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ABSTRACT

The current morphology of Earth’s time-averaged magnetic field can be approximated to
a geocentric axial dipole (GAD), but whether such an approximation remains valid in deep
time needs to be investigated. Studies have used paleomagnetic data to reconstruct the ancient
field and generally support a GAD morphology since 2 Ga. Recently, the GAD model for mid-
Proterozoic time has been challenged, and an alternative model was proposed wherein the
mid-Proterozoic field was dominated by a normal-tesseral quadrupole (NTQ) with spherical
harmonics of degree [ = 2 and order m = 1. We performed forward modeling to quantitatively
compare whether a GAD or an NTQ could provide a better fit to mid-Proterozoic paleomag-
netic directions. To deal with the ambiguity in plate reconstruction, we first considered data
only from Laurentia, and then we expanded the analysis to Baltica by reconstructing its
position relative to Laurentia using the geologically based Northern Europe-North America
(NENA) configuration. Finally, we included data from Siberia using two reconstruction mod-
els. Results showed that in three mid-Proterozoic intervals (1790-1740 Ma, 1485-1425 Ma,
1095-1080 Ma), a GAD morphology gives better, or equally good, fits compared to the NTQ
morphology. In addition, a stable NTQ that persisted for hundreds of millions of years is
disfavored from a geodynamic perspective. Overall, mid-Proterozoic paleomagnetic direc-
tions are more consistent with a dipolar field. We suggest that the GAD remains the most

parsimonious model to describe the morphology of the mid-Proterozoic magnetic field.

INTRODUCTION

The geomagnetic field, as well as its mor-
phology, plays a vital role in maintaining Earth
as a habitable planet. It has been considered
that the time-averaged field (TAF) could be
approximated as a magnetic dipole at the center
of Earth and aligned with the spin axis, known
as the geocentric-axial-dipole (GAD) model. By
studying volcanic rocks, the GAD model has
been rigorously tested to be valid for the last
5 m.y. (Hatakeyama and Kono, 2002). Marine
magnetic anomalies and the geomagnetic polar-
ity time scale seem to support a dominant GAD
field back to the early Mesozoic (Gee and Kent,
2007). However, the field morphology in deeper
time still merits investigation.

Many studies have attempted to test from
different perspectives whether the TAF in the
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Precambrian behaved like a GAD. The pioneer-
ing study of M.E. Evans (1976) tested a global
paleomagnetic database against models of GAD
versus pure axial-quadrupole or axial-octupole
fields. Kent and Smethurst (1998) modified the
test to consider predominantly GAD with vari-
ably subsidiary axial-quadrupolar and axial-
octupolar components. This suite of tests,
limited to pure axial field components due to
symmetry, required an assumption of sufficient
time for uniform global sampling by randomly
moving continental blocks, which could be sub-
stantially more than 1 b.y. (Rolf and Pesonen,
2018). Using rocks that bear independent paleo-
climatic indications such as evaporites, Evans
(2006) proposed that the GAD model was likely
valid to first order since ca. 2 Ga. Other studies
leveraged paleomagnetic data to test the uni-
formitarianism of the ancient TAF. Smirnov
and Tarduno (2004) investigated the latitudi-
nal distribution of paleosecular variations, as
did Smirnov et al. (2011). Driscoll and Evans

(2016) studied the frequency of geomagnetic
superchrons. Swanson-Hysell et al. (2009) and
Salminen et al. (2017) explored whether geo-
magnetic reversals were symmetric or asym-
metric. Veikkolainen et al. (2017) investigated
the latitudinal distribution of paleointensity.
Veikkolainen and Pesonen (2021) looked into
the latitudinal distribution of paleomagnetic
inclinations. The main conclusion from these
studies is that the TAF was likely predominantly
axial-dipolar since at least the early Proterozoic.
Given that the recent TAF is dominated by
the dipolar component, previous analyses often
treated high-order components (i.e., quadrupo-
lar, octopolar, etc.) as subsidiary and spin-axial
(i.e., spherical harmonics of order m = 0). Few
studies have tested whether the ancient TAF was
multipolar-dominated and/or non-axisymmetric.
Recently, Sears (2022) proposed that the TAF
during 1.75-1.0 Ga was a normal-tesseral quad-
rupole (NTQ) with spherical harmonics of degree
[ =2 and order m = 1. By juxtaposing Siberia
next to southwest Laurentia, the paleomagnetic
directions compiled by Sears (2022) seemed to
conform to that model (Fig. 1). However, the
necessity of invoking such a nonuniformitarian
field morphology for a 750-m.y.-long period in
the Proterozoic needs to be rigorously tested.

DEALING WITH MID-PROTEROZOIC
PLATE RECONSTRUCTIONS

The fundamental basis of Sears’s (2022)
NTQ proposal is his plate reconstruction model
in the mid-Proterozoic, which connects northern
Siberia to southwestern Laurentia (Sears and
Price, 2003). This connection is based on geo-
logical piercing points across the two cratons,
including Archean crustal provinces, Orosirian
and Statherian orogenic belts, and Calymmian
and Stenian intracratonic basins (Sears, 2022).
However, other geology-based models yield dif-
ferent reconstructions. For example, Condie and
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Reconstruction at ~1.45 Ga with respect to the present-day position of Laurentia
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Figure 1. Different geomagnetic field and plate reconstruction models at ca. 1.45 Ga, with paleomagnetic data from Siberia and Laurentia as
considered by Sears (2022): (A) reconstruction under geocentric-axial-dipole (GAD) assumption; (B) reconstruction under normal-tesseral
quadrupole (NTQ) assumption (Sears, 2022). Note that relative positions between Laurentia and Siberia are different: 1—tight-fit model of
Ernst et al. (2016); 2—loose-fit model of Pisarevsky et al. (2014); 3—Siberia—southwest Laurentia model of Sears and Price (2003) and Sears
(2022). Baltica was rotated to Laurentia using the Northern Europe—North American (NENA) model (Gower et al., 1990). As can be seen, adding
paleomagnetic data from Baltica can provide powerful test between GAD and NTQ hypotheses. Euler rotation parameters are listed in Table
S2 (see text footnote 1). Black lines show paleomagnetic declinations, and colors of dots and contoured areas show paleomagnetic inclina-
tions and predicted inclinations based on field morphologies, respectively.

Rosen (1994) placed northern Siberia next to
northern Laurentia based on paired Proterozoic
orogenic belts and magnetic anomaly patterns.
By matching coeval Proterozoic large igneous
provinces, Ernst et al. (2016) suggested that
southern Siberia should have been in proximity
to northern Laurentia. Therefore, the geology-
based solution to the Laurentia-Siberia connec-
tion problem is nonunique (Fig. 1).

To deal with the uncertainties in the plate
reconstructions in the mid-Proterozoic, we per-
formed an analysis in three steps to expand the
spatial extent of paleomagnetic observations of
the ancient TAF. First, we focused on the data
solely from Laurentia, which is the largest cra-
ton with the most high-quality and precisely
dated paleomagnetic data of mid-Proterozoic
age. Then, the analysis was extended to Bal-
tica, because its relative position to Lauren-
tia before the breakup of Nuna is fairly well
constrained by geological correlations (Gower
et al., 1990). Considering the nonunique solu-
tions in the Laurentia-Siberia connection, we
chose another reconstruction model in addition
to that of Sears (2022), which is the tight-fit
model between southern Siberia and northern
Laurentia (Fig. 1; Ernst et al., 2016). The loose-
fit Laurentia-Siberia connection, such as that
delineated by Pisarevsky et al. (2014), was not
considered because this model was largely based
on paleomagnetic data.
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SELECTION OF PALEOMAGNETIC
DATA

Testing the TAF morphology requires the
input paleomagnetic data to be high-quality
and time-averaged. Sears (2022) compiled mid-
Proterozoic data from Laurentia and Siberia and
grouped them into three intervals: 1750-1700 Ma,
1503-1400 Ma, and 1100-1000 Ma, respectively.
However, his selection included low-quality data,
as well as time intervals that likely included non-
negligible absolute plate motions. For example,
data from the Molson dikes and Menihek Forma-
tion are post-Hudsonian overprints, and their ages
are uncertain (Irving et al., 2004). The Sioux and
Athabasca data are too young to be included in
the 1750-1700 Ma interval. To improve the data
selection, we chose the data that have recently
been evaluated as the most reliable by the global
paleomagnetic community (Evans et al., 2021).
The selected data were grouped into three mid-
Proterozoic intervals, namely 1790-1740 Ma,
1485-1425 Ma, and 1095-1080 Ma (Table S1).
The time intervals were narrower to ensure paleo-
magnetic directions within a given location had

!Supplemental Material. Descriptions of the
forward model, compilations of paleomagnetic data,
and figures showing additional modeling results. Please
visit https://doi.org/10.1130/GEOL.S.22335568
to access the supplemental material, and contact
editing@geosociety.org with any questions.

relative consistency and to preclude the signifi-
cant variations of paleomagnetic directions that
could be alternatively explained by plate motions.

FORWARD MODELING APPROACH

We developed a forward model to quantify
the misfit between the paleomagnetic directions
and the directions predicted by a GAD field
and an NTQ field, respectively. First, the loca-
tions and directions of paleomagnetic data were
rotated to Laurentia using the Euler rotation
parameters listed in Table S2 (see footnote 1).
The globe was divided into 3.6° by 3.6° grids.
Under the GAD scenario, we placed the paleo-
magnetic pole in each grid and calculated the
predicted direction for each data location. The
predicted directions were compared with the
paleomagnetic directions to get the normalized
residual sum of squares (NRSS). The best-fit
pole position in the grid gives the minimum
NRSS. A similar approach was used for the
NTQ scenario. The primary axis of the quad-
rupole was placed in each grid, and then all
possible cardinal directions were explored to
find the minimum NRSS between the predicted
paleomagnetic directions. Detailed quantifi-
cation of the forward modeling can be found
in the Supplemental Material. It should be
noted that our forward modeling only tested
the end-member scenarios of GAD and NTQ.
Monte Carlo simulation was used to account
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for the uncertainties associated with paleomag-
netic directions. In each of 2000 iterations, we
randomly sampled paleomagnetic directions
within 95% confidence intervals of the site-
mean declinations and inclinations.

Forward modeling showed that when only
Laurentian data were used, the minimum resid-
ual in 1790-1740 Ma for GAD is 10.9° £ 3.3°
(10), and that for NTQ is 10.6° & 3.1°, the min-
imum residual in 1485-1425 Ma for GAD is

18.5° 4 2.5°, and that for NTQis 21.4° 4- 2.3°,
and the minimum residual in 1095-1080 Ma
for GAD is 12.0° + 2.1°, and that for NTQ is
11.6° £ 2.1° (Figs. S1-S3). When we added
data from Baltica, in 1790-1740 Ma, the mini-
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Figure 2. (A, D) Color maps showing normalized residual sum of squares (NRSS) between paleomagnetic directions and predicted direc-
tions of (A) geocentric-axial-dipole (GAD) and (D) normal-tesseral quadrupole (NTQ) morphologies in 1485-1425 Ma interval. White dots
are site locations. Dots outside Laurentia are data from Baltica and Siberia that were rotated with respect to Laurentia. (B, E) Comparisons
between paleomagnetic directions and directions predicted by (B) GAD and (E) NTQ using minimum NRSS. (C, F) Paleomagnetic and predicted
directions shown with plate reconstructions under (C) GAD and (F) NTQ models. White dashed boxes are minimum bounding rectangles.
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Figure 3. Distribution of minimum residuals between modeled geomagnetic fields and Monte Carlo simulation of paleomagnetic directions.

mum residual is 17.2° £ 3.3° for GAD and
17.0° & 3.4° for NTQ, and in 1485-1425 Ma,
the minimum residual is 24.7° &+ 1.7° for GAD
and 37.4° £ 1.7° for NTQ (Figs. S4-S5). When
data from all three cratons were included at
1485-1425 Ma, the minimum residual is
23.8° + 1.8° for GAD in the tight-fit Laurentia-
Siberia connection and 42.0° & 2.0° for NTQ
in Sears’s (2022) Siberia—northwest Laurentia
connection (Fig. 2).

We then performed a two-sample, left-tailed
t-test with nonequal variances. The #-test results
showed that during 1485-1425 Ma, a GAD
would yield significantly smaller minimum
residuals than an NTQ, no matter whether data
are included from only Laurentia, or Laurentia
and Baltica, or all three cratons (Fig. 3). In the
1790-1740 Ma and 1095-1080 Ma intervals,
both a GAD and an NTQ morphology give sim-
ilar minimum residuals (Fig. 3). We suspect that
these indistinguishable results could be due to the
limited spatial coverage of the data. To quantify
the spatial coverage, we calculated the minimum
rectangle that bounds the data on the spherical
surface. Calculations showed that the difference
between the GAD and NTQ models generally
becomes more significant when data have a wider
spread. This is well demonstrated by the results in
the 1485-1425 Ma interval (Fig. 2), where data
have fairly large coverage and extend in two
orthogonal directions. By contrast, the Lauren-
tian data in the 1095-1080 Ma interval only cover
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0.1% of Earth’s surface and spread in one direc-
tion, making them nonideal for testing (Fig. S3).

These forward modeling results suggest that
a GAD could provide a better or equally good
fit to mid-Proterozoic paleomagnetic data. It
is not necessary to invoke a nonuniformitar-
ian field such as an NTQ. It should be noted
that, mathematically, our forward model cannot
differentiate between a GAD and a geocentric
equatorial dipole, which has been proposed to
have occurred in the Ediacaran (Abrajevitch and
Van der Voo, 2010). However, the paleomagnetic
inclinations are consistent with the latitudinal
distribution of evaporite bands throughout Pro-
terozoic time, supporting the interpretation of
the dipole as axial (Evans, 2006). Therefore,
the GAD model remains the most parsimoni-
ous model for the mid-Proterozoic TAF.

GEODYNAMIC PERSPECTIVES
Different magnetic field morphologies have
different geodynamic implications. For instance,
the dipolar field intensity decays with radial dis-
tance as %, while the quadrupolar field intensity
decays as r*, where r is the distance from Earth’s
center (Knapp, 1980). This implies that if the
mid-Proterozoic geomagnetic field was an NTQ,
the field strength manifested on Earth’s surface
should be weaker than a dipolar field that is gen-
erated from a similar power source. Based on
a recent compilation, mid-Proterozoic paleoin-
tensity data are similar to the mean Phanerozoic

values (Bono et al., 2022). In fact, rocks from the
ca. 1.1 Ga Midcontinent Rift show high paleo-
intensity values (Kulakov et al., 2013; Zhang
etal., 2022), which would require an extremely
strongly powered source if the magnetic field
was dominated by a quadrupole. Such a sce-
nario is difficult to reconcile with the thermal
budget of Earth’s core (Nimmo, 2015; Landeau
et al., 2022).

In addition, not only is Sears’s (2022) model
reliant on a controversial plate reconstruction
model, but also on an NTQ that is strong and
stable for ~750 m.y. Such morphology is not
typically seen in planetary magnetic fields,
except perhaps Uranus and Neptune (Steven-
son, 2010). Specific interior structures (e.g.,
a thin dynamo region) are required in numeri-
cal dynamo simulations to produce non-dipo-
lar, non-axisymmetric magnetic field features
(Stanley and Bloxham, 2004), which lack any
corroborating evidence from Earth’s interior
conditions in mid-Proterozoic time. Although
geodynamo models predict that a transient mul-
tipolar field could exist during or just prior to the
inner core nucleation (ICN) when the dynamo
reaches a weak state (Driscoll, 2016; Landeau
et al., 2017), that field is comparatively weak
and highly timely variable on a scale of tens
of thousands of years. The age of ICN is also
debated. Recent paleointensity studies and core
electrical resistivity estimates seem to favor a
young ICN, which occurred in the latest Neopro-
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terozoic (Ohta et al., 2016; Bono et al., 2019).
If the young ICN model is true, then the tran-
sient multipolar field it produced would be at
least a few hundred million years younger than
the time interval considered here. Even if the
ICN is much older, as implied by some ther-
mal conductivity estimates (Konopkova et al.,
2016), it is still unclear how to accommodate a
long-lived and strong quadrupolar field in mid-
Proterozoic time.

CONCLUSIONS

Reliable paleomagnetic directions from Lau-
rentia, Baltica, and Siberia were used to test
whether the morphology of the mid-Proterozoic
TAF conforms to a GAD or an NTQ morphol-
ogy, as proposed by Sears (2022). A forward
model was developed to directly quantify the
misfit between the paleomagnetic observations
and predicted field directions that were calcu-
lated from different field morphologies. Results
showed that for the three mid-Proterozoic time
intervals (1790-1740 Ma, 1485-1425 Ma, and
1095-1080 Ma), a GAD fits statistically bet-
ter than, or equally as good as, the NTQ mor-
phology. Geodynamo models also suggest that
a GAD field can maintain long-term stability, but
multipolar fields are only transient and highly
timely variable. Therefore, the GAD model
remains the most parsimonious approximation
for the mid-Proterozoic TAF.
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