 12. A summary of paleointensity estimates by comparing the AF demagnetization of the

NRM against a 50 µT ARM for specimens A05c, A07c and C02b. Paleointensities were calcu-

lated for each distinct change in gradient. High coercivity paleointensities are taken to represent

the original paleointensity. Uncertainties are stated to two standard deviations.

Table 13. Anisotropy of anhysteretic remanence magnetiztation (AARM) data collected for

11 specimens. Specimens were given a 50 µT ARM in 6 directions (xx, yy, zz, xy, xz, yz). The

principal susceptibilities (κ1, κ2, κ3) and their logarithmic values (η1, η2, η3) are calculated for

each specimen. The values were used to calculation the lineation degree (L), foliation degree (F ),

anisotropy degree (P ) and the corrected anisotropy degree (P ′). Details of calculations are given

in Jelinek (1981).
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Figure 1. A The Dodson closure temperature of Pb in magnetite plotted against the grain

size of magnetite (Dodson, 1973). The closure temperature is plotted for a range of cooling rates

(purple curves) assuming cooling from amphibolite grade metamorphism (peak temperature

500◦C). The average grain size of magnetite in the BIFs studied here are plotted between the

dashed lines to show their expected Pb closure temperatures depending on cooling rate. The

green regions show greenschist to amphibolite grade metamorphic conditions. The magnetic

state of the magnetite grains is shown by the red band, where SP = superparamagnetic, SD

= single domain, F = flower state, SV = single vortex, MV = multivortex and MD = multi-

domain. B The cooling rate and magnetite grain size at which the magnetite Pb-Pb age would

directly correspond to the magnetite Curie temperature. This is particularly important for

igneous rocks, which cool through the Curie temperature and acquire a thermal remanent mag-

netization (TRM). The representative cooling rates for volcanic and plutonic igneous rocks and

metamorphic rocks are shown (Cashman, 1993; Samperton et al., 2017; Warren et al., 2012)
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Figure 2. The Dodson closure temperature of the U-Pb apatite system for cooling rates

ranging from 1–100◦C Myr−1 and grain sizes of 10–100 µm estimated from SEM images (Fig-

ure 4). The closure temperature ranges from 360–530◦C. The activation energy of the system is

229 kJ mol−1 and the pre-expontential factor is 2× 10−8 m2 s−1 (Nishizawa et al., 2005).
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Figure 3. The percentage of magnetic remanence retained after cooling specimens to -210◦C

can be used as an indication of the grain size. The dashed line shows the empirically-estimated

relationship between magnetite grain size and remanence retention (Halgedahl & Jarrard, 1995).

The grey region shows the average magnetite grain size distribution in the measured BIF speci-

mens.
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P1 - magnetite; P2 - quartz; P3 - actinolite; P4 - cummingtonite/grunerite; P5 - Al-rich polish; P6 - apatite

A B

C D

E F

Figure 4. SEM analysis of BIF specimen C18. A and B show the regions of interest outlined

in red. C and D show backscattered electron images of the regions of interest. E and F Show

EDS phase maps highlighting the bands defined by quartz (green) and magnetite (red), with

minor amphibole (intergrown cummingtonite/grunerite and actinolite; light and dark blue) and

apatite (yellow). The pink phase is aluminium from the polish and is not a real phase.
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Figure 5. A Geological map of the northernmost extent of the northeast ISB (65◦9.6’–12.6’N

and 49◦48’–45’W), which was well-exposed due to minimal perennial snow in July 2019. The

location of baked contact tests 8A/A, B, C and D are shown by black lines. Field photographs

showing B the mafic intrusives and banded iron formation units and C the bedded chert and

feldspar-rich intrusive units shown on the geological map. Pencil for scale.
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Figure 6. An example of a paleomagnetic baked contact test at Site C. The numbers show

the location of each specimen drilled across the section. People for scale.
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Figure 7. Thermal and AF demagnetization zijderveld diagrams for unbaked BIF specimens

C01, C02, C04 and C05 from site C. Zijderveld diagrams are shown using ‘E, Horizontal’ and ‘N,

Up’ as the x, y projection and inclination and declination are shown by open circles and closed

squares, respectively. Thermal demagnetization zijderveld diagrams are shown with temperature

increasing from cyan to magenta. AF demagnetization zijderveld diagrams are shown with AF

strength increasing from red to blue. For each zijderveld, the high temperature or high coerciv-

ity component is shown by the inset. (A), (C), (E) and (G) show the thermal demagnetization

zijderveld diagrams for C01, C02, C04 and C05, respectively. (B), (D), (F) and (H) show the AF

demagnetization zijderveld diagrams for C01, C02, C04 and C05, respectively. (I) An equal area,

lower hemisphere stereonet projection showing recovered HT and HC directions as circles and

squares, respectively. C01 is shown in red, C02 is shown in blue, C04 is shown in green and C05

is shown in pink.
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Figure 8. Six clasts (3AA11, 3AA03, 3AA29, 3AA33A-1, 3AA37 and 3AA25) and 1 matrix

specimen (3AA23) exhibit well defined high (> 200◦C) and low (< 200◦C) temperature com-

ponents. For each specimen, a moment vs demagnetization step plot is shown. The area under

the plot indicates the temperature range over which high (pink) and low (blue) temperature com-

ponents were fitted. Zijderveld diagrams are shown using ‘E, Horizontal’ and ‘N, Up’ as the x, y

projection and inclination and declination are shown by open circles and closed squares, respec-

tively.Closed square show the declination and open circles shown the inclination. The direction

of components are highlighted by pink, purple and blue arrows for HT, MT and LT components,

respectively. The two equal area stereonet projections show the HT and low temperature com-

ponents, which both show a statistically significant direction indicating their magnetization is

non-random.
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Figure 9. The thermal and AF demagnetization behaviour of the Ameralik dykes observed at

sites 4A, 6A, 8A/A, B and D.
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Figure 10. Top: A plane polarized light (PPL) image of specimen K16 shows an example

of the bedded chert in the northernmost part of the northeast ISB. Bands are visible, although

the darker bands contain only minimal magnetite, in constrast to the BIF. Bottom left: A PPL

image of B31, a typical specimen of BIF exhibiting grunerite, actinolite and cummingtonite grow-

ing along the edges of the magnetite-quartz bands. Bottom right: A cross-polarized light (XPL)

image of specimen C06 showing the grain size of and distribution of quartz. Note that the section

is slightly thick and therefore the birefringence colours of quartz are higher than typical.
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Figure 11. The relative locations of sites B, C and D which all sample the same Ameralik

dyke. Aerial image taken by drone.
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Figure 12. Site D baked contact test. Representative demagnetization behaviour is shown for

specimens D10, D08, D02 and D24 which represent the BIF close to the contact and the BIF far

from the contact, respectively. The distances of each specimen from the contact are shown in the

bottom panel. Zijderveld diagrams are shown using ‘E, Horizontal’ and ‘N, Up’ as the x, y pro-

jection 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 13. Site B baked contact test. Representative demagnetization behaviour is shown for

specimens B12, B31, B21 and B28 which represent the BIF close to the contact and the BIF far

from the contact, respectively. The distances of each specimen from the contact are shown in the

bottom panel. Zijderveld diagrams are show using ‘E, Horizontal’ and ‘N, Up’ as the x, y projec-

tion 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 14. Site 4A baked contact test. Representative demagnetization behaviour is shown

for specimens 4A07 and 4A12, which represent the BIF close to the contact and the BIF far from

the contact, respectively. The distances of each specimen from the contact are shown in the bot-

tom panel. Zijderveld diagrams are show using ‘E, Horizontal’ and ‘N, Up’ as the x, 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 15. A A 40 mT IRM was applied to each sample and was efficiently acquired over

that field range for specimens A05c, A07c and C02b. B The fidelity of specimens was tested by

calculating paleointensities by comparing a 50 µT ARM to the 40 mT IRM. The grey region

shows the arbitrary cut-off for acceptable paleointensity estimates, which represents values within

10 % of the true value
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Figure 16. A graph showing the mean and two standard deviations in the value of α95 versus

the number of specimens used to calculate Fisher statistics sampled from a model for paleosecu-

lar variation of the geomagnetic field (Tauxe & Kent, 2004). The blue dots show the number of

specimens and α95 directions recovered from the BIF at Sites 6A, 8A/A, B, C and D demonstrat-

ing that most of the observed scatter can be explained by secular variation and averaging over a

small number of specimens.
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Figure 17. We take a sample of 25 directions with a mean trend and plunge of 46◦/002◦ and

α95 = 7◦ and apply an anisotropy correction assuming anisotropy that is isotropic within a plane

and the magnetic susceptibility is four times stronger in the plane compared to perpendicular

to the plane (i.e., the anisotropy factor is P = 4). We change the orientation of the plane to

show how α95 varies. The directions become more scattered if the strike of the plane is parallel or

anti-parallel to the magnetization direction. The clustering improves if the strike of the plane is

perpendicular to the magetization direction.

–23–



manuscript submitted to JGR Solid Earth

V
W

Site 6A Site C Site 8A/A
No AARM correction:

Modelled AARM correction:

A B C

D E F

Baked

Unbaked

PassFail

V
W

 c
rit

ic
a

l

Figure 18. A hypothetical AARM correction was applied to each site assuming the

anisotropy is coplanar with the bands, isotropic in the plane of the bands and that the mag-

netic susceptibility is four times stronger in the plane compared to perpendicular to the plane

(i.e., the anisotropy factor is P = 4). A, B and C show the directions of the unbaked and baked

directions prior to any AARM correction for sites 6A, C and 8A/A, respectively. All three sites

pass our pseudo-baked contact tests. D, E and F show the same three sites after applying our

hypothetical AARM correction. They all still pass the pseudo-baked contact test showing that

the anisotropy correction does not impact our results.
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Figure 19. A hypothetical AARM correction was applied to each site assuming the

anisotropy is coplanar with the bands, isotropic in the plane of the bands and that the mag-

netic susceptibility is four times stronger in the plane compared to perpendicular to the plane

(i.e., the anisotropy factor is P = 4). A and B show the fold test for the unbaked and baked di-

rections that passed our pseudo-baked contact tests prior to any AARM correction. The unbaked

fold test passes while the baked fold test fails. C and D show the unbaked and baked fold test

after applying our hypothetical fold test. In this case, we find that both the unbaked and baked

fold tests pass.
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