10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Absolute Paleointensity Estimates from Precambrian India and the Long-Term Thermal Evolution
of the Earth

K. E. Bristol'", C. J. Sprain', J. G. Meert!, I. D. Yasar', M. K. Pandit?, A. K. Sinha®, A. B. Dann'*

! Department of Geological Sciences, University of Florida, Gainesville, FL, USA

2 Department of Geology, University of Rajasthan, Jaipur, Rajasthan, India

3 Dr. K.S. Krishnan Geomagnetic Research Laboratory, Allahabad, India

* (Now at) Department of Geology, University of Maryland, College Park, MD, USA

* Corresponding author

ABSTRACT

Despite significant progress in paleomagnetic research over the last century, the origin, evolution, and
long-term behavior of the geomagnetic field remains poorly understood. One significant open question is
when and how the inner core nucleated. Since geomagnetic field behavior is intrinsically linked to the
thermal evolution of the core, scientists have turned to the global paleointensity record to search for
proxies for inner core nucleation. From this record, two signals have been identified as possible indicators
of inner core nucleation: (1) A spike in magnetic field strength between 1.5-1.0 Ga, and (2) an initially
strong, but gradually decreasing field strength that results in a weak dynamo in the Ediacaran. Although
both these hypotheses are vastly different, they do have one common challenge hindering rigorous
testing: A paucity of paleointensity data. This is especially true for the Precambrian time period for which
well-preserved outcrops are scarce and weathering/alteration is nearly inescapable. Despite making up
almost 90% of Earth’s history, data from this super eon comprises <10% of the global paleointensity
database. This lack of data for most of Earth’s history represents a considerable gap in our knowledge and
greatly impedes our ability to understand the origin and evolution of our planet and its magnetic field. In
an effort to fill in this gap, we performed paleointensity experiments on Precambrian-aged mafic dikes

from India (Malani Igneous Suite and Bastar, Dharwar, and Bundelkhand cratons) with ages ranging from



27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

~740 Ma to ~2.36 Ga. To monitor thermal alteration and minimize the effects of non-ideal grain sizes, the
Thellier method following the IZZI protocol was used. Successful results were obtained for samples from
the Bundelkhand (~740 Ma) and Bastar (~1.89 Ga) cratons. The Bastar results fall in a ~40 Myr gap in
the database and corroborate field trends predicted by the Monte Carlo axial dipole moment model
(MCADAM), which suggests that intensity values were moderately low (2-4 x 10*> Am?) in the middle
Paleoproterozoic. The Bundelkhand result suggests that the field may have been rapidly decaying in the

late Tonian to early Cryogenian.

Keywords: Magnetic field variations through time; Dynamo: theories and simulations; Core;

Palaeointensity; Palacomagnetism

INTRODUCTION

The Precambrian encompasses nearly 90% of Earth’s history and was characterized by the formation of
the planet and the origin of life. During this period, pivotal geologic processes such as the formation of
continents and oceans, the onset of plate tectonics, and the oxygenation of the atmosphere laid the
foundation for the planet’s subsequent evolutionary trajectory. Therefore, studies focused on this period
are vital as they provide crucial context for understanding the planet’s long-term evolution and the
emergence of complex life. Studies of the geomagnetic field during the Precambrian are intrinsically
linked to our understanding of the thermal evolution of the planet, the onset of the geodynamo, and its
role in shaping Earth's internal dynamics and long-term geological processes. One significant open
question in this area is related to the timing of inner core nucleation (ICN). Knowing the timing of ICN is
key to studying the long-term evolution of the Earth as it marked a significant change in the planet’s

interior.

The proposed timing of ICN varies widely primarily due to uncertainty regarding the physical parameters

within Earth’s interior, such as the thermal conductivity of the core (Stacey & Loper 2007; de Koker et al.
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2012; Pozzo et al. 2012; Gomi et al. 2013; Olson 2013; Driscoll & Davies 2023). Consequently,
numerical models yield disparate results, suggesting inner core formation times that span billions of years.
Older models using thermal conductivity values of 60 Wm™'K"! predicted ICN at ~3.5 Ga (Gubbins et al.
2004). Conversely, recent models using revised higher thermal conductivity values (90-226 Wm™'K™")
generally favor much younger ages of < 1 Ga, some as young as ~400—-500 Ma (Gomi et al. 2013; Davies
2015; Labrosse 2015; Driscoll 2016; Ohta et al. 2016; Landeau et al. 2017; Zhang et al. 2020). However,
this becomes problematic when considering that the geomagnetic field is thought to have persisted since
at least ~3.5-3.7 Ga (Tarduno et al. 2014; Nichols et al. 2024) as a core with high thermal conductivity
would likely be incapable of sustaining a field long-term (Buffett 2003; Gubbins et al. 2003). These
higher estimates of thermal conductivity are also inconsistent with experimental data from heated
diamond anvil cells, which indicate values as low as 18-44 Wm™'K™! (Kondpkova et al. 2016). Attempts
to reconcile experimental and computational estimates of thermal conductivity suggest that there are
issues with both low and high estimates, and true values may be between 75-100 Wm™'K™! (Pozzo et al.
2022; Yin et al. 2022). Despite these instrumental attempts to determine the timing of ICN, it still remains

unresolved.

To independently estimate the age of the inner core, scientists are exploring data-driven approaches,
including the analysis of paleomagnetic records, to identify signatures of ICN. Changes in the adiabatic
processes within the churning, liquid metal outer core modulate geomagnetic field strength. Because
nucleation of the inner core would have resulted in a change in the convective regime of the interior,
some studies suggest its formation would result in an observable change in the field strength at Earth’s
surface (e.g., Stevenson ef al. 1983; Labrosse & Macouin 2003; Aubert et al. 2009; Christensen et al.
2009; Driscoll 2016). Biggin et al. (2015) identified an increase in paleointensity values during the
Mesoproterozoic that they postulated was due to ICN. This increase was later contested by Smirnov et al.
(2016) where the authors argued that the observed spike in paleointensity was largely due to biased data
from two localities which overestimated the field strength. Upon removal of these data, the analyses of

3
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Smirnov et al. (2016) suggested that the low number of high-quality paleointensity estimates available at
the time were insufficient to constrain ICN timing. Further paleointensity studies of rocks from this time
period have increased the number of high-quality data points, but unfortunately still leave open questions
about the behavior of the field and its association with ICN. For example, Zhang ef al. (2022) and Sprain
et al. (2018) reported high intensities of 56129 x 10> Am?, which would have required a geodynamo
with a strong power source at ~1.1 Ga whereas other studies found the opposite — ultra-low
paleointensities ranging from 0.3-1.8 x 10> Am? at ~1.1 Ga (Lloyd et al. 2021b; Shcherbakova et al.

2022).

Conversely, one time period that provides consistent paleointensities is the Ediacaran. A study by Bono et
al. (2019) identified an extremely low paleointensity of ~0.7 x 10> Am? at ~565 Ma. This finding was the
catalyst for further studies on Ediacaran rocks which yielded paleointensities ranging from 0.31-2.25 X
10%> Am? (Shcherbakova et al. 2020; Thallner et al. 2021a, 2021b, 2022). Bono et al. (2019) identified a
weakening trend from initially high field strength in the Archean to the ultra-low Ediacaran values. It has
been suggested that this period of weak field may reflect a collapsing dynamo prior to the formation of
the inner core (Bono ef al. 2019; Lloyd et al. 2021a; Thallner ef al. 2021a, 2021b, 2022), which may have
allowed for atmospheric oxygenation and associated radiation of Ediacaran fauna (Meert ef al. 2016;
Huang et al. 2024). These observed weak values are broadly consistent with thermal evolution models
which predict a decay in dipole moment prior to the nucleation of the inner core (Aubert et al. 2009;
Driscoll 2016). These simulations also predict a subsequent increase in field strength upon the nucleation
of the inner core. Paleointensity estimates from Zhou et al. (2022, 2024) and Thallner et al. (2021b, 2022)
support an increase in field strength following the Ediacaran low-field, with Zhou et al. (2022) reporting
early Cambrian (~532 Ma) intensities that are five times higher than the time-averaged Ediacaran field
strength. In contrast, Lloyd ef al. (2022) found extremely low paleointensity values at 532 Ma, suggesting
that the Ediacaran ultra-low field behavior persisted into the Cambrian. We note that the accuracy of the
data presented in Lloyd et al. (2022) is contested (Zhou et al. 2024). However, it has been shown by other
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studies that the field hyperactivity (e.g., extremely rapid reversal rates) observed in the Ediacaran
continued well into the Cambrian (Pavlov & Gallet 2001; Gallet ef al. 2019), so some discordance in

paleointensities in the early Cambrian may also be expected.

Although the aforementioned studies offer varying results and conclusions, they do have one common
challenge: a paucity of paleointensity data. Intensity is the most difficult component of the magnetic field
to constrain due to time-intensive measurements, experimental and geologic alteration, and notoriously
high failure rates. Despite making up almost 90% of Earth’s history, data from this super eon comprises
only ~10% of the PINT global paleointensity database (Bono et al. 2021). This extreme sparsity in data
for the majority of Earth’s history represents a huge gap in our knowledge and greatly impedes our ability
to understand the origin and evolution of our planet and the fundamental geologic processes that have
shaped it, highlighting the urgent need for additional high-quality paleointensity estimates for the

Precambrian.

To help fill gaps in our knowledge, we performed paleointensity experiments on mafic dikes from four
different Precambrian-aged intrusive events in India. We obtained successful results from two regions, the
Bundelkhand (~740 Ma) and Bastar cratons (~1.89 Ga). These new Precambrian data are important
additions to the existing paleointensity database and are used to analyze long-term trends in geomagnetic

field strength and test hypotheses related to the timing of ICN.

GEOLOGIC BACKGROUND AND SAMPLES

Sampling areas for this study include the Bundelkhand Craton, Malani-Nagar Parkar Igneous Suite,
Bastar Craton, and Dharwar Craton of peninsular India (Fig. 1). Samples were all previously collected
and studied for directional analysis (Meert et al. 2011, 2013, in preparation; Pivarunas ef al. 2019). In the

field, core samples were collected from mafic dikes using a water-cooled, gasoline-powered hand drill
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and oriented using magnetic and sun compasses. Core samples were cut into standard sized specimens

and stored in the magnetically shielded room at the University of Florida paleomagnetic laboratory.

As these samples were originally collected for directional analyses, much of the remaining material had
been demagnetized during those studies, limiting the available samples for this study. Samples selected
for this study were chosen based on two criteria: (1) the availability of remaining un-demagnetized
material and (2) previous studies indicating that sister samples (see subsections below) yielded high-
quality paleomagnetic directional data for paleogeographic reconstructions and had ideal magnetic

mineralogy and rock magnetic behavior for paleointensity study.

Bundelkhand Craton

The Bundelkhand craton is located to the east of the Aravalli fold belt (AFB in Fig. 1), and is divided into
several distinct units (Sharma & Rahman 2000; Pati 2020): (1) Archaean-aged granite-greenstone and
gneiss belts (the Enclave Suite); (2) Relatively undeformed granitoid plutons and large quartz reefs
(Granite Suite); (3) Mafic dike swarms and other smaller scale intrusions (Intrusive suite). The
undeformed Bundelkhand and Berach granites are dated to ~2.5 Ga and these ages reflect the
‘stabilization age’ of the Bundelkhand craton (Wiedenbeck et al. 1996; Mondal et al. 2002). The
Bundelkhand Igneous Complex hosts several suites of mafic dikes. Rao (2004) favored a two-phase
emplacement, one at 2.15 Ga and the second at 2.0 Ga, based on “°Ar/*’Ar isotopic analyses. Pradhan et
al. (2012) provided U-Pb ages for a NW-SE trending swarm at 1.979 + 0.008 Ga and for younger, E-W
dikes at 1.113 + 0.007 Ga. Pradhan et al. (2012) and Radhakrishna et al. (2013) noted three other
potential dike swarms (based on paleomagnetic directional groups) but were unable to provide age
constraints on those dikes. Shankar et al. (2023) reported a mean age for NW-SE trending dikes in the
easternmost region of the Bundelkhand craton of 2.004 + 0.0035 Ga (three dikes). A recent review paper
(Mohanty 2023) cited 13 different ages for dikes in Bundelkhand. The array of ages reflects different

generations of magmatism as well as re-setting due to tectono-thermal events after emplacement. Due to
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the wide age range of dikes in Bundelkhand, we performed geochronologic analyses on the Bundelkhand

samples in this study.

The Bundelkhand samples used for this study were collected in 2019 from a dike (site 11929) near the
Betwa River south of Orchha, Madhya Pradesh. Samples from many other dikes were also collected as
part of a paleodirectional study, the results of which will be presented in a future publication (Meert et al.
in preparation). The dikes ranged from 5 to 8 m in width. The directional data from our site 1929 pass the
McFadden & McElhinny (1990) reversal test (R.) and have a positive baked contact test. Site 11929 yields
a mean direction of D =306°, [ =+58° (k =225, a95 = 3.2°) (Fig. 2D), similar to the “Steep 3” directions
from nearby dikes reported in Radhakrishna ef al. (2013). A total of 11 specimens from site 11929 were
selected for paleointensity analysis. Individual specimens unblock between 560-580° C (Fig. 2B) and
yield nearly reversible Curie-temperature (T.) spectra (Fig. 2C) with Tc = 570° C and a small Hopkinson
peak during heating consistent with low-Ti magnetite as the main remanence carrier. Similar behavior
was observed in the Radhakrishna et al. (2013) study. Furthermore, we present a new 740 + 21 Ma
207pp/2%Ph weighted mean age from zircons of one of the examined dikes, representing the youngest

magmatism in the Bundelkhand craton (See Results section).

Malani-Nagar Parkar Igneous Suite

The Malani-Nagar Parkar Igneous Suite (MNP) is in present-day Rajasthan (NW India) and southeastern
Pakistan and represents the youngest phase of Precambrian magmatism on the Marwar block. The MNP
emplacement took place in three phases with overlapping ages: (1) an initial phase of extrusive volcanic
activity consisting of mafic and felsic lava flows (780-760 Ma), (2) a secondary phase dominated by
granitic plutonism (767-750 Ma; Ashwal et al. 2013), and (3) a final phase that featured emplacement of
both felsic and mafic dike swarms (~750 Ma; Wang et al. 2017). The MNP is bracketed by two
unconformities that separate Pre-Malani basement rocks of Paleo- to Mesoproterozoic age and post-

Malani, Marwar sedimentation (Pandit et al. 1999). Felsic lavas emplaced during the first stage of Malani

7
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magmatism are grouped by chemistry into peraluminous (Jalore Granite) and peralkaline (Siwana
Granite) types which occupy distinct areas in the MNP to the north and west of Jodhpur, respectively

(Meert et al. 2013).

The Malani samples used for this study were collected by Meert ef al. (2013) from mafic dikes that
intruded the Siwana granite near Redana, which is located west of Jodhpur, India. The dikes are ~5 m in
width and a baked contact test at site 19-2 provides conclusive evidence for primary magnetization (fig. 5
of Meert et al. 2013). Thermomagnetic analyses showed the presence of low-Ti titanomagnetite along
with some small amounts of pyrrhotite in some specimens (figs 7a, 7e, and 7f of Meert et al. 2013),
namely those from site 19-16. Sister specimens from these samples were avoided for paleointensity study.
Isothermal remanence acquisition and backfield coercivity of remanence measurements for MNP samples
show saturation by 0.2-0.4 T, indicating the presence of magnetite (fig. 7b of Meert et al. 2013).
Directional data is near univectorial, stable above 550-560°C (fig. 4b of Meert et al. 2013), and yielded
robust paleomagnetic poles. A total of six specimens from three sites in the MNP were selected for this
study. Samples for geochronology of the MNP were collected from the mafic dike at site 19-2 by Meert et

al. (2013) and provided a weighted average 2°’Pb/?%Pb age of 752 + 18 Ma.

Bastar Craton

The Bastar Craton is a ~500 km? crustal block in southeastern India bordered by the Central Indian
Tectonic Zone (CITZ) to the north and the Godavari rift to the south. Early Archean gneisses make up the
basement rocks in Bastar, which are then intruded by Proterozoic granitoids. The Bastar Craton is
intruded by numerous mafic dike swarms that crosscut the various granitoids and supracrustal rocks of the
region (Srivastava et al. 2021). Many of the dikes in the southern Bastar craton trend NW-SE, paralleling
the Godavari rift, and these dikes are thought to have exploited preexisting faults. The northern dikes are
oblique to the Mahanadi rift and strike NNW-SSE (French et al. 2008; Shellnutt et al. 2019).
Geochronologic studies identified distinct intrusive intervals for the dikes in the Bastar craton with the

8
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following ages: (a) 2.365 Ga NW-SE trending bonititic Bhanupratappur dikes (Liao et al. 2019); (b) 2.25
Ga ENE-trending Churra dikes (Srivastava ef al. 2021); (¢) 1.891-1.883 Ga NW-SE trending Keshkal
dike swarm (French et al. 2008); (d) 1.851 NNW-trending Sonakhan dike swarm (Shellnutt ez al. 2019);
(e) 1.46—1.44 Ga N-S trending Lakhna swarm (Ratre et al. 2010; Pisarevsky et al. 2013). The Keshkal

dike swarm is the focus of the current study.

The Bastar samples used for this study were collected by Meert ez al. (2011) from doleritic dikes within
the Keshkal area which cross-cut Archean basement rocks. The dikes show only low-grade alteration and
generally range in width from 15-20 m thick, with some up to 200 m. Thermomagnetic curves for these
dikes are nearly reversible and have T, of ~568—575°C (figs 3a and 3b of Meert et al. 2011). The authors
noted trace amounts of pyrrhotite, pyrite, and/or chalcopyrite in some dikes. Samples showing evidence
for Fe sulfides were not used in this study. Paleomagnetic results from these samples were of high-quality
and indicated a dual-polarity magnetization that does not match younger magnetic directions from India,
providing support for a primary magnetization (fig. 2 of Meert et al. 2011). A total of 26 specimens from

two sites in Bastar were selected for this study.

Dharwar Craton

The Dharwar Craton, located in southern India, is the largest of the Indian cratons. When combined with
the Southern Granulite Terrane (SGT, directly to the south), this area covers >238,000 km? (Goodwin
1991). The Dharwar is split into eastern and western portions by the N-S trending Closepet granite
(Friend & Nutman 1991; Ramakrishnan & Vaidyanadhan 2010; Meert & Pandit 2015). Both regions are
dominated by metamorphic rocks including tonalite-trondhjemite gneisses and greenstone schist belts that
range in age from 3.4-2.55 Ga. The eastern portion also contains 3.0-2.55 Ga granites (e.g., Balakrishnan
et al. 1990; Kumar et al. 1996; Jayananda et al. 2000). Adjacent to the eastern portion is the crescent-
shaped Cuddapah basin, which is comprised of igneous and sedimentary rocks of Meso-Neoproterozoic
age (Lakshminarayana ef al. 2001). Throughout the Proterozoic, magmatism occurred across the craton

9
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and included kimberlites, lamproites, and numerous mafic dike swarms that cross-cut the metamorphic

basement of the Dharwar.

Of the numerous generations of mafic intrusions in the Dharwar (Soderlund et al. 2019), the samples used
in this study come from the Bangalore (Bengaluru) dike swarm in the northern section of the SGT and
were collected by Pivarunas ef al. (2019). Two sites were chosen for this study: one near the city of
Tiruvannamalai and one near Hogennakal. Thermomagnetic curves are highly reversible with T,
consistent with unaltered magnetite (fig. 5a of Pivarunas ef al. 2019). Hysteresis properties of all dikes
suggested magnetic grain sizes ranging from pseudo single domain to single domain (fig. 6 of Pivarunas
et al. 2019). Directional data indicated a multicomponent NRM with the presence of a shallow secondary
overprint (fig. 7 of Pivarunas et al. 2019). Baked contact tests were conducted at site 11530/11531 and
provided evidence for primary magnetization (fig. 8 of Pivarunas et al. 2019). A total of five specimens

from two sites in Dharwar were selected for this study.

The Bangalore dikes from Dharwar that are used in this study have been reliably dated using U-Pb zircon
geochronology to 2.363 £ 0.0066 Ga (Pivarunas ef al. 2019). This time period is represented in the
database by only one study of Dharwar dikes (Valet et al. 2014), which is currently the only

paleointensity study of Precambrian India.

In summary, sampling areas for this study include the Bundelkhand Craton (~740 Ma; This study),
Malani Igneous Suite (~752 Ma; Meert et al. 2013), Bastar Craton (~1.89 Ga; Meert et al. 2011), and
Dharwar Craton (~2.36 Ga; Pivarunas et al. 2019) of peninsular India (Table 1). Overall, the ages of these
samples cover multiple time periods where data are sparse or completely missing in the Precambrian

PINT database (Bono et al. 2021).
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METHODS

Paleointensity experimental protocol

In all cases, specimens were pre-selected for this study based on the site’s demagnetization behavior, rock
magnetic properties, and evidence for primary magnetization as indicated by the previous paleomagnetic
studies of the samples. In some cases, sample selection was limited based on availability of material.
Overall, a total of 48 specimens from nine sites across the four localities were selected for paleointensity

experimentation.

All experiments were performed at the University of Florida Paleomagnetic laboratory. Paleointensity
experimentation was completed using the stepwise Thellier-Thellier method (Thellier & Thellier 1959)
following the IZZI protocol (Tauxe & Staudigel 2004; Yu & Tauxe 2005). Partial thermoremanent
magnetization (pTRM) checks were conducted throughout the experiment to check for heating-induced
magnetomineralogical alteration. Heating steps were completed in air using a Magnetic Measurements
TDS8O0A paleointensity furnace. Specimens were placed in the same positions within the sample boat
during each heating step. During each in-field step, samples were placed in the same orientation with
respect to the applied field. Two separate experiment sets were completed using applied fields of 45 pT
and 60 uT to check for nonlinear remanence. Any residual field inside the furnace was measured at <10
nT for zero-field steps. Remanence measurements were performed using a 2G Enterprises
Superconducting Quantum Interference Device (SQUID) rock magnetometer. The aforementioned
instruments are all housed in a magnetically shielded room at the University of Florida. During

paleointensity experimentation, all samples were stored in the magnetically shielded room.
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The resulting 1ZZI paleointensity data were analyzed using the thermal Thellier analysis tools on
paleointensity.org (Béguin et al. 2020). The auto-interpret function was used along with our selection
criteria (see below) to select fits and calculate Arai plot statistics and paleointensity estimates. Specimens
from the same site were averaged before converting into a Virtual Dipole Moment (VDM). All VDMs
were calculated using inclinations obtained from samples from the same sites (Meert et al. 2011, 2013;

Pivarunas et al. 2019). For Bundelkhand site 11929, the calculated paleolatitude is 39 degrees.

Paleointensity results were assessed using a set of quantitative selection criteria as outlined in
Standardized Paleointensity Definitions (SPD; Paterson et al. 2014). To determine whether a
paleointensity estimate was accepted, the following criteria had to be met:

(1) a maximum angular deviation (MAD; Kirschvink 1980) of < 10° for grade A results and <
15° for grade B results;

(2) the difference between anchored and free-floating fits of directional data to the origin (o) of <
15°;

(3) number of measurements used for paleointensity determination of n > 4;

(4) fraction of NRM used for the best fit on the Arai plots determined by vector difference sum
calculations (FRAC; Shaar & Tauxe 2013) of > 0.35 for grade A results and > 0.25 for grade B results;

(5) scatter parameter (B; Coe et al. 1978) values of < 0.10;

(6) number of pTRM checks of Nyrrm > 2;

(7) the maximum absolute difference produced by a pTRM check normalized by the total TRM
(0CK; Leonhardt et al. 2004) of < 15 percent for grade A results and < 20 percent for grade B results;

(8) the maximum absolute difference produced by a pTRM check normalized by the length of the
best-fitting line (DRAT; Selkin & Tauxe 2000) of < 15 percent;

(9) the sum of absolute pTRM difference (CDRAT; Kissel & Laj 2004) of < 15 percent for grade

A results and < 20 percent for grade B results, and
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(10) the curvature of the Arai plot determined by the best-circle fit to the selected paleointensity

slope (Jk’|; Paterson 2011) of <0.48

Similar selection criteria have been used in other paleointensity studies on similar age rocks (e.g.,
Shcherbakova ef al. 2017b; Lloyd et al. 2021a, 2021b; Thallner et al. 2021a, 2021b). A summary of these
criteria can be found in Table 2. In addition to selection criteria, we calculated the angular difference
between the pTRM acquired in the last step used for the paleointensity estimate and the direction of the
applied laboratory field. This is known as the y parameter and can be used to estimate any bias due to

anisotropy of TRM (Paterson et al. 2014).

Geochronologic methods

Zircons were separated from the sampled dike (12217-HS1) following routine mineral separation
techniques of crushing, pulverizing, sieving, density separation (using Wilfley Table and methylene
iodide) and magnetic separation (with Frantz isodynamic separator). Approximately 35 zircons were
handpicked under a binocular microscope and mounted in a 1” epoxy puck. The puck was then sanded to

expose the interior structure of the zircon grains and polished to a 0.3-micron aluminum carbide grit.

Back-scattered electron (BSE) and cathodoluminescence (CL) images of the zircons were taken in the
University of Florida Scanning Electron Microscopy (SEM) Laboratory, housing a Zeiss Evo MA10 with
a Gatan MiniCL cathodoluminescence detector. Following the BSE and CL images, spots free of
inclusions and fractures were analyzed with 10—15 um spot size. The analysis was conducted in the
University of Florida Laser Ablation-Multi Collector-Inductively Coupled Plasma-Mass Spectrometry
(LA-MC-ICPMS) Laboratory housing an ESL NWR213nm LA system coupled with Nu-Instruments
Plasma 3 MC-ICPMS system. Before each analysis, on-peak background measurements were performed
to subtract the gas blank, including the ***Hg contribution to ?**Pb signal. U, Th and **®Pb ion signals were
measured by faraday cups, and 2°’Pb, 2°Pb and 2**Pb ion signals were measured by Daly detectors. Spots

13



333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

were ablated using 2% laser power and 5 Hz repetition rate for 30 seconds. FC-1 (Paces & Miller 1993)
and 91500 (Wiedenbeck et al. 2007) zircons were used as primary and secondary reference materials,
respectively. Data processing and reduction was completed with an in-house spreadsheet “Calamari”, and
the final age calculations, common-Pb correction and plotting of the diagrams were completed using

IsoplotR (Vermeesch 2018).

RESULTS

Paleointensity results

From the ~752 Ma MNP, all six specimens (three sites) failed. The Arai plots exhibited two slopes that
appear to be due to an overprint below 505°C (Fig. 3A inset). The temperature range above 505°C
displayed sagging in the Arai plot (high 8 and [k’|). The few Arai segments that were relatively linear
could not be used due to failed pTRM checks (high DRAT). Our results indicate that a combination of
non-ideal behavior (e.g., multidomain grains) and thermal alteration during heating caused these samples

to be unreliable paleointensity recorders.

All five specimens (four sites) from the ~2.36 Ga Dharwar craton also failed, primarily due to
multidomain behavior as evidenced by dramatic zig-zagging in the Arai plots (Fig. 3B). This zig-zagging
persisted from Tmin to the 530°C temperature range and then exhibited erratic behavior, precluding the use

of any higher temperature segments.

For the Bastar craton, two separate sites (I527 and 1531) yielded passing results for a success rate of 31%.
Of the 10 specimens from site 1527, two passed grade A selection criteria and two passed grade B. Those
that passed grade A (specimens 4C and 1C) provided paleointensity estimates of 18.9 and 18.1 uT,
respectively. The grade B results (specimens 7B and 10C) yielded paleointensities of 15.8 and 12.1 uT,
respectively. The average of these results is 16.2 + 3.0 uT, corresponding to a VDM of 4.1 £ 0.77 x 10%
Am? for Bastar site 1527 (~1.89 Ga). Excluding grade B gives an average of 18.5 uT and VDM of 4.7 x
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10> Am?, a 14% difference. Passing specimens from site 1527 exhibited two slope behavior in the Arai
plots (Fig. 4A, B). The lower temperature slope, which extends from 0 to approximately 435-505°C, is
positive. This is followed by a negative slope through the rest of the Arai plot. Directional data on
Zijderveld diagrams (Fig. 4A, B insets) clearly show two separate directions that coincide with these
temperature ranges, so we interpret this low-temperature positive slope in the Arai as an overprint and

only use the higher temperature slope for paleointensity estimation.

For Bastar site 1531, four specimens out of 16 passed our selection criteria. Two specimens passed grade
A criteria and two passed grade B. Those that passed grade A (specimens 5C and 6B) yielded
paleointensity estimates of 7.4 and 7.8 uT, respectively. The grade B results from specimens 2B and 3B
were significantly higher at 72.9 and 69.8 uT, respectively. Averaging these results provides a
paleointensity of 39.5 + 36.8 uT, ora VDM of 10.2 + 9.5 x 10> Am?. However, despite passing selection
criteria, we do not believe that the grade B results from site [531 are reliable estimates of the paleofield.
First, the Arai plots have multiple slopes and a “hook” shape (Fig. 4D) which indicates that the specimen
did not follow the Law of Reciprocity and may have altered during experimentation (Tauxe et al. 2020).
In addition, the directional data is completely uni-vectorial. This behavior suggests that these specimens
were entirely remagnetized at some point, either in-situ or during their time in storage. As such, these
samples were excluded from analysis. The average paleointensity value excluding the remagnetized grade

B results for site 1531 is 7.6 uT, or a VDM of 2.0 x 10?> Am? (~1.89 Ga).

Passing specimens from site [531 also exhibited two slope behavior in Arai plots. The steep lower
temperature slope extends from 0 to 300-505°C followed by a shallower negative slope (Fig. 4C). Above
~570°C there is some erratic behavior in the Arai plots. Therefore, the maximum temperature used for fits
was 560°C. Directional data indicate the presence of two components which correspond with these two

temperature ranges. As such, only the higher temperature slope was used for paleointensity estimation.
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Of the 11 specimens from the Bundelkhand site 11929, three passed our selection criteria for a 27%
success rate. Specimen 10B passed our grade A selection criteria, yielding a paleointensity estimate of
28.9 uT. The other specimens, 11B and 5Z, passed grade B selection criteria providing paleointensity
estimates of 23.9 and 20.0 uT, respectively. The average of these three results is 24.3 + 4.5 uT,

corresponding to a VDM of 4.3 + 0.79 x 10> Am? for Bundelkhand site 11929 (~740 Ma).

The Arai plots for the passing Bundelkhand specimens exhibit mostly linear behavior (Fig. 4E, F) with
satisfactory pTRM checks. At temperatures higher than ~550-560°C, pTRM checks start to increasingly
deviate, suggesting thermal alteration. As such, we avoided use of the higher temperature steps for
paleointensity estimates. However, we note that because we did not perform pTRM checks on every step,
some of our selected fits could be affected by alteration. Consequently, we interpret the site mean for

Bundelkhand as an estimate of minimum field strength.

Overall, a total of nine specimens from three sites yielded paleointensity estimates which satisfied our
selection criteria (Table 3). To determine if our estimates were biased by anisotropy, we calculated the
gamma statistic (y) for each specimen. This statistic is the angle between the pTRM acquired at the last
step used for the best-fit segment on the Arai plot and the laboratory field direction (Biay). Passing
specimens from this study have y values ranging from 1.7-8.2° (Table 2). Median and average values are
2.9° and 3.9°, respectively. These values are quite low and because the specimens were from quickly-
cooled dikes, which are less likely to be affected by anisotropic remanence, we do not believe our results
to be biased by anisotropy. Furthermore, we do not apply a cooling rate correction as rock magnetic
analyses suggest our primary recorders are in the vortex state size range, which recent experimental and
theoretical work suggests are unlikely to be affected by cooling rate (Winklhofer et al. 1997; Yu 2011;
Biggin et al. 2013; Ferk et al. 2014). Although we performed experiments with two different laboratory

fields to check for the effects of non-linear remanence acquisition, we did not have passing specimens
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from both for any single site. However, the effects of non-linear remanence are typically caused by
magnetic grains with strong shape anisotropy that is uncommon in rapidly cooled bodies (Selkin et al.

2007).

To further assess the quality of our paleointensity estimates we used the Quality of Paleointensity (Qpi)
criteria (Biggin & Paterson 2014). Qpr is a set of reliability criteria for site-level paleointensity data and
originally included eight criteria (AGE, STAT, TRM, ALT, MD, ACN, TECH, and LITH) but has since
been expanded to include MAG and DIR introduced by Biggin et al. (2015) and Kulakov et al. (2019),
respectively. These 10 criteria are used in the PINT database (Bono et al. 2021), therefore we assessed
our data for all of them. Our results do not pass STAT (a minimum of 5 individual estimates per unit with
low dispersion) due to a low amount of material available for this study, TECH (averaging results from
more than one paleointensity technique), or TRM (microscopic evidence of primary igneous texture).
Low experimental success rates, a common problem for rocks of Precambrian age, also contributed to not
meeting STAT. In the case of the TRM criterion, the primary nature of our TRM is supported by rock
magnetic analyses, baked contact tests, and paleomagnetic data from previous studies. Nonetheless,
dedicated petrographic analyses and/or microscopy were not completed so our specimens do not meet this
criterion. Our estimates also do not satisfy LITH (averaging results from more than one lithology which
possess different unblocking behavior). This criterion is generally known as the most difficult to achieve.
In this study, the targets were dikes which were typically intruded into heavily weathered granites or other
metamorphic rocks. Therefore, another lithology was not available at these sites. All of our estimates
satisfy the AGE criteria (high-quality U-Pb and/or Pb-Pb ages), ALT (passing pTRM checks), MD (no
portions of the Arai with sagging or zig-zagging were used in fits), DIR (well-constrained paleomagnetic
directions), ACN (no evidence for bias due to anisotropy or cooling rate), and MAG (data publicly
available). Overall, our estimates have a Qp; score of 6 which is higher than 92% of the data currently in

the PINT database.
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Geochronology results

The zircons separated from the Bundelkhand basaltic dike sample 12217-HS1 are 100-200 pm in size,
euhedral and display oscillatory, laminar and sector zoning, typical of magmatic zircons. Although a few
grains had metamict cores, the magmatic texture is persistent. Furthermore, well developed core-rim
texture with distinctive bright boundaries were observed in several of the analyzed zircons. The magmatic
character was also inferred by the Th/U ratios that vary from 0.1-0.9 (Table S1) for the majority of the
analyzed spots with a negligible portion falling into the magmatic-metamorphic transitional zone (e.g.,

Rubatto 2002).

The LA-MC-ICPMS analysis revealed >1 Ga ages from core spots, defining a discordia, with an upper
intercept of 2.5384+0.054 Ga (26, n = 77/77). This age agrees well with the age of the Bundelkhand craton
in which the sampled dikes intruded into (e.g., Mondal et al. 2002). The remaining spot analyses results
from the rims of the zircons (excluding the spots with inclusions and/or Pb-loss) yielded a lower intercept
age of 726 + 24 Ma (20, n = 48/77, analytical uncertainty) with Pb anchored to (**’Pb/?%Pb). = 1.106 (Fig.
5A). During the analyses, an excess of common-Pb was observed in the time series that is interpreted to
be incorporated due to a thermal event before or during the dike emplacement. The common-Pb corrected
(with methods specified by Tera & Wasserburg 1972; Stacey & Kramers 1975; Vermeesch 2020) isotopic
ratios of the same population from spots on the rims of the zircons yielded a 2*’Pb/***Pb weighted mean
age of 740 + 21 Ma (26, MSWD = 5.9, n = 48/77) (Fig. 5B). The common-Pb uncorrected lower intercept
age, and the common-Pb corrected >*’Pb/**Pb weighted mean age agree well within error (MSWD =
0.77, probability = 0.38). Therefore, we interpret the ca. 740 Ma date to represent an inferred

crystallization age for this basaltic dike.

DISCUSSION
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The magnetic field varies on a range of timescales and to assess long-term trends in magnetic field
behavior, magnetic data would ideally average out short-term variations, known as secular variation. It is
unlikely that our data, e.g., two to three specimens from one to two dikes per locality, average out secular
variation. Instead, our data are best interpreted as individual snapshots of field behavior at the time that
the dikes cooled. Although we cannot determine average field behavior, our results can still be used to
make inferences about field behavior in the Precambrian in addition to adding more high-quality data to

the Precambrian database.

Our data represent the first paleointensity estimates from Precambrian-aged rocks from the Bundelkhand
and Bastar cratons of India. Although our estimates do not have high N, they do show that the rocks from
these areas yield successful paleointensity results and thus could be targeted for future sampling for a
variety of Precambrian age ranges. The VDM obtained for the Bundelkhand craton (~740 Ma) is 4.3 = 0.8
x 10?2 Am? while VDMs from the Bastar craton (~1.89 Ga) are 4.1 £+ 0.8 x 102 Am? and 2.0 x 10*> Am?.
We note that the discrepancy between the paleointensity values at the two Bastar sites is unknown, but
most likely is due to secular variation. The newly obtained VDMs are much lower than the modern-day
field of ~8 x 10?> Am? but are not significantly different than the time-average field strength over much of
the Phanerozoic of ~4—5 x 10> Am? (Tauxe et al. 2013; Biggin et al. 2015; Hawkins et al. 2024).
Additionally, our Bastar results add new data for a ~200 Myr interval in the paleointensity database where

previously there was only one other data point at ~1.90 Ga (Shcherbakova et al. 2014).

Comparing our results to the PINT database, filtering to Qpr scores > 3 (Fig. 6), the data closest in age to
our 1.89 Ga Bastar results are a ~1.90 Ga estimate of 2.82 + 0.12 x 10* Am? from Paleoproterozoic dikes
from the Kaapvaal Craton, South Africa (Shcherbakova et al. 2014) and estimates from the 1.860 = 0.004
Ga dolerite sills of the Murmansk Craton, NE Fennoscandia, which range from 1.16-2.50 x 10?2 Am?
(Veselovskiy et al. 2019). Our VDM from site 1531 of 2.0 x 10> Am?is consistent with these values. The
VDM for site 1527 is higher at 4.1 + 0.8 x 10> Am? but is within the range of expected variation in field
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strength due to secular variation. It is also possible that the dikes at site 1527 could be slightly older than
those at 531 and reflect an overall decreasing field from 2.10 to 1.68 Ga, as predicted by the Monte Carlo

Axial Dipole Average Model (MCADAM) dipole moment model (Bono et al. 2022).

Although we did not obtain successful results from the Malani-Nagar Parkar Igneous Suite or the
Dharwar Craton, both regions host multiple generations of Precambrian dikes that may yield robust
paleointensity estimates. Success also likely varies among individual swarms; for example, Valet ef al.
(2014) obtained successful paleointensity results from the same Dharwar swarm studied here. Therefore,
the negative results reported here may not fully represent the potential of all Precambrian-aged dikes in

these areas, highlighting significant potential for future investigations.

The Neoproterozoic field

Our ~740 Ma Bundelkhand result of 4.3 + 0.8 x 10*> Am? is bracketed by three estimates from the ~755
Ma Mundine Wells dike swarm in western Australia (Lloyd et al. 2021b) and a cluster of 11 estimates
from the ~726—-720 Ma dikes of the Franklin large igneous province (Lloyd ef al. 2021a). At ~755 Ma the
VDMs range from 6.08-6.41 x 10> Am?* with an average of 6.3 x 10> Am?. Our result ~15 Myr later
represents a 32% decrease in the average field strength. At ~726—720 Ma, VDMs range from 0.36—1.9 x
10> Am? with an average of 1.1 x 102> Am?. These VDMs, occurring another 14-20 Myr later, represent
a further decrease in average field strength of 74%. Overall, these data between 755—720 Ma show the
field losing approximately 83% of its strength in ~30 Myr. We note that 1) paleointensity estimates for
this time period are sparse and likely insufficient to average out secular variation, and 2) our estimate
from Bundelkhand may represent a minimum intensity (see Results section). As a consequence, the true
magnitude of the decay in field strength remains uncertain, and the percentages stated above reflect
changes between discrete snapshots of the field. Nevertheless, the apparent rapid decay in intensity
between these records (Fig. 7) suggests that the period of ultra-low field strength identified in the
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Ediacaran (Bono et al. 2019; Shcherbakova et al. 2020; Thallner et al. 2021a, 2021b, 2022; Huang ef al.
2024) may have begun in the late Tonian to early Cryogenian. Broadly, this supports numerical
geodynamo simulations and thermal evolution models that propose a weak geodynamo prior to ICN (e.g.,
Aubert et al. 2009; Landeau et al. 2017). More specifically, this earlier onset of field collapse is in
agreement with the model of Driscoll (2016) which predicts that the geodynamo slipped into a weak-field
regime for ~350 Myr prior to ICN. Based on currently available data, Huang et al. (2024) stated that the
Ediacaran ultra-low field lasted at least 26 Myr, but the onset of this period of weak field strength has not

yet been identified.

If the magnetic field’s collapse began earlier than currently established, such as in the late Tonian, it may
have remained in a weakened state for ~175 Myr until the reported increase in field intensity during the
late Ediacaran to early Cambrian (Zhou et al. 2022, 2024; Huang et al. 2024). This longer duration, on the
order of 10> Myr rather than 10' Myr, aligns more closely with numerical predictions. However, the
length of the ultra-low field period remains unknown and cannot be constrained to the late Tonian/early
Cryogenian yet as the paleointensity estimates at ~755 Ma, ~740 Ma, and ~720 Ma are unlikely to be
averaging secular variation. Furthermore, there are no robust paleointensity data for the 120 Myr period
between 719-599 Ma. Currently, the only data in this time range is one estimate at ~682 Ma from a
meteorite impact structure — but, the authors note a bias towards high values in their Arai plots and large
uncertainty in the age (Salminen et al. 2006). Therefore, this data point was excluded from Fig. 7.
Similarly, as shown in Figures 6 and 7, high-quality data are also missing for the 950-760 Ma interval. To
further test this hypothesis of a late Tonian to early Cryogenian field collapse, additional data from the
950-600 Ma time range are certainly needed. Future studies should target rocks in this 950-600 Ma age
range to (1) constrain when secular variation in intensity diminished to levels characteristic of the mid-to-
late Ediacaran, and (2) identify the true onset and duration of the weak-field regime. This information will
be essential to understand geodynamo evolution during this particularly critical period in our planet’s
history.
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The Paleoproterozoic field

To examine what our Bastar results may indicate about the Precambrian magnetic field, we will consider
both the MCADAM.1b model of Bono ef al. (2022) and the long-term trend of Bono ef al. (2019) (Fig.
6). MCADAM is based on site level results from the PINT database (Bono et al. 2021) and in the authors’
preferred model (MCADAM.1b), moderately restrictive data selection requiring that paleointensity site
records meet at least three of the Qpr criteria was used. Our new data is in agreement with the predictions
of MCADAM (Bono ef al. 2022) and fall within the 95% confidence interval of the model. However, we
note the MCADAM model is informed by existing data and, in time intervals which lack data, it is
constrained by its nearest neighbors. Therefore, it may not reflect the true scale of variability in the field.

Despite this limitation, it is a useful tool for analyzing trends in the existing data.

A more restrictive data selection method was used in Bono ef al. (2019) including the removal of data
solely incorporating low unblocking temperatures in paleointensity fits, the requirement that results from
rapidly cooled units are based on more than one value (e.g. >1 dike, flow, or sill) and have more than one
determination for each cooling unit, and the exclusion of data where alteration is apparent. Focusing on
the interval of time most closely associated with our new Bastar results (2.1-1.85 Ga), among the studies
with Qp; > 3 included in MCADAM, the ~2.07 Ga results from Sumita et al. (2001) were excluded from
Bono et al. (2019) due to the use of low-temperature fits, and the ~2.07 Ga results from Halls ef al. (2004)
and Macouin et al. (2003), and the ~1.90 Ga results from Shcherbakova et al. (2014) were also excluded
due to lack of specimen or dike level replication. Additionally, the ~1.86 Ga results of Veselovskiy et al.
(2019) came out after Bono et al. (2019) was published, but were not included in updated versions
presented in Zhou ef al. (2022) and Huang et al. (2024). The estimates from these excluded studies are all
noticeably lower than Huang et al.’s (2024) new 2.04 Ga estimate from the Bushveld (1.16-4.86 x 10%

Am?* vs. 8.04 x 1022 Am??, respectively) in addition to field values from the Midcontinent Rift at ~1.1 Ga
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(~6 x 102 Am*?). Our new field strength estimates from Bastar are consistent with the values from these
studies excluded in Bono ef al. (2019), adding support to their validity. Additionally, our estimates are in
agreement with more recent studies of Proterozoic aged rocks which report low VDMs (Shcherbakova et

al. 2023, 2024; Lloyd et al. 2024).

The rationale for the highly restrictive data selection of Bono et al. (2019) was to create a dataset with
only paleointensity estimates which represent time-averaged field values in order to relate models of field
evolution to observations. As such, it is intended to capture the primary signal of secular cooling by a
primarily thermally driven dynamo. While secular cooling played a major role in the early geodynamo,
the consistent observation of low VDMs in the Proterozoic suggest other mechanism(s) were also
significantly affecting the efficiency of the Precambrian geodynamo. In addition to the "Proterozoic
dipole low" (Biggin et al. 2015), other dipole lows have been identified in the Paleozoic (e.g.,
Shcherbakova et al. 2017a; Hawkins et al. 2019, 2021) and Mesozoic (e.g., Prévot et al. 1990; Biggin &
Thomas 2003; McElhinny & Larson 2003; Tauxe et al. 2013; Shcherbakova et al. 2015; Anwar et al.
2016). Some have postulated that this is due to cyclical behavior in the field after ICN, possibly due to
mantle convection (e.g., Tarduno & Cottrell 2005); but the existence of a similar period in the Proterozoic
raises questions about what kind of core conditions are needed to result in cyclical behavior in the
absence of an inner core. Unfortunately, the Precambrian paleointensity database is still too sparse to

come to any definitive conclusion.

CONCLUSIONS

In this work, we presented three new high-quality (Qpr = 6) paleointensity estimates for Precambrian-aged
samples. As a whole, these new data are 46—75% lower than the modern-day field, are consistent with the
long-term average for the Phanerozoic, and are in good agreement with paleointensity estimates of similar
age.
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Our new results from the Bastar are consistent with other low Proterozoic paleointensity estimates
(Sumita et al. 2001; Macouin et al. 2003; Halls et al. 2004; Veselovskiy et al. 2019; Shcherbakova et al.

2023, 2024; Lloyd et al. 2024) adding support for the Proterozoic dipole low (Biggin et al. 2015).

Additionally, our data for ~740 Ma suggest that the field collapse that led to the ultra-low Ediacaran field
may have started earlier than the Ediacaran, possibly in the late Tonian to early Cryogenian. In this
scenario, the weak geodynamo regime could have persisted for at least ~175 Myr before regaining
strength in the early Cambrian. This more protracted period of weakness in the field is in good agreement
with numerical predictions and thermal models suggesting a weakening/low-field between 1.0 Ga and 650
Ma prior to the nucleation of a young inner core. However, the onset of the weak field regime is currently
unknown due to sparse data between 950-600 Ma. Future investigations should target rocks with ages in
this time range to test this hypothesis in order to improve our understanding of the evolution of the

geodynamo, the nucleation of the inner core, and the evolution of Ediacaran and Cambrian fauna.

Overall, the sparsity of paleointensity data during the Precambrian hinders our ability to make broad
conclusions about the long-term trends in the field. Despite this issue, the addition of this data is a step
towards a more representative paleointensity record for the Precambrian. More studies on Precambrian-
aged rocks are needed to continue to build upon existing hypotheses of long-term trends in the
geodynamo. India is a great candidate for continued future work as, 1) it has a wide range of
Precambrian-aged outcrops and intrusions that are capable of recording paleointensities (Meert et al.
2021), and 2) it has been understudied — only this and one other published study on paleointensity of

Precambrian India currently exist.
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The paleomagnetic and paleointensity data from this study can be accessed using the Magnetics
Information Consortium (MaglC) database: https://earthref.org/MaglC/20215/656fb049-dfe0-4697-a54e-

eb5ee142798d

ACKNOWLEDGEMENTS

KEB and CJS acknowledge support from NSF Award 2016763. CJS was also supported by NSF Awards
2054605, 2245629, 2321344, and 2237807. Some of the work in this manuscript was supported by grants
from the USA National Science Foundation to JGM (EAR13-47942, EAR(09-10888, EAR18-50693). We

thank George Kamenov for his guidance with the analyses on the MC-ICPMS.

25



623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

REFERENCES

Anwar, T., Hawkins, L., Kravchinsky, V.A., Biggin, A.J. & Pavlov, V.E., 2016. Microwave paleointensities
indicate a low paleomagnetic dipole moment at the Permo-Triassic boundary. Phys. Earth.
planet. Inter., 260, 62—73. doi:10.1016/j.pepi.2016.09.007

Ashwal, L.D., Solanki, A.M., Pandit, M.K., Corfu, F., Hendriks, B.W.H., Burke, K. & Torsvik, T.H., 2013.
Geochronology and geochemistry of Neoproterozoic Mt. Abu granitoids, NW India: Regional
correlation and implications for Rodinia paleogeography. Precambrian Res., 236, 265-281.
d0i:10.1016/j.precamres.2013.07.018

Aubert, J., Labrosse, S. & Poitou, C., 2009. Modelling the palaeo-evolution of the geodynamo. Geophys.
J. Int., 179, 1414-1428. d0i:10.1111/j.1365-246X.2009.04361.x

Balakrishnan, S., Hanson, G.N. & Rajamani, V., 1990. Pb and Nd isotope constraints on the origin of high
Mg and tholeiitic amphibolites, Kolar Schist Belt, South India. Contrib. Mineral Petr., 107, 279—
292. doi:10.1007/BF00325099

Béguin, A., Paterson, G.A., Biggin, A.J. & Groot, L.V. de, 2020. Paleointensity.org: An Online, Open
Source, Application for the Interpretation of Paleointensity Data. Geochem. Geophys. Geosyst.,
21. doi:10.1029/2019GC008791

Biggin, A.l., Badejo, S., Hodgson, E., Muxworthy, A.R., Shaw, J. & Dekkers, M.J., 2013. The effect of
cooling rate on the intensity of thermoremanent magnetization (TRM) acquired by assemblages
of pseudo-single domain, multidomain and interacting single-domain grains. Geophys. J. Int.,
193, 1239-1249. doi:10.1093/gji/ggt078

Biggin, A.J. & Paterson, G.A., 2014. A new set of qualitative reliability criteria to aid inferences on
palaeomagnetic dipole moment variations through geological time. Front. Earth Sci., 2.

doi:10.3389/feart.2014.00024

26



646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

Biggin, A.J., Piispa, E.J., Pesonen, L.J., Holme, R., Paterson, G.A., Veikkolainen, T. & Tauxe, L., 2015.
Palaeomagnetic field intensity variations suggest Mesoproterozoic inner-core nucleation.
Nature, 526, 245-248. doi:10.1038/nature15523

Biggin, A.J. & Thomas, D.N., 2003. Analysis of long-term variations in the geomagnetic poloidal field
intensity and evaluation of their relationship with global geodynamics. Geophys J Int, 152, 392—
415. d0i:10.1046/j.1365-246X.2003.01849.x

Bono, R.K., Paterson, G.A. & Biggin, A.J., 2022. MCADAM: A continuous paleomagnetic dipole moment
model for at least 3.7 billion years. Geophys. Res. Lett., 49, 10. doi:10.1029/2022GL100898

Bono, R.K., Paterson, G.A., Boon, A. van der, Engbers, Y.A., Grappone, J.M., Handford, B., Hawkins,
L.M.A,, et al., 2021. The PINT database: A definitive compilation of absolute palaeomagnetic
intensity determinations since 4 billion years ago. Geophys. J. Int., ggab490.
doi:10.1093/gji/ggab490

Bono, R.K., Tarduno, J.A., Nimmo, F. & Cottrell, R.D., 2019. Young inner core inferred from Ediacaran
ultra-low geomagnetic field intensity. Nat. Geosci., 12, 143—147. doi:10.1038/s41561-018-0288-
0

Buffett, B.A., 2003. The thermal state of Earth’s core. Science, 299, 1675-1677.
doi:10.1126/science.1081518

Christensen, U.R., Holzwarth, V. & Reiners, A., 2009. Energy flux determines magnetic field strength of
planets and stars. Nature, 457, 167—-169. doi:10.1038/nature07626

Coe, R.S., Grommé, S. & Mankinen, E.A., 1978. Geomagnetic paleointensities from radiocarbon-dated
lava flows on Hawaii and the question of the Pacific nondipole low. J. geophys. Res.—Solid Earth,
83, 1740-1756. doi:10.1029/JB083iB04p01740

Davies, C.J., 2015. Cooling history of Earth’s core with high thermal conductivity. Phys. Earth. planet.

Inter., 247, 65-79. doi:10.1016/j.pepi.2015.03.007

27



670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

Driscoll, P., 2016. Simulating 2 Ga of geodynamo history. Geophys. Res. Lett., 43, 5680-5687.
doi:10.1002/2016GL068858

Driscoll, P. & Davies, C., 2023. The “New Core Paradox”: Challenges and Potential Solutions. J. geophys.
Res.—Solid Earth, 128, e2022JB025355. doi:10.1029/2022JB025355

Ferk, A., Leonhardt, R., Hess, K.-U., Koch, S., Egli, R., Krasa, D. & Dingwell, D.B., 2014. Influence of cooling
rate on thermoremanence of magnetite grains: Identifying the role of different magnetic domain
states. J. geophys. Res.—Solid Earth, 119, 1599-1606. doi:10.1002/2013JB010845

French, J.E., Heaman, L.M., Chacko, T. & Srivastava, R.K., 2008. 1891-1883Ma Southern Bastar—
Cuddapah mafic igneous events, India: A newly recognized large igneous province. Precambrian
Res., 160, 308—322. doi:10.1016/j.precamres.2007.08.005

Friend, C.R.L. & Nutman, A.P., 1991. SHRIMP U-Pb geochronology of the Closepet granite and Peninsular
gneiss, Karnataka, South India. J. Geol. Soc. India, 38, 357—-368. d0i:10.17491/jgsi/1991/380402

Gallet, Y., Pavlov, V. & Korovnikov, I., 2019. Extreme geomagnetic reversal frequency during the Middle
Cambrian as revealed by the magnetostratigraphy of the Khorbusuonka section (northeastern
Siberia). Earth Planet. Sci. Lett., 528, 115823. d0i:10.1016/j.epsl.2019.115823

Gomi, H., Ohta, K., Hirose, K., Labrosse, S., Caracas, R., Verstraete, M.J. & Hernlund, J.W., 2013. The high
conductivity of iron and thermal evolution of the Earth’s core. Phys. Earth. planet. Inter., 224,
88-103. doi:10.1016/j.pepi.2013.07.010

Goodwin, A.M., 1991. Precambrian geology: The dynamic evolution of the continental crust, Elsevier.

Gubbins, D., Alfe, D., Masters, G., Price, G.D. & Gillan, M., 2004. Gross thermodynamics of two-
component core convection. Geophys. J. Int., 157, 1407-1414. d0i:10.1111/j.1365-
246X.2004.02219.x

Gubbins, D., Alfe, D., Masters, G., Price, G.D. & Gillan, M.J., 2003. Can the Earth’s dynamo run on heat

alone? Geophys. J. Int., 155, 609-622. doi:10.1046/j.1365-246X.2003.02064.x

28



694 Halls, H.C., McArdle, N.J., Gratton, M.N., Hill, M.J. & Shaw, J., 2004. Microwave paleointensities from
695 dyke chilled margins: a way to obtain long-term variations in geodynamo intensity for the last
696 three billion years. Phys. Earth. planet. Inter., 147, 183-195. doi:10.1016/j.pepi.2004.03.013
697 Hawkins, L.M.A., Anwar, T., Shcherbakova, V.V., Biggin, A.J., Kravchinsky, V.A., Shatsillo, A.V. & Pavlov,
698 V.E., 2019. An exceptionally weak Devonian geomagnetic field recorded by the Viluy Traps,
699 Siberia. Earth and Planetary Science Letters, 506, 134—145. doi:10.1016/j.epsl.2018.10.035
700 Hawkins, L.M.A., Biggin, A.J., Liu, Y., Grappone, J.M. & Li, Z.-X., 2024. Palaeomagnetic field intensity
701 measurements from the 2.6 Ga Yandinilling dyke swarm (Western Australia). Geophys. J. Int.,
702 236, 431-442. doi:10.1093/gji/ggad423

703 Hawkins, L.M.A., Grappone, J., Sprain, C.J., Saengduean, P., Sage, E., Thomas-Cunningham, S., Kugabalan,

704 B., et al., 2021. Intensity of the Earth’s magnetic field: evidence for a Mid-Paleozoic dipole low.
705 Proceedings of the National Academy of Sciences, 118, e2017342118.
706 doi:10.1073/pnas.2017342118

707 Huang, W., Tarduno, J.A., Zhou, T., Ibafiez-Mejia, M., Dal Olmo-Barbosa, L., Koester, E., Blackman, E.G.,

708 et al., 2024. Near-collapse of the geomagnetic field may have contributed to atmospheric
709 oxygenation and animal radiation in the Ediacaran Period. Commun. Earth Environ., 5, 207.
710 doi:10.1038/s43247-024-01360-4

711 Jayananda, M., Moyen, J.-F., Martin, H., Peucat, J.-J., Auvray, B. & Mahabaleswar, B., 2000. Late

712 Archaean (2550-2520 Ma) juvenile magmatism in the Eastern Dharwar craton, southern India:
713 constraints from geochronology, Nd—Sr isotopes and whole rock geochemistry. Precambrian
714 Res., 99, 225-254. d0i:10.1016/50301-9268(99)00063-7

715 Kirschvink, J.L., 1980. The least-squares line and plane and the analysis of palaeomagnetic data.

716 Geophys. J. Int., 62, 699-718. d0i:10.1111/j.1365-246X.1980.tb02601.x

29



717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

Kissel, C. & Laj, C., 2004. Improvements in procedure and paleointensity selection criteria (PICRIT-03) for
Thellier and Thellier determinations: application to Hawaiian basaltic long cores. Phys. Earth.
planet. Inter., 147, 155-169. doi:10.1016/j.pepi.2004.06.010

Koker, N. de, Steinle-Neumann, G. & Vlcek, V., 2012. Electrical resistivity and thermal conductivity of
liquid Fe alloys at high P and T, and heat flux in Earth’s core. Proc. Natl. Acad. Sci. USA, 109,
4070-4073. d0i:10.1073/pnas.1111841109

Konb6pkova, Z., McWilliams, R.S., Gdmez-Pérez, N. & Goncharov, A.F., 2016. Direct measurement of
thermal conductivity in solid iron at planetary core conditions. Nature, 534, 99-101.
doi:10.1038/nature18009

Kulakov, E.V., Sprain, C.J., Doubrovine, P.V., Smirnov, A.V., Paterson, G.A., Hawkins, L., Fairchild, L., et al.,
2019. Analysis of an Updated Paleointensity Database (QPI-PINT) for 65-200 Ma: Implications
for the Long-Term History of Dipole Moment Through the Mesozoic. J. geophys. Res.—Solid
Earth, 124, 9999-10022. doi:10.1029/2018JB017287

Kumar, A., Rao, Y.J.B., Sivaraman, T.V. & Gopalan, K., 1996. Sm-Nd ages of Archaean metavolcanics of
the Dharwar craton, South India. Precambrian Res., 80, 205-216. doi:10.1016/S0301-
9268(96)00015-0

Labrosse, S., 2015. Thermal evolution of the core with a high thermal conductivity. Phys. Earth. planet.
Inter., 247, 36-55. d0i:10.1016/j.pepi.2015.02.002

Labrosse, S. & Macouin, M., 2003. The inner core and the geodynamo. C.R. Geosci., 335, 37-50.
doi:10.1016/51631-0713(03)00013-0

Lakshminarayana, G., Bhattacharjee, S. & Ramanaidu, K.V., 2001. Sedimentation and stratigraphic
framework in the Cuddapah Basin. Geol. Surv. India Spec. Publ., 55, 31-58.

Landeau, M., Aubert, J. & Olson, P., 2017. The signature of inner-core nucleation on the geodynamo.

Earth Planet. Sci. Lett., 465, 193—-204. doi:10.1016/j.epsl.2017.02.004

30



741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

Leonhardt, R., Heunemann, C. & Krasa, D., 2004. Analyzing absolute paleointensity determinations:
Acceptance criteria and the software ThellierTool4.0. Geochem. Geophys. Geosyst., 5,
2004GC000807. doi:10.1029/2004GC0O00807

Liao, A.C.-Y., Shellnutt, J.G., Hari, K.R., Denyszyn, S.W., Vishwakarma, N. & Verma, C.B., 2019. A
petrogenetic relationship between 2.37 Ga boninitic dyke swarms of the Indian Shield: Evidence
from the Central Bastar Craton and the NE Dharwar Craton. Gondwana Res., 69, 193—-211.
doi:10.1016/j.gr.2018.12.007

Lloyd, S.J., Biggin, A.J., Halls, H. & Denyszyn, S., 2024. Weak paleointensities from 1.6 Ga Greenland
dykes: Further evidence for a billion-year period of paleomagnetic dipole low during the
Paleoproterozoic. Earth Planet. Sci. Lett., 648, 119110. doi:10.1016/j.epsl.2024.119110

Lloyd, S.J., Biggin, A.J., Halls, H. & Hill, M.J., 2021a. First palaeointensity data from the cryogenian and
their potential implications for inner core nucleation age. Geophys. J. Int., 226, 66—77.
doi:10.1093/gji/ggab090

Lloyd, S.J., Biggin, A.J. & Li, Z.-X., 2021b. New paleointensity data suggest possible Phanerozoic-type
paleomagnetic variations in the Precambrian. Geochem. Geophys. Geosyst., 22.
doi:10.1029/2021GC009990

Lloyd, S.J., Biggin, A.l., Paterson, G.A. & McCausland, P.J.A., 2022. Extremely weak early Cambrian dipole
moment similar to Ediacaran: Evidence for long-term trends in geomagnetic field behaviour?
Earth Planet. Sci. Lett., 595, 117757. d0i:10.1016/j.epsl.2022.117757

Macouin, M., Valet, J.P., Besse, J., Buchan, K., Ernst, R., LeGoff, M. & Scharer, U., 2003. Low
paleointensities recorded in 1 to 2.4 Ga Proterozoic dykes, Superior Province, Canada. Earth
Planet. Sci. Lett., 213, 79-95. doi:10.1016/5S0012-821X(03)00243-7

McElhinny, M.W. & Larson, R.L., 2003. Jurassic dipole low defined from land and sea data. EoS

Transactions, 84, 362—366. doi:10.1029/2003E0370003

31



765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

McFadden, P.L. & McElhinny, M.W., 1990. Classification of the reversal test in palaeomagnetism.
Geophysical Journal International, 103, 725-729. doi:10.1111/j.1365-246X.1990.tb05683.x

Meert, J.G., Levashova, N.M., Bazhenov, M.L. & Landing, E., 2016. Rapid changes of magnetic field
polarity in the late Ediacaran: Linking the Cambrian evolutionary radiation and increased UV-B
radiation. Gondwana Res., 34, 149-157. doi:10.1016/j.gr.2016.01.001

Meert, J.G. & Pandit, M.K., 2015. The Archaean and Proterozoic history of Peninsular India: tectonic
framework for Precambrian sedimentary basins in India. in Precambrian Basins of India:
Stratigraphic and Tectonic Context Geological Society, London, Memoirs, Vol. 43, pp. 29-54, The
Geological Society of London. Retrieved from
https://www.lyellcollection.org/doi/10.1144/M43.3

Meert, J.G., Pandit, M.K. & Kamenov, G.D., 2013. Further geochronological and paleomagnetic
constraints on Malani (and pre-Malani) magmatism in NW India. Tectonophysics, 608, 1254—
1267. doi:10.1016/j.tecto.2013.06.019

Meert, J.G., Pandit, M.K., Pradhan, V.L. & Kamenov, G.D., 2011. Preliminary report on the
paleomagnetism of 1.88Ga dykes from the Bastar and Dharwar cratons, Peninsular India.
Gondwana Res., 20, 335-343. d0i:10.1016/j.gr.2011.03.005

Meert, J.G., Pivarunas, A.F., Miller, S.R., Pandit, M.K. & Sinha, A.K., 2021. Chapter 10 - The Precambrian
drift history and paleogeography of India. in Ancient Supercontinents and the Paleogeography of
Earth, pp. 305332, Elsevier. Retrieved from https://doi.org/10.1016/B978-0-12-818533-
9.00004-7

Mohanty, S.P., 2023. Proterozoic basins of the Bundelkhand Craton, India: Correlations and significance
in understanding the tectonic evolution. Geosystems and Geoenvironment, 2, 100155.

doi:10.1016/j.geogeo.2022.100155

32



788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

Mondal, M.E.A., Goswami, J.N., Deomurari, M.P. & Sharma, K.K., 2002. lon microprobe 207Pb/206Pb
ages of zircons from the Bundelkhand massif, northern India: implications for crustal evolution
of the Bundelkhand—Aravalli protocontinent. Precambrian Res., 117, 85-100.
doi:10.1016/S0301-9268(02)00078-5

Nichols, C.1.0., Weiss, B.P., Eyster, A., Martin, C.R., Maloof, A.C., Kelly, N.M., Zawaski, M.J., et al., 2024.
Possible Eoarchean records of the geomagnetic field preserved in the Isua Supracrustal Belt,
southern west Greenland. J. geophys. Res., 129. doi:10.1029/2023)B027706

Ohta, K., Kuwayama, Y., Hirose, K., Shimizu, K. & Ohishi, Y., 2016. Experimental determination of the
electrical resistivity of iron at Earth’s core conditions. Nature, 534, 95-98.
doi:10.1038/nature17957

Olson, P., 2013. The new core paradox. Science, 342, 431-432. doi:10.1126/science.1243477

Paces, J.B. & Miller, J.D., 1993. Precise U-Pb ages of Duluth Complex and related mafic intrusions,
northeastern Minnesota: Geochronological insights to physical, petrogenetic, paleomagnetic,
and tectonomagmatic processes associated with the 1.1 Ga Midcontinent Rift System. J.
geophys. Res.—Solid Earth, 98, 13997-14013. doi:10.1029/93JB01159

Pandit, M.K., Shikhawat, L.S., Ferreira, V.P., Sial, A.N. & Bohra, S.K., 1999. Trondhjemite and granodiorite
assemblages from west of Barmer: Probable basement for Malani magmatism in western India.
J. Geol. Soc. India, 53, 89-96. doi:10.17491/jgsi/1999/530111

Paterson, G.A., 2011. A simple test for the presence of multidomain behavior during paleointensity
experiments. J. geophys. Res., 116, B10104. doi:10.1029/2011JB008369

Paterson, G.A., Tauxe, L., Biggin, A.J., Shaar, R. & Jonestrask, L.C., 2014, April. Standard Paleointensity
Definitions v1.1. Retrieved from http://doi.wiley.com/10.1002/2013GC005135

Pati, J.K., 2020. Evolution of Bundelkhand Craton. Episodes, 43, 69-87.

doi:10.18814/epiiugs/2020/020004

33



812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

Pavlov, V. & Gallet, Y., 2001. Middle Cambrian high magnetic reversal frequency (Kulumbe River section,
northwestern Siberia) and reversal behaviour during the Early Palaeozoic. Earth Planet. Sci. Lett.,
185, 173-183. d0i:10.1016/S0012-821X(00)00364-2

Pisarevsky, S.A., Biswal, T.K., Wang, X.-C., De Waele, B., Ernst, R., Soderlund, U., Tait, J.A.,, et al., 2013.
Palaeomagnetic, geochronological and geochemical study of Mesoproterozoic Lakhna Dykes in
the Bastar Craton, India: Implications for the Mesoproterozoic supercontinent. Lithos, 174, 125—
143. doi:10.1016/j.lithos.2012.07.015

Pivarunas, A.F., Meert, J.G., Pandit, M.K. & Sinha, A., 2019. Paleomagnetism and geochronology of mafic
dykes from the Southern Granulite Terrane, India: Expanding the Dharwar craton southward.
Tectonophysics, 760, 4-22. doi:10.1016/j.tecto.2018.01.024

Pozzo, M., Davies, C., Gubbins, D. & Alfe, D., 2012. Thermal and electrical conductivity of iron at Earth’s
core conditions. Nature, 485, 355—-358. doi:10.1038/nature11031

Pozzo, M., Davies, C.J. & Alfe, D., 2022. Towards reconciling experimental and computational
determinations of Earth’s core thermal conductivity. Earth Planet. Sci. Lett., 584, 117466.
doi:10.1016/j.epsl.2022.117466

Pradhan, V.R., Meert, J.G., Pandit, M.K., Kamenov, G. & Mondal, Md.E.A., 2012. Paleomagnetic and
geochronological studies of the mafic dyke swarms of Bundelkhand craton, central India:
Implications for the tectonic evolution and paleogeographic reconstructions. Precambrian Res.,
198-199, 51-76. doi:10.1016/j.precamres.2011.11.011

Prévot, M., Derder, M.E.-M., McWilliams, M. & Thompson, J., 1990. Intensity of the Earth’s magnetic
field: Evidence for a Mesozoic dipole low. Earth and Planetary Science Letters, 97, 129-139.

doi:10.1016/0012-821X(90)90104-6

34



834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

Radhakrishna, T., Krishnendu, N.R. & Balasubramonian, G., 2013. Palaeoproterozoic Indian shield in the
global continental assembly: Evidence from the palaeomagnetism of mafic dyke swarms. Earth
Sci. Rev., 126, 370-389. doi:10.1016/j.earscirev.2013.08.011

Ramakrishnan, M. & Vaidyanadhan, R., 2010. Geology of India Volume 1, Vol. 1, Geological Society of
India Publications.

Rao, J.M., 2004. The wide spread 2 Ga dyke activity in the Indian Shield - Evidences from Bundelkhand
mafic dyke swarm, Central India and their tectonic implications. Gondwana Res., 7, 1219-1228.
doi:10.1016/5S1342-937X(05)71096-0

Ratre, K., De Waele, B., Biswal, T.K. & Sinha, S., 2010. SHRIMP geochronology for the 1450Ma Lakhna
dyke swarm: Its implication for the presence of Eoarchaean crust in the Bastar Craton and 1450
517Ma depositional age for Purana basin (Khariar), Eastern Indian Peninsula. J. Asian Earth Sci.,
39, 565-577. d0i:10.1016/j.jseaes.2010.04.022

Rubatto, D., 2002. Zircon trace element geochemistry: Partitioning with garnet and the link between U—
Pb ages and metamorphism. Chem. Geol., 184, 123—-138. doi:10.1016/50009-2541(01)00355-2

Salminen, J., Donadini, F., Pesonen, L.J., Masaitis, V.L. & Naumov, M.V., 2006. Paleomagnetism and
petrophysics of the Janisjarvi impact structure, Russian Karelia. Meteorit. Planet. Sci., 41, 1853—
1870. d0i:10.1111/j.1945-5100.2006.tb00456.x

Selkin, P., Gee, J. & Tauxe, L., 2007. Nonlinear thermoremanence acquisition and implications for
paleointensity data. Earth Planet. Sci. Lett., 256, 81-89. d0i:10.1016/j.eps|.2007.01.017

Selkin, P.A. & Tauxe, L., 2000. Long-term variations in palaeointensity. (D. Gubbins, D. V. Kent & C. Laj,
Eds.)Philos. T. Roy. Soc. A., 358, 1065-1088. doi:10.1098/rsta.2000.0574

Shaar, R. & Tauxe, L., 2013. Thellier GUI: An integrated tool for analyzing paleointensity data from

Thellier-type experiments. Geochem. Geophys. Geosyst., 14, 677—692. doi:10.1002/ggge.20062

35



857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

Shankar, R., Sreenivas, R., Parashuramulu, V. & Srinivasa Sarma, D., 2023. Precise Pb-Pb baddeleyite
ages and petrogenesis of the NW-SE trending Paleoproterozoic mafic dyke swarm from the
Bundelkhand craton, India: Implications to the enriched sub-continental lithospheric mantle. J.
Asian Earth Sci., 246, 105579. d0i:10.1016/].jseaes.2023.105579

Sharma, K.K. & Rahman, A., 2000. The early Archaean—Paleoproterozoic crustal growth of the
Bundelkhand craton northern Indian shield. in Crustal Evolution and Metallogeny in the
Northwestern Indian Shield, 1st ed., pp. 51-72, ed. Deb, M., Alpha Science International.

Shcherbakova, V.V., Bakhmutov, V.G., Thallner, D., Shcherbakov, V.P., Zhidkov, G.V. & Biggin, A.J., 2020.
Ultra-low palaeointensities from East European Craton, Ukraine support a globally anomalous
palaeomagnetic field in the Ediacaran. Geophys. J. Int., 220, 1928-1946. doi:10.1093/gji/ggz566

Shcherbakova, V.V., Biggin, A.J., Veselovskiy, R.V., Shatsillo, A.V., Hawkins, L.M.A., Shcherbakov, V.P. &
Zhidkov, G.V., 2017a. Was the Devonian geomagnetic field dipolar or multipolar?
Palaeointensity studies of Devonian igneous rocks from the Minusa Basin (Siberia) and the Kola
Peninsula dykes, Russia. Geophys. J. Int., 209, 1265-1286. doi:10.1093/gji/ggx085

Shcherbakova, V.V., Lubnina, N.V., Shcherbakov, V.P., Zhidkov, G.V. & Tsel’'movich, V.A., 2017b.
Paleointensity determination on Neoarchaean dikes within the Vodlozerskii terrane of the
Karelian craton. /zv. Phys. Solid Earth, 53, 714—732. d0i:10.1134/51069351317050111

Shcherbakova, V.V., Pasenko, A.M., Zhidkov, G.V., Shcherbakov, V.P. & Aphinogenova, N.A., 2023. An
ultralow geomagnetic field intensity in the Mesoproterozoic based on studies of 1380 Ma old
intrusive bodies from the Udzha Aulacogen of the Siberian Platform. Izv. Phys. Solid Earth, 59,
682-703. doi:10.1134/5S1069351323050105

Shcherbakova, V.V., Shcherbakov, V.P., Zhidkov, G.V. & Lubnina, N.V., 2014. Palaeointensity
determinations on rocks from Palaeoproterozoic dykes from the Kaapvaal Craton (South Africa).

Geophys. J. Int., 197, 1371-1381. doi:10.1093/gji/ggu098

36



881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

Shcherbakova, V.V., Vodovozov, V.Y., Zhidkov, G.V., Aphinogenova, N.A., Sal’naya, N.V. & Leichenkov,
G.L., 2022. Ultra-low geomagnetic field intensity in the Mesoproterozoic based on the dike
complex rocks of the Bunger Oasis (1133 Ma, East Antarctica). Izv. Phys. Solid Earth, 58, 859—
881. doi:10.1134/5106935132206012X

Shcherbakova, V.V., Zhidkov, G.V., Shcherbakov, V.P. & Aphinogenova, N.A., 2024. Low Paleomagnetic
Field in the Proterozoic: New 1.72—1.76 Ga Paleointensity Data from Volcanic Rocks of the
Ukrainian Shield. Izv. Phys. Solid Earth, 60, 646—662. d0i:10.1134/51069351324700666

Shcherbakova, V.V., Zhidkov, G.V., Shcherbakov, V.P., Latyshev, A.V. & Fetisova, A.M., 2015. Verifying
the mesozoic dipole low hypothesis by the Siberian trap data. /zv., Phys. Solid Earth, 51, 362—
382. doi:10.1134/51069351315030155

Shellnutt, J.G., Hari, K.R., Liao, A.C.-Y., Denyszyn, S.W., Vishwakarma, N. & Deshmukh, S.D., 2019.
Petrogenesis of the 1.85 Ga Sonakhan mafic dyke swarm, Bastar Craton, India. Lithos, 334—-335,
88-101. doi:10.1016/j.lithos.2019.03.015

Smirnov, A.V., Tarduno, J.A., Kulakov, E.V., McEnroe, S.A. & Bono, R.K., 2016. Palaeointensity, core
thermal conductivity and the unknown age of the inner core. Geophys. J. Int., 205, 1190-1195.
doi:10.1093/gji/ggw080

Soderlund, U., Bleeker, W., Demirer, K., Srivastava, R.K., Hamilton, M., Nilsson, M., Pesonen, L.J., et al.,
2019. Emplacement ages of Paleoproterozoic mafic dyke swarms in eastern Dharwar craton,
India: Implications for paleoreconstructions and support for a ~30° change in dyke trends from
south to north. Precambrian Res., 329, 26-43. doi:10.1016/j.precamres.2018.12.017

Sprain, C.J., Swanson-Hysell, N.L., Fairchild, L.M. & Gaastra, K., 2018. A field like today’s? The strength of
the geomagnetic field 1.1 billion years ago. Geophys. J. Int., 213, 1969-1983.

doi:10.1093/gji/ggy074

37



904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

Srivastava, R.K., Soderlund, U., Ernst, R.E. & Gautam, G.C., 2021. A Ca. 2.25 Ga mafic dyke swarm
discovered in the Bastar craton, Central India: Implications for a widespread plume-generated
large Igneous Province (LIP) in the Indian shield. Precambrian Res., 360, 106232.
doi:10.1016/j.precamres.2021.106232

Stacey, F.D. & Loper, D.E., 2007. A revised estimate of the conductivity of iron alloy at high pressure and
implications for the core energy balance. Phys. Earth. planet. Inter., 161, 13-18.
doi:10.1016/j.pepi.2006.12.001

Stacey, J.S. & Kramers, J.D., 1975. Approximation of terrestrial lead isotope evolution by a two-stage
model. Earth Planet. Sci. Lett., 26, 207—221. doi:10.1016/0012-821X(75)90088-6

Stevenson, D.J., Spohn, T. & Schubert, G., 1983. Magnetism and thermal evolution of the terrestrial
planets. Icarus, 54, 466—489. doi:10.1016/0019-1035(83)90241-5

Sumita, I., Hatakeyama, T., Yoshihara, A. & Hamano, Y., 2001. Paleomagnetism of late Archean rocks of
Hamersley basin, Western Australia and the paleointensity at early Proterozoic. Phys. Earth.
planet. Inter., 128, 223-241. doi:10.1016/5S0031-9201(01)00288-6

Tarduno, J.A., Blackman, E.G. & Mamajek, E.E., 2014. Detecting the oldest geodynamo and attendant
shielding from the solar wind: Implications for habitability. Phys. Earth. planet. Inter., 233, 68—
87. d0i:10.1016/j.pepi.2014.05.007

Tarduno, J.A. & Cottrell, R.D., 2005. Dipole strength and variation of the time-averaged reversing and
nonreversing geodynamo based on Thellier analyses of single plagioclase crystals. J. Geophys.
Res., 110, 2005JB003970. doi:10.1029/2005JB003970

Tauxe, L., Gee, J.S., Steiner, M.B. & Staudigel, H., 2013. Paleointensity results from the Jurassic: New
constraints from submarine basaltic glasses of ODP Site 801C. Geochem. Geophys. Geosyst., 14,

4718-4733. doi:10.1002/ggge.20282

38



927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

950

Tauxe, L., Santos, C.N., Cych, B., Zhao, X., Roberts, A.P., Nagy, L. & Williams, W., 2020. Understanding
nonideal paleointensity recording in igneous rocks: Insights from aging experiments on lava
samples and the causes and consequences of “fragile” curvature in Arai plots. Geochem.
Geophys. Geosyst., 22, e2020GC009423. doi:10.1029/2020GC009423

Tauxe, L. & Staudigel, H., 2004. Strength of the geomagnetic field in the Cretaceous Normal Superchron:
New data from submarine basaltic glass of the Troodos Ophiolite. Geochem. Geophys. Geosyst.,
5. doi:10.1029/2003GC000635

Tera, F. & Wasserburg, G.J., 1972. U-Th-Pb systematics in three Apollo 14 basalts and the problem of
initial Pb in lunar rocks. Earth Planet. Sci. Lett., 14, 281-304. doi:10.1016/0012-821X(72)90128-8

Thallner, D., Biggin, A.J. & Halls, H.C., 2021a. An extended period of extremely weak geomagnetic field
suggested by palaeointensities from the Ediacaran Grenville dykes (SE Canada). Earth Planet. Sci.
Lett., 568, 117025. doi:10.1016/j.epsl.2021.117025

Thallner, D., Biggin, A.J., McCausland, P.J.A. & Fu, R.R., 2021b. New Paleointensities From the Skinner
Cove Formation, Newfoundland, Suggest a Changing State of the Geomagnetic Field at the
Ediacaran-Cambrian Transition. J. geophys. Res.—Solid Earth, 126. doi:10.1029/2021JB022292

Thallner, D., Shcherbakova, V.V., Bakhmutov, V.G., Shcherbakov, V.P., Zhidkov, G.V., Poliachenko, I.B. &
Biggin, A.J., 2022. New palaeodirections and palaeointensity data from extensive profiles
through the Ediacaran section of the Volyn Basalt Province (NW Ukraine). Geophys. J. Int., 231,
474-492. doi:10.1093/gji/ggac186

Thellier, E. & Thellier, 0., 1959. On the intensity of the Earth’s magnetic field in the historical and
geological past. Izv. Akad. Nauk. SSSR Ser. Geofiz., 9, 1296—-1331.

Valet, J.-P., Besse, J., Kumar, A., Vadakke-Chanat, S. & Philippe, E., 2014. The intensity of the
geomagnetic field from 2.4 Ga old Indian dykes. Geochem. Geophys. Geosyst., 15, 2426—-2437.

doi:10.1002/2014GC005296

39



951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

Vermeesch, P., 2018. IsoplotR: A free and open toolbox for geochronology. Geosci. Front., 9, 1479-1493.
doi:10.1016/j.gsf.2018.04.001

Vermeesch, P., 2020. Unifying the U-Pb and Th—Pb methods: Joint isochron regression and common Pb
correction. Geochronology, 2, 119-131. doi:10.5194/gchron-2-119-2020

Veselovskiy, R.V., Samsonov, A.V., Stepanova, A.V., Salnikova, E.B., Larionova, Y.O., Travin, A.V.,
Arzamastsev, A.A., et al., 2019. 1.86 Ga key paleomagnetic pole from the Murmansk craton
intrusions — Eastern Murman Sill Province, NE Fennoscandia: Multidisciplinary approach and
paleotectonic applications. Precambrian Res., 324, 126-145.
doi:10.1016/j.precamres.2019.01.017

Wang, W., Cawood, P.A., Zhou, M.-F., Pandit, M.K., Xia, X.-P. & Zhao, J.-H., 2017. Low-618 O rhyolites
from the Malani Igneous Suite: A positive test for South China and NW India linkage in Rodinia.
Geophys. Res. Lett., 44. doi:10.1002/2017GL074717

Wiedenbeck, M., Goswami, J.N. & Roy, A.B., 1996. Stabilization of the Aravalli Craton of northwestern
India at 2.5 Ga: An ion microprobe zircon study. Chem. Geol., 129, 325-340. doi:10.1016/0009-
2541(95)00182-4

Wiedenbeck, M., Hanchar, J.M., Peck, W.H., Sylvester, P., Valley, J., Whitehouse, M., Kronz, A., et al.,
2007. Further Characterisation of the 91500 Zircon Crystal. Geostand. Geoanal. Res., 28, 9—39.
doi:10.1111/j.1751-908X.2004.tb01041.x

Winklhofer, M., Fabian, K. & Heider, F., 1997. Magnetic blocking temperatures of magnetite calculated
with a three-dimensional micromagnetic model. J. geophys. Res.—Solid Earth, 102, 22695—
22709. doi:10.1029/97JB01730

Yin, Y., Zhang, Q., Zhang, Y., Zhai, S. & Liu, Y., 2022. Electrical and thermal conductivity of Earth’s core
and its thermal evolution—A review. Acta Geochim., 41, 665—688. d0i:10.1007/s11631-021-

00523-w

40



975

976

977

978

979

980

981

982

983

984

985

986

987

988

989

990

991

992

Yu, Y., 2011. Importance of cooling rate dependence of thermoremanence in paleointensity
determination. J. geophys. Res., 116, B09101. doi:10.1029/2011)JB008388

Yu, Y. & Tauxe, L., 2005. Testing the 1ZZI protocol of geomagnetic field intensity determination.
Geochem. Geophys. Geosyst., 6. doi:10.1029/2004GC000840

Zhang, Y., Hou, M., Liu, G., Zhang, C., Prakapenka, V.B., Greenberg, E., Fei, Y., et al., 2020. Reconciliation
of experiments and theory on transport properties of iron and the geodynamo. Phys. Rev. Lett.,
125, 078501. doi:10.1103/PhysRevlett.125.078501

Zhang, Y., Swanson-Hysell, N.L., Avery, M.S. & Fu, R.R., 2022. High geomagnetic field intensity recorded
by anorthosite xenoliths requires a strongly powered late Mesoproterozoic geodynamo. Proc.
Natl. Acad. Sci. USA, 119, e2202875119. doi:10.1073/pnas.2202875119

Zhou, T., Ibafiez-Mejia, M., Bono, R.K., Cottrell, R.D., Bleeker, W., Kodama, K.P., Huang, W., et al., 2024.
Magnetization and age of ca. 544 Ma syenite, eastern Canada: Evidence for renewal of the
geodynamo. Earth Planet. Sci. Lett., 639, 118758. doi:10.1016/j.epsl.2024.118758

Zhou, T., Tarduno, J.A., Nimmo, F., Cottrell, R.D., Bono, R.K., Ibanez-Mejia, M., Huang, W., et al., 2022.
Early Cambrian renewal of the geodynamo and the origin of inner core structure. Nat. Commun.,

13, 4161. doi:10.1038/s41467-022-31677-7

41



993  Tables and Figures

994  Table 1. Summary of the ages, paleomagnetic directions, and evidence for primary magnetization for

995  each of the sites in this study. N = number of samples used for the site mean direction, Dec = declination,
996  Inc = inclination, k = kappa precision parameter, a95 = radius of the 95% confidence about the mean

997  direction, BC = baked contact test, and R = reversal test. *Bundelkhand age is from this study. {For

998  Dharwar, there were multiple “sites” in each cooling unit (see ref. 5 below). References: 1 = Meert et al.
999  (in preparation), 2 = Meert ef al. (2013), 3 = Meert et al. (2011), 4 = French et al. (2008), 5 = Pivarunas et

1000  dl. (2019).

Location Site Age (Ma) N Dec(°) Inc(°) k a95 (°) Primary Refs
Bundelkhand* 11929 740+21 11 306 58 225 3 BC,R 1
Malani [9-2 752+18 8 11 61 66 7 BC 2
19-14 " 7 330 68 194 4 2
19-16 " 6 1 61 55 8 BC 2
Bastar 1527 1891+1.4 9 132 10 56 7 R 3,4
1531 " 8 292 0.5 54 8 R 3,4
Dharwart 11510,11,12 2363+6.6 22 115 -70 96 3 5
11530,31 " 17 350 -68 103 4 BC 5
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Table 2. Selection criteria used to determine if a specimen’s paleointensity determination “passed.”
Grade B has a slightly relaxed FRAC criterion. Definitions are as follows: n, number of points on an Arai
diagram used for the best-fit line; FRAC, the NRM fraction used for the best-fit; B, the scatter parameter;
|k’|, the curvature of the Arai plot; MAD, the maximum angular deviation of the best-fit to the directional
data; o, the difference in angles between free-floating and anchored best-fit directions; Nprrm, number of
partial thermoremanent magnetization (pTRM) checks; 6CK, the maximum absolute difference produced
by a pTRM check normalized by total TRM; DRAT, the maximum absolute difference produced by a
pTRM check normalized by length of the best-fit line; and CDRAT, cumulative DRAT. For more detailed

explanations and methods of calculation, see Paterson et al. (2014) and references therein.

Grade n FRAC B [K'| MAD a NprrM 6CK DRAT CDRAT
A 24 20.35 <0.1 =0.48 <10 <15 22 <15 <15 <15
B 24 20.25 <0.1 =0.48 <15 <15 22 <20 <15 <20
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Table 3. A summary of the paleointensity results for Bastar and Bundelkhand (abbrev. Bund.) cratons.
Omitted results are indicated by italicized text. Tminand Tmax are the temperature ranges of the best fits
used for paleointensity determination. By, is the lab field used during experimentation (UT). Banc is the
acquired intensity from individual specimens (uT). VDM is the Virtual Dipole Moment (x10*? Am?) of
the average intensities. SD indicates standard deviation, when applicable. The following parameters are
the statistics of the best-fit used for paleointensity determination: N is the number of points on the Arai
used, FRAC is the fraction of NRM used, B is the scatter parameter, |k’| is the curvature parameter, MAD
is the maximum angular deviation, a is the angle between anchored and unanchored fits of the directional
data. The following parameters are statistics related to partial thermoremanent magnetization (pTRM)
checks: Nprry is the number of pTRM checks, 6CK is the maximum absolute difference of a pTRM
check normalized by the total TRM, DRAT is the maximum absolute difference of a pTRM check
normalized by the length of the best-fit line, CDRAT is the sum of the absolute pTRM differences, and y
is the angle between the pTRM at the last step used for the best-fit and the applied field direction (an

indicator of anisotropic TRM). For full definitions, see Paterson et al. (2014).
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1028

Craton Specimen Grade (To"(‘:) (T;::) (I::frb) (BuT) + 5\:122% + N FRAC B K| MAD a Nym OSCK DRAT CDRAT vy
Bastar  1527-4C A 505 555 60 189 5 0351 0.017 0075 92 76 6 76 139 134 82
Bastar  1527-7B B 435 555 60 158 7 0427 0059 -0316 69 56 6 52 96 190 3.0
Bastar  1527-1C A 435 555 60 18.1 7 0393 0.039 -0130 125 59 6 50 88 109 29
Bastar  1527-10C B 505 590 60 121 12 0.383 0.027 0.153 126 3.0 10 64 85 177 26
1527 Average 16.2 3.0 41 0.77

1527 Average excl. Grade B 185 - 4.7 -

Bastar  1531-5C A 505 590 60 7.4 12 0.404 0.021 0126 32 08 10 96 104 147 20
Bastar  1531-6B A 470 555 60 7.8 6 0351 0.040 0.143 102 14 6 109 140 114 2.0
Bastar  1531-2B B 530 575 45 729 10 0285 0.045 0253 31 04 8 166 105 4.7 78
Bastar  1531-3B B 520 575 45 69.8 11 0.309 0.060 0.345 28 0.7 8 137 84 24 43
1531 Average 7.6 - 2.0 -

Bund.  11929-10B A 450 570 45 289 13 0742 0.021 -0.020 6.14 16 7 128 129 149 17
Bund.  11929-11B B 150 560 45 23.9 14 0540 0.070 0250 95 22 6 63 117 199 7.8
Bund.  11929-5Z B 500 550 45 20.0 8 0.410 0.098 0144 144 34 5 42 106 164 49
11929 Average 243 45 43 0.79
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Figure 1. Simplified geologic map of the Indian subcontinent with sampling regions indicated in bold:
Bundelkhand, Malani-Nagar Parker Igneous Suite (MNP), Bastar Craton, and Dharwar Craton. Sampling
locations are indicated by red stars. Also included are: Aravalli Fold Belt (AFB), Marwar Basin (MB),
Vindhyan Basin (VB), Central Indian Tectonic Zone (CITZ), Chattisgarh Basin (ChB), Central Indian
Suture Zone (CIS), Prahnita-Godavari Basin (PG), Cuddapah Basin (CuB), Mahandi Rift (MR), Eastern
Ghats Mobile Belt (EGMB), Western Dharwar Domain (WDD), Eastern Dharwar Domain (EDD),

Closepet Granite (CG), and the Southern Granulite Terrane (SGT).
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Figure 2. Paleomagnetic results for Bundelkhand site 11929 from Meert et al. (in preparation). A)
Zijderveld diagram showing primary and secondary directions. B) Demagnetization spectra indicating
unblocking between 560—580°C and majority of signal carried by magnetite. C) Thermomagnetic curves
showing reversibility and Curie temperature consistent with magnetite. D) 11929 site mean direction on

orthographic projection.
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1044  Figure 3. Representative Arai plots and Zijderveld diagrams (inset) for failed specimens from A) Malani-
1045  Nagar Parkar Igneous Suite and B) Dharwar Craton. Blue (pink) circles on the Arai plots indicate zero-
1046  field/in-field (in-field/zero-field) steps, or “ZI” (“1Z”). Gray triangles show the pTRM checks. On the
1047  Zijderveld diagrams, the closed and open circles represent horizontal and vertical projections,

1048  respectively. Paleointensity data were analyzed using Paleointensity.org (Béguin ef al. 2020).
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1050  Figure 4. Representative Grade A (left) and Grade B (right) Arai plots and Zijderveld diagrams (inset) for
1051  specimens from (A, B) Bastar site [527, (C, D) Bastar site [531, and (E, F) Bundelkhand site 11929. Blue
1052  (pink) circles on the Arai plots indicate zero-field/in-field (in-field/zero-field) steps, or “ZI” (“1Z”). Gray
1053  triangles show the pTRM checks. On the Zijderveld diagrams, the closed and open circles represent

1054  horizontal and vertical projections, respectively. Paleointensity data were analyzed using

1055  Paleointensity.org (Béguin et al. 2020).
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Figure 5. Zircon U-Pb geochronology of the Bundelkhand basaltic dike 12217-HS1. (A) Tera-Wasserburg
diagram, displaying the discordant distribution of the analysis results. The upper intercept age is defined
using the entirety of the analysis, whereas the lower intercept age is defined using the analysis of the spots
on the rims of the zircons. (B) The common-Pb corrected 2°’Pb/**Pb age distribution of all the zircons
analyzed and the weighted mean age of the spots from the zircon rims (same spots used in the lower
intercept age calculation). Representative cathodoluminescence zircon images displaying the well-
developed core-rim textures. The scale bar is 100 um, and the spots are 15 pum for the spots on the zircon
cores, and 10 pm for the spots on the zircon rims. The ages reported on the zircons are common-Pb
uncorrected 2°°Pb/?38U ages for the respective spots. MSWD — mean square weighted deviation; n —

number of analyses.
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Figure 6. The new results plotted against values from the paleointensity database with Qpr > 3 (dark
circles). The orange, blue, and pink squares are Bastar site 1527, Bastar site [531, and Bundelkhand site
11929, respectively. Plotted in the background is the mean dipole moment from the MCADAM.1b
continuous dipole moment model (Bono et al. 2022) and the 95% confidence interval. Shown by the red
line is the weakening trend in field strength from Bono et al. (2019). The dashed gray line represents the

average modern field strength.
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Figure 7. Paleointensity from the Tonian to the Ediacaran showing a sharp decay in the field between
750-720 Ma followed by the Ediacaran ultra-low field values. The red line is the mean from the
MCADAM.1b model (Bono et al. 2022) with shaded regions representing the 95% confidence interval.
Error bars show age uncertainties — when not shown, the uncertainty is smaller than the data point. As
shown by the arrow, the new Bundelkhand estimate may represent a minimum intensity. References for
other plotted data are: Mundine Wells (Lloyd ef al. 2021b), Franklin LIP (Lloyd et al. 2021a), Grenville
(Thallner et al. 2021a), Volyn Traps (Shcherbakova et al. 2020; Thallner et al. 2022), Skinner Cove
(Thallner et al. 2021b), Single Crystal (Time-averaged data from Bono et al. 2019; Zhou et al. 2022,
2024; Huang et al. 2024). Please note that data published after 2022 are not yet incorporated into the

MCADAM model.
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