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Abstract

We present a compilation of reliable Precambrian paleomagnetic poles from three successive international
workshops (in years 2009, 2014, 2017), comprising paleomagnetists specializing in Precambrian tectonic recon-
structions. The working groups compiled lists of two global classes of poles, published through the end of 2017.
“Grade-A" results are judged to provide essential constraints on tectonic reconstructions; “Grade-B” poles are
judged to be suggestive of high-quality, but not yet demonstrated to be primary, or perhaps lacking precise geo-
chronologic or other constraints. Our catalog documents a resurgence of high-quality data acquisition in recent
years, and highlights specific cratons and time intervals that are most lacking in the data needed to reconstruct
those blocks through supercontinental cycles.
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606 19. An expanding list of reliable paleomagneric poles for Precambrian tectonic reconstructions

19.1 Introduction

As the prospect of continuous global paleogeographic modeling into Precambrian time draws ever nearer (Li et al.,
2013; Pisarevsky et al., 2014a; Pehrsson et al., 2016; Merdith et al., 2017, 2021), researchers must decide which paleo-
magnetic poles are the most essential to honor in kinematic reconstructions. Various classification systems have been
devised in past decades, including sequential grades (Briden and Duff, 1981) and point scales (e.g., Stewart and
Irving, 1974; Van der Voo, 1990; Buchan, 2013; Meert et al., 2020). The point scales are most useful and flexible if all
the criteria are listed individually in pole tables, so that a given result’s strengths and weaknesses can be assessed at
a glance by the experienced user. Those less familiar with the numeric criteria may desire a redacted system of sum-
mary assessments by experts in the field. In addition, an expert assessment for each result can consider broader geo-
logical contexts, as well as complexities associated with geochronological constraints and the conclusiveness of field
stability tests, that might not be apparent from the application of a generic point scale.

This paper presents the principal results of working groups at three Nordic Paleomagnetic Workshops
(NPWs) that focused on Precambrian pole compilations and assessments. The workshops were held in 2009 in
Luled, Sweden, in 2014 in Haraldvangen, Norway, and in 2017 in Leirubakki, Iceland (Elming and Pesonen, 2010;
Brown et al., 2018). Many of the authors of this report attended all three workshops. Although summary statistics
are presented from the former two gatherings, only the most recent compilation is presented here in full detail.

19.2 Methods

At each workshop, regional coordinators were assigned the task of compiling newly published paleomagnetic
data (or in press at the time of compilation) and assessing both older and newer results” overall quality for the
purposes of tectonic reconstructions. In conjunction with these efforts, the age constraints associated with com-
piled poles were assessed and updated as necessary. Each regional coordinator presented their recommended
assessments to the entire working group, who delivered final assessments to all global results according to a uni-
form grading system. Among this paper’s coauthors, regional coordinators were: Africa (Evans, Gong), Australia
(Li, Pisarevsky), Baltica (Elming, Mertanen, Pesonen, Salminen), China (Zhang), India (Meert, Pivarunas),
Laurentia (Swanson-Hysell), Siberia (Pisarevsky), and South America (Trindade).

Grade A: poles that should be honored in any credible kinematic model of regional-scale or global paleogeography.
The selection criteria reflect key attributes of the Van der Voo (1990) quality (“Q”) scale, updated by Meert et al. (2020)
for reliability (“R") according to more stringent guidelines. Grade-A results are generally located in unambiguous struc-
tural coherence with their host cratons (Q5, R5) and combine sulfficient evidence for paleomagnetic reliability, including
adequate statistics (2, not necessarily satisfying all of the additional elements in the new R2), vector component isola-
tion (Q3, not necessarily satisfying the additional elements in the new R3), and field stability tests on the age of magneti-
zation (Q4, R4). Age constraints are sufficiently precise to warrant utility in documenting plate motions (Q1, usually but
not always satisfying the more rigorous constraints of R1). Supplemental criteria combine in myriad particular ways to
earn A-rating. As of this assessment, there are 122 Precambrian A-grade poles, listed in Table 19.1 along with their Q
and R-scale qualifications.

Grade B: poles that are judged to be indicative or suggestive of reliability, but are lacking in one or more of
the criteria noted above. In the absence of Grade-A poles for a particular age of reconstruction, the Grade-B
results may serve as useful guides toward modeling. As of this assessment there are 176 Precambrian B-grade
poles, listed in Table 19.2 with their Q-scale qualifications and principal shortcomings.

Excluded: poles that were judged not to be reliable for paleogeographic reconstruction. For some of these
results, additional future constraints from field tests or geochronology could elevate them to A or B status; others
are compromised by remagnetization or other complications such that a subsequent change in status is unlikely.
Currently, there are about 2000 cataloged Precambrian poles in our excluded list; while not tabulated herein for
the sake of brevity, the reader can consult either of two concurrent databases of Precambrian paleomagnetic
poles, both of which were consulted by the working groups. The Global PaleoMagnetic DataBase (GPMDB) has a
long history of development (e.g., Lock and McElhinny, 1991), most recently updated by Pisarevsky (2005) with a
newer version that will become available in the near future. It is an enormous task for one person to maintain,
and legacy data require updating particularly for evolving geochronological constraints on the formations and
likely ages of magnetization. Independently, the PaleoMagia database arose from a collaboration of paleomagne-
tists at the University of Helsinki and Yale University, expressly for the purpose of updating ages of rock units
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624 19. An expanding list of reliable paleomagneric poles for Precambrian tectonic reconstructions

and optimizing cratonic apparent polar wander paths (Veikkolainen et al., 2014, 2017). There is much overlap
between the two databases, and efforts are underway to merge the somewhat complementary information con-
tained therein.

Although the final assessments are ultimately subjective (using letter grades rather than numeric
values), they are based on the fundamental underlying aspects of the data including information encapsu-
lated within the Van der Voo (1990) and Meert et al. (2020) point scales, as well as additional relevant con-
text. Some examples of the less quantifiable aspects of the grading decisions include: the acceptance or
rejection of stratigraphic correlations and less-than-ideal isotopic age determinations (such as decay sys-
tems less robust than the dual U-Pb concordia method), the conclusiveness of the field tests for primary
interpretations of magnetization (such as baked contact tests), consideration of possible error sources
beyond the quoted analytical or statistical uncertainties (e.g., component mixing, possible unrecognized
tilting), and recognition of the regional tectonic history as related to possible or likely remagnetization
events. It should be emphasized that all grades were approved unanimously by panels of paleomagnetic
experts, jointly reviewing their own data as well as others” results. Authors of this compilation acknowl-
edge that some of their own data have been assigned B-grades or have been excluded, if lacking appropri-
ate constraints.

19.3 Data and discussion

Tabulations of A-grade (Table 19.1) and B-grade (Table 19.2) poles are each organized first alphabetically by craton
(with subcratons also distinguished for time intervals prior to cratonic amalgamation or for blocks that have subse-
quently been separated), and second by pole age. As an example of subcratonic assignment, prior to c.1830 Ma,
Laurentia did not exist as a coherent block (Corrigan et al., 2009; Eglington et al., 2013), so more ancient Laurentian
poles are listed by their subcraton (e.g., Laurentia-Superior and Laurentia-Wyoming). Furthermore, prior to 1900 Ma,
the two halves of Superior restore differently across the Kapuskasing tectonic zone (Evans and Halls, 2010) so they
are appropriately subdivided further. As a similar but logically distinct situation, blocks that were previously associ-
ated with a craton but have become subsequently separated (such as Greenland) are also labeled separately. This dis-
tinction should remind users that the listed paleomagnetic results need to be rotated to their parent continents by an
appropriate Euler pole for the purposes of paleogeographic reconstruction.

In some instances, mean poles using data from multiple published studies were computed by the various working
groups or taken from published compilations that are not currently represented in either of the comprehensive databases
described above. The essential data included in Tables 19.1 and 19.2 include cratonic association, formation name,
GPMDB result number if available, sampling locality latitude and longitude, pole latitude and longitude, 95% confidence
radius (or the geometric mean of the ellipsoid semiaxes for poles calculated from a directional mean), individual and
total quality (Q) ratings from Van der Voo (1990) and reliability (R) ratings from Meert et al. (2020), age constraints, and
bibliographic reference(s). For some of the results, representative site localities are chosen near the geographic midpoint
of sites that yielded data. Most of the A-grade poles are constrained by field stability tests to demonstrate ancient magne-
tization ages; many are furthermore demonstrated to be primary by tests across geologic features that are penecontem-
poraneous to the rock formation age: baked-contact tests (coded with uppercase “C”), intraformational fold tests
(uppercase “F”), intraformational conglomerate tests (uppercase “G”), impact-related magnetization in target rocks that
differs significantly from the same basement rocks in surrounding areas (uppercase “1”; e.g., Salminen et al., 2009a), mag-
netostratigraphy identifying reversals that correlate by stratigraphic level independent of lithology (uppercase “M”; note
the distinction between this test based on geological field relationships, vs the reversals test that only deals with statisti-
cal attributes of dual-polarity datasets and is thus not a field stability test), paleosol test (uppercase “I’’) whereby the
paleosol and overlying strata bear a remanence that is distinct from nearby unweathered basement (e.g., Williams and
Schmidt, 1997), or unconformity test (uppercase “U”) in which magnetostratigraphic zones are truncated by a dipping
unconformable surface (e.g., Kirschvink, 1978). For most results, pole ages derive from radioisotopic investigations of
their host rocks; but in some instances, particularly for some Neoproterozoic sedimentary-derived poles, age ranges are
derived from the regional or global chronostratigraphic context of the strata.

Fig. 19.1 depicts the paleogeographic associations of the A and B-grade poles on a timeline of Precambrian
Earth history; Fig. 19.2 shows the results in their present geographical context. The major ~15 cratons used to
reconstruct Rodinia supercontinent (e.g., Li et al., 2008) are traced backward in time to some of their constituent
subcratons, with conservative (i.e., younger) estimates for their suturing ages. Older limits on some cratons’ time-
lines approximate the oldest rock ages thus far recognized on each block (cratonic ages older than 3000 Ma are

Ancient Supercontinents and the Paleogeography of Earth
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FIGURE 19.1 Distribution of A-grade and B-grade poles in time and space, according to the most recent compilation from the Nordic
Paleomagnetic Workshop participants. Right-side labels of cratons identify blocks typically used in Rodinia reconstructions, whereas left-side
labels indicate constituent Archean subcratons. The cladogram of Laurentian cratonic assembly is taken from Hoffman (2014) and Kilian et al.
(2016). Other estimates of amalgamation ages are shown with more conservative values, that is, with younger ages that would require a
greater number of independent data to constrain preassembly kinematic histories of the subcratons. Presently isolated cratons clearly derived
from Laurentia are shown in parentheses, with dashed timelines. The lone datum predating 3000 Ma, from Kaapvaal, is shown on the left, not
to horizontal scale. Pole age uncertainties are omitted for clarity; for A-grade results they are usually smaller than the symbol, but age uncer-
tainties associated with some of the B-grade poles are significantly larger (see Table 19.2). CITZ, Central Indian tectonic zone; SF, Sdo
Francisco.

not depicted in the figure). Figs. 19.1 and 19.2 illustrate not only cratons and intervals that are well-constrained
by high-quality paleomagnetic data, but perhaps more importantly show prominent gaps in our knowledge that
can be used to guide future research.

Recent years have witnessed a resurgence of highest-quality pole generation, as documented in Fig. 19.3. A
decade ago, Evans and Pisarevsky (2008) presented a list of high-quality Precambrian paleomagnetic data, filter-
ing along similar guidelines to the A-grade poles compiled herein; their list of merely 55 results is now over-
whelmed by the 122 A-grade poles listed in Table 19.1. The start of the “modern era” of paleomagnetism is
marked by the introduction of principal component analysis to isolate magnetic remanence components quantita-
tively from sequential demagnetization procedures (Kirschvink, 1980). Such data analysis methods are of utmost
importance for Precambrian rocks that have experienced long geological histories that can lead to complicated
remanence associated with partial overprints. Subsequently, key developments include (1) better attention among
paleomagnetists to strive for results of the highest quality (Van der Voo, 1990), particularly emphasizing field-
stability tests on the ages of magnetization (e.g., Buchan et al., 2000); and (2) refinements in geochronology, par-
ticularly the development of techniques for routine dating of mafic rocks with minute amounts of the mineral
baddeleyite (e.g., Heaman and LeCheminant, 1993; Séderlund and Johansson, 2002). The precision of U-Pb zircon
geochronology remains superior to that of baddeleyite dating in part due to the ability to apply chemical
abrasion techniques to zircon that can mitigate the detrimental effects of Pb-loss (e.g., Mattinson, 2005). Such

Ancient Supercontinents and the Paleogeography of Earth
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FIGURE 19.2 Global map of A-grade and B-grade poles and their cratonic associations. Each block, including subdivisions of the outlined
cratons, is color-coded by the oldest rock age within its tectonically or geophysically defined boundary (e.g., Eglington et al., 2013; Pehrsson
et al., 2016).

Crustal age:

high-precision proves most useful for quantifying unusually rapid bursts of continental motion during some
intervals of Precambrian time (e.g., Swanson-Hysell et al., 2019). Finally, increasing attention has been devoted to
the integrated paleomagnetic and geochronologic study of mafic dyke swarms (e.g., Bleeker and Ernst, 2006),
which penetrate well into the interiors of cratons, far from the marginal effects of orogenesis that potentially
cause secondary remagnetization. For all of these reasons in combination, the cumulative curve of A-grade poles
exhibits auspiciously positive first and second derivatives (Fig. 19.3).

The main purpose of this brief contribution is to document a recent list of highest-quality paleomagnetic poles,
forming the backbone of tabulations used elsewhere in this volume. Because of rapid developments in the field,
some cratons benefit from additional results published more recently than the most recent workshop in 2017; sev-
eral such instances may be found within the other chapters of this book; yet, without the benefit of an additional
workshop there is no guarantee of global uniformity of coverage, nor the consensual assignment of A or B-grades
by a panel of experts.

On an optimistic note—because students of Precambrian paleomagnetism universally share a positive
outlook in the effort to solve Earth’s grandest puzzle—our community is proud to reflect upon our collective
progress over the past two decades. The summary analysis arising from the 1999 NPW in Arhus, Denmark
(Pesonen et al., 2003) presented a handful of temporally disconnected snapshot reconstructions of select cratons
with merely sporadic paleomagnetic constraints. Nowadays, models of continuous kinematics are becoming the
norm, providing the broader Earth-science community with vivid animations that can readily point out inconsis-
tencies between the model and regional geological constraints, efficiently paving the way toward refinements.
Such kinematic models not only provide an improved understanding of Precambrian paleogeography, but also
act as guides for geodynamic modeling. Paleomagnetists and geochronologists are routinely integrating their
studies, so that the best-quality data from the two fields often derive from the same outcrops. Continuing our
positive second-derivative growth of the A-grade pole acquisition curve (Fig. 19.3) may be difficult to maintain
over the long term, but even if the recent first derivative (slope) can be maintained, we can expect approximately
a doubling of highest-quality data defining Precambrian reconstructions in a mere two decades’ time. What glori-
ous insights into long-term Earth dynamics imminently await!
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FIGURE 19.3 Cumulative timeline of A-grade poles’ attainment of their high-quality status, dated from year when the poles achieved their
status in publication. Shown above the curve are citations of additional papers representing important milestones in methodological develop-
ment (see text for details). Below the curve, dates and locations of the most recent Nordic Paleomagnetic Workshops are indicated. The 1999
meeting in Arhus, Denmark, was the first to tackle the issue of global Precambrian cratonic reconstructions, resulting in the summary paper
by Pesonen et al. (2003). The compilation presented herein is the outcome of the three most recent Nordic Paleomagnetic Workshops.
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