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Abstract

Apparent polar wander paths (APWPs) calculated from paleomagnetic data describe the motion of
tectonic plates relative to the Earth’s rotation axis through geological time, providing a quantitative
paleogeographic framework for studying the evolution of Earth’s interior, surface, and atmosphere.
Previous APWPs were typically calculated from collections of paleomagnetic poles, with each pole
computed from collections of paleomagnetic sites, and each site representing a spot reading of the
paleomagnetic field. It was recently shown that the choice of how sites are distributed over poles
strongly determines the confidence region around APWPs and possibly the APWP itself, and that the
number of paleomagnetic data used to compute a single paleomagnetic pole varies widely and is
essentially arbitrary. Here, we use a recently proposed method to overcome this problem and provide
a new global APWP for the last 320 million years that is calculated from simulated site-level
paleomagnetic data instead of from paleopoles, in which spatial and temporal uncertainties of the
original datasets are incorporated. We provide an updated global paleomagnetic database scrutinized
against quantitative, stringent quality criteria, and use an updated global plate motion model. The new
global APWP follows the same trend as the most recent pole-based APWP but has smaller
uncertainties. This demonstrates that the first-order geometry of the global APWP is robust and
reproducible, indicating that paleomagnetism provides a reliable reference frame as basis for
reconstructing, for instance, paleogeography and paleoclimate. Moreover, we find that previously
identified peaks in APW rate disappear when calculating the APWP from site-level data and correcting
for a temporal bias in the underlying data. Finally, we show that a higher-resolution global APWP
frame may be determined for time intervals with high data density, but that this is not yet feasible for
the entire 320-0 Ma time span. Future collection of large and well-dated paleomagnetic datasets from
stable plate interiors are needed to improve the quality and resolution of the global APWP, which may

contribute to solving detailed Earth scientific problems that rely on a paleomagnetic reference frame.

1. Introduction

Paleomagnetism provides one of the principal tools for the quantitative reconstruction of Earth’s
paleogeography. Paleomagnetic data are used to construct apparent polar wander paths (APWPs) that
describe the apparent motion of the paleomagnetic pole relative to a fixed continent or tectonic plate
through time (e.g., Creer et al, 1954). Assuming that the time-averaged geomagnetic pole coincides
with the Earth’s spin axis allows the translation of an APWP into the motion of a continent or plate
relative to the geographic pole. By combining paleomagnetic data from all major plates using
reconstructions of relative plate motions, a global APWP may be constructed that places a global
model of relative plate motions into an ‘absolute’ reference frame (e.g., Phillips and Forsyth, 1972;
Besse and Courtillot, 1991; 2002; Torsvik et al,, 2008; 2012). Such a paleomagnetic reference frame is
widely used by paleomagnetists to determine relative paleolatitudinal motions or vertical-axis

rotations (e.g., Demarest, 1983; Butler, 1992) and also allows the estimation of the paleolatitude
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(through time) of any given location on Earth (e.g., van Hinsbergen et al., 2015), providing key input
for paleoclimate, paleoenvironment, and paleobiology interpretation. These applications rely on the
quality of the underlying global APWP and the robust quantification of its confidence limits. However,
there is increasing recognition that the statistical approach used to calculate the widely used (global)
APWPs and their uncertainty, which has changed little over the last >60 years, has several
shortcomings.

First, the paleomagnetic poles (or paleopoles) that are used as input for APWP construction are
commonly assigned equal weight, regardless of the uncertainties in the position of the paleopole or in
the age of the rocks from which they were derived. Second, such paleopoles are calculated from widely
different, and essentially arbitrary numbers of paleomagnetic sites (Vaes et al,, 2022), whereby each
site is interpreted to represent a ‘spot reading’ of the past geomagnetic field (e.g., McElhinny and
McFadden, 2000). In previous APWPs, each input paleopole was assumed to have averaged ‘out’ the
paleosecular variation (PSV) of the geomagnetic field, but Vaes et al. (2022) showed that the
dispersion of input paleopoles around the most recent global APWP becomes larger with a smaller
number of sites, creating a bias towards poles based on smaller datasets with larger uncertainty. Thus,
the classical approach allows the calculation of non-unique APWPs with different uncertainties using
the same underlying data depending on the subjective choice of how to distribute data over paleopoles
(Vaes etal., 2022).

To overcome these problems, APWPs may instead be computed from site-level paleomagnetic
data, that is, from virtual geomagnetic poles (VGPs) (e.g., McElhinny et al., 1974; Hansma and Tohver,
2020, van Hinsbergen et al., 2017, Vaes et al,, 2022), or by weighting paleopoles against the number
of sites (McFadden and McElhinny, 1995). In these approaches, equal weight is assigned to each ‘spot
reading’ of the past geomagnetic field (that is, a site) rather than to each paleopole based on some
collection of site-level data (Fig. 1). However, building a database with site-level data for the many
hundreds of studies that reported relevant input data is not straightforward as paleomagnetic data is
not always reported at the site-level, particularly in older publications, and it would require an
enormous effort to compile those that are only listed in the original publication and not in databases
such as MaglIC (Jarboe et al., 2012). Vaes et al. (2022) recently introduced an alternative approach:
they showed that when site-level data are parametrically re-sampled from reported paleopoles and
their statistical parameters, a distribution of synthetic VGPs may be obtained that provides an
accurate, albeit conservative approximation (i.e., with a somewhat larger dispersion) of the original
data. This approach thus provides a promising avenue to use published paleomagnetic poles to
compute APWPs from site-level data, allowing the incorporation of key uncertainties in the
construction of APWPs as well as the weighting of datasets against the number of sites. Although
recent studies have incorporated key sources of uncertainty, such as spatial and age uncertainties, in
the computation of an APWP (e.g., Swanson-Hysell etal.,, 2019; Hansma and Tohver, 2020; Gallo et al,,
2021; Wu et al,, 2021), this has not yet been applied to the computation of a global APWP.
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In this study, we compute the first global apparent polar wander from site-level paleomagnetic
data, for the last 320 Ma, in which the key uncertainties in the underlying paleomagnetic datasets, in
position and age, are incorporated and weighted. To transfer paleomagnetic data to a common
reference plate, we use an updated global plate circuit that includes the most recent marine
geophysics-based ocean basin reconstructions. We also provide an updated paleomagnetic database
that updates the compilation of Torsvik et al. (2012). We have filtered that database using stringent,
statistics-based, quantitative quality criteria and have extended the database with new, high-quality
paleomagnetic datasets from stable plate interiors that have been published in the last decade. We
also compiled data from regions that were previously not incorporated, such as the China Blocks,
Iberia, and the Antarctic Peninsula, for the time period during which their motions relative to major
tectonic plates are determined independently of paleomagnetism. We compute a global APWP from
parametrically re-sampled VGPs at a 10 Ma resolution using a 20 Ma time window. We first evaluate
whether there is reason to suspect that the obtained distributions of re-sampled VGPs are affected by
biases in the underlying data (e.g., due to overlooked tectonic rotations or plate reconstruction
errors). Next, we compare the new APWP with previous global APWPs that were based on paleopoles
and highlight differences between them. In addition, we evaluate how the geometry of the new global
APWP, and the rates of apparent polar wander, are influenced by the chosen temporal resolution of
the path. Finally, we provide an outlook for the future construction of APWPs and highlight

opportunities for improving the quality and resolution of the paleomagnetic reference frame.

2. Background

2.1 History of APWP computation

The paleogeographic and tectonic applications of paleomagnetism rely on the key assumption that the
Earth’s time-averaged magnetic field closely resembles that of a geocentric axial dipole (GAD) field,
such that the position of the geomagnetic pole coincides with the Earth’s rotation axis (e.g., Runcorn,
1959; Butler, 1992; Johnson and McFadden, 2007). The GAD hypothesis was already applied by
Hospers (1954) and Creer et al. (1954) to determine the position of the past paleomagnetic pole
relative to the sampling locations of rocks from different geological periods. One of the main
advantages of assuming a dipolar field structure is that it provides a simple relationship between the
paleomagneticinclination and the paleolatitude of the location from which the paleomagnetic samples
are derived: the so-called dipole formula (e.g., Runcorn, 1959; Irving, 1964). Most studies that
investigated the nature of the past geomagnetic field find that the Earth’s magnetic field is not a perfect
geocentric axial dipole, and non-dipolar contributions to the past geomagnetic field have been
estimated to be on the order of up to 5% (e.g., Butler, 1992; Besse and Courtillot, 2002; Bono et al,,
2020). However, the axial dipole contribution to the field is considered to be dominant, and it has now

been widely accepted that the time-averaged geomagnetic field is well-approximated by a GAD field
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since at least mid-Carboniferous times (e.g., Butler, 1992; McElhinny and McFadden, 2000; Johnson
and McFadden, 2007; Biggin et al., 2020).

The application of the GAD assumption allows the determination of the position of the
geographic pole relative to a fixed plate or continent. When the position of the time-averaged
paleomagnetic pole, as a proxy for the geographic pole, is plotted for different moments in the
geological past, it seems to ‘wander’ relative to the present-day geographic pole position, as first
observed by Creer et al. (1954). This ‘apparent’ polar wander reflects the motion of the plate or
continent relative to the Earth’s rotation axis, providing an ‘absolute’ frame of reference for past plate
tectonic motions. This motion is the combined result of two processes: plate tectonic motion relative
to the rotation axis and the rotation of the entire crust-mantle system relative to the rotation axis; the
latter known as true polar wander (TPW, e.g.,, Goldreich and Toomre, 1969; Gordon and Livermore,
1987; Evans, 2003). It is important to note that while APWPs provide quantitative constraints on the
paleolatitude and azimuthal orientation of tectonic and plates and continents through geological time,
they do not provide any constraints on paleolongitude, due to the symmetrical structure of the
assumed GAD field.

Apparent polar wander paths are constructed as a time series of paleomagnetic reference poles
relative to the coordinate frame of a chosen reference plate (Fig. 1). Calculating an APWP requires a
method to compute these reference poles by combining, averaging, or fitting available paleomagnetic
data derived from rocks of different ages (e.g., McElhinny and McFadden, 2000; Tauxe et al., 2010).
Creer et al. (1954) constructed the first APWP by connecting a sequence of individual paleomagnetic
poles derived from rocks of different geological epochs sampled on the British Isles. But with the
publication of an increasing number of ‘study mean’ paleopoles from rocks with overlapping ages in
the following decades, reference poles were calculated by averaging available paleopoles from a given
geological period (e.g., Irving, 1964, Phillips and Forsyth, 1972, Van der Voo and French, 1974). Since
the late 1970s, the continuous increase in the amount of data allowed the construction of APWPs ata
higher resolution by averaging paleopoles that fall within a chosen time window that was shorter than
(most) geological time periods using a running mean (or sliding window) (e.g., Irving, 1977, 1979; Van
Alstine and De Boer, 1978, Harrison and Lindh, 1982). This approach is appealing because of its
simplicity and reproducibility (e.g., Torsvik et al.,, 2008), and was also used to compute the most
widely used global APWPs of the last two decades (Besse and Courtillot, 2002; Kent and Irving, 2010;
Torsvik et al., 2008; 2012). These APWPs were calculated ata 10 Ma interval by averaging paleopoles
whose mean rock age falls within a 20 Ma sliding window centered on that age. The paleomagnetic
data used to compute an APWP may be derived either from a single continent, tectonic plate, or
geological terrane, or from multiple continents or plates. The advent of high-resolution global plate
tectonic reconstructions enabled paleomagnetists to rotate paleomagnetic data from all the major
tectonic plates and continents into a common reference plate, providing a ‘global’ APWP that describes
the motion of all plates and geological terranes that are linked by the plate motion model relative to a

fixed rotation axis (e.g., Phillips and Forsyth, 1972; Besse and Courtillot, 1991; 2002; Torsvik et al.,
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2008; 2012). South Africa, or the African plate, is typically used as reference plate for the computation
of a global APWP (Besse and Courtillot, 2002; Torsvik et al., 2008; 2012), because it is considered to
have been relatively stationary (also longitudinally) for the last few 100 Ma, as it has been surrounded

mostly by spreading ridges since the breakup of Pangea (e.g., Torsvik et al., 2008).

2.2 Shortcomings of conventional approaches, and alternatives

The conventional approach to calculating APWPs has several important limitations. First, known
sources of uncertainty, such as uncertainties in the position or age of the input paleopoles, are typically
not taken into account during the calculation of the APWP (Fig. 1b). In standard paleomagnetic
procedures, directional uncertainties are quantified firstly at the level of individual paleomagnetic
directions (often expressed as the maximum angular deviation; see e.g., Tauxe et al., 2010), secondly,
at the level of individual site-mean directions (with an a9s confidence cone around the Fisher (1953)
mean direction), and thirdly, at the level of paleomagnetic poles (with an Ags confidence cone around
the Fisher (1953) mean of the input VGPs). However, these uncertainties are traditionally not
propagated through this hierarchical framework (Heslop and Roberts, 2016; 2020). By computing an
APWP from paleopoles without error propagation, it is implicitly assumed that the uncertainties and
random biases in the individual paleomagnetic poles are effectively averaged ‘out’ by averaging up to
a few dozen coeval paleopoles in the calculation of the reference poles of the APWP (e.g., Irving, 1964;
Torsvik et al., 2008; 2014).

Vaes et al. (2022) showed that the assumption that paleopoles used to compute recent (global)
APWPs average ‘out’ PSV is invalid. In fact, the dispersion of paleopoles around an APWP increases
with a decreasing number of sites underpinning each paleopole. Despite the fact that the number of
VGPs that underlie each input paleopole varies substantially (Vaes et al., 2022), each input paleopole
is assigned equal weight in the classical running mean approach. Hence, the position and statistical
properties of pole-based APWPs may be strongly affected by subjective choices in how data are
distributed over poles. For example, site-level paleomagnetic data from multiple paleomagnetic
studies of the same volcanic or sedimentary sequence may either be included in the computation of
an APWP as a single paleopole (after combining the data on the site-level) or as separate entries.
Hansma and Tohver (2020) explained that there is, in fact, no phenomenological basis for first
averaging a certain number of VGPs to a ‘study mean’ pole to average PSV, and to then average the
resulting poles again in the determination of an APWP.

It is important to note that there have been many previous efforts to propagate or weight
uncertainties in the computation of apparent polar wander, for instance using a weighted running
mean or spherical spline (e.g., Thompson and Clark, 1981; Harrison and Lindh, 1982; Torsvik et al.,
1996; Schettino and Scotese, 2005; Swanson-Hysell etal,, 2019; Wu etal., 2021; Gallo et al., 2021; Rose
et al, 2022). However, the majority of the APWPs computed in these studies were still derived from
paleopole-level data, and these weighting methods did not account for the subjectivity in the choice of

the number of data underpinning each paleopole.
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The approach chosen in this paper is aimed at overcoming these problems: we compute an
APWP from site-level paleomagnetic data instead of from paleopoles (e.g., McElhinny and McFadden,
1974; Hansma and Tohver, 2020; Vaes et al., 2022). In this approach, equal weight is given to each
VGP thatis determined for a single ‘site’. We here define a paleomagnetic ‘site’ as a geological unit that
was formed in a short period of time relative to the time scale over which the geomagnetic field
changes, such that the site mean direction represents a ‘spot reading’ of the paleomagnetic field (e.g.,
the site-mean direction from a lava flow, or a thin dyke) (see e.g., McElhinny and McFadden, 2000).
Although it is often difficult to estimate the amount of geological time contained in a single
sedimentary bed, individual samples obtained from sedimentary rocks may also provide independent
readings of the past geomagnetic field (Tauxe and Kent, 2004; Bilardello and Kodama, 2010b).
Demonstrating this may be challenging for small sediment-based datasets, but Vaes et al. (2021)
recently formulated a stringent set of criteria to determine whether large paleomagnetic datasets
(n>80 directions) derived from sediments represent collections of paleomagnetic spot readings. Site-
level data referred to hereafter in this manuscript thus includes site-mean directions from lavas flows
or thin dykes, as well as individual directions obtained from a single sedimentary horizon or bed. The
use of site-level data rather than paleopoles better reflects the underlying paleomagnetic data by
assigning larger weight to larger datasets of independent measurements of the past geomagnetic field

and avoids the subjectivity surrounding the definition of a paleopole.

3. Methods

3.1 Calculating apparent polar wander from site-level data

We developed an approach to compute a global APWP for the last 320 Ma from site-level
paleomagnetic data. To obtain a paleomagnetic dataset at the site-level, we use an iterative,
parametric re-sampling approach (Fig. 2). Although it would be possible to calculate a global APWP
directly from published site-level data, compiling these from the many hundreds of studies with
relevant input data would require a major effort and is complicated by the fact that not all these
studies have reported their data at the site-level. Recent analysis, however, showed that parametric
re-sampling of VGPs from a set of reported paleopoles and their statistical parameters provides an
accurate approximation of the original distribution of VGPs, albeit with a slightly larger dispersion
(Vaes et al, 2022). To generate a site-level dataset, we first compiled a database of ‘classical’
paleomagnetic poles as reported in literature, with statistical properties that describe the number of
underlying paleomagnetic sites and their dispersion, the sampling location, uncertainties associated
with inclination shallowing correction, and age (see section 5). Using this database, we generate
synthetic site-level paleomagnetic data from each paleopole included in our compilation and repeat
this procedure 2000 times (Fig. 2). This large number of iterations ensures the robustness of the
resulting APWP and allows the propagation of both spatial and temporal uncertainties in the
confidence bounds of the APWP. For each iteration, we parametrically re-sample a set of pseudo-VGPs

from a Fisher (1953) distribution that is centered around the paleopole and defined by its Fisher

7
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(1953) precision parameter K. We generate the same number of VGPs as the number of sites that was
included in the calculation of the paleopole (or grand mean paleomagnetic direction) reported in the
original publication. In our approach, equal weight is thus assigned to each (pseudo-)VGP rather than
to each paleopole, and the weight of each paleomagnetic dataset directly depends on its number of
sites.

In our workflow, we also address the important source of uncertainty in the computation of
APWPs that is known as ‘inclination shallowing’, which affects paleomagnetic datasets derived from
sedimentary rocks. A ‘blanket’ correction factor (of f=0.6 in Torsvik et al.,, 2012) has often been used
in the computation of APWPs (e.g., Torsvik et al,, 2012; Wu et al., 2021; Kulakov et al., 2021) but this
underestimates the natural variation in the magnitude of inclination shallowing and assumes that all
sediments are affected by shallowing which is not always the case (e.g., Bilardello and Kodama, 2010a;
Bilardello et al., 2011; Kodama, 2012; Gallo et al., 2017; Kent and Muttoni, 2020; Vaes et al.,, 2021;
Pierce etal,, 2022). In the computation of our global APWP, we only include datasets from sedimentary
rocks to which an inclination shallowing correction has been applied and whereby the uncertainty in
the correction is quantified. Except for two datasets that were corrected using an anisotropy-based
correction technique (Kodama, 2009; Brandt et al,, 2019), all sedimentary datasets were corrected for
inclination shallowing using the elongation-inclination (E/I) method of Tauxe and Kent (2004).

To incorporate the uncertainty in the shallowing correction in our workflow, we build upon the
recent work of Pierce et al. (2022). These authors developed a way to express the uncertainty of the
E/I correction as an uncertainty in paleomagnetic pole position along the great-circle between the
paleopole and the sampling locality, i.e., in the co-latitude direction. Using the ensemble of flattening
factor obtained from the bootstrapped ensemble of paleomagnetic directions, they computed the
ensemble of possible paleomagnetic pole positions, each with a different paleomagnetic paleo- and
co-latitude. Pierce et al. (2022) noted that the distribution of estimated paleolatitudes approximates
that of a normal distribution. Here, we assume that the distribution of paleolatitudes, and thus the co-
latitudes, approximates a normal distribution, and use this to incorporate the extra uncertainty in the
co-latitude direction resulting from inclination shallowing. To this end, we compute the standard
deviation of the colatitude distribution for every inclination shallowing corrected dataset in our
compilation. We obtain this value either by applying the E/I correction to the individual
paleomagnetic directions that were published in the original paper or provided to us by the authors.
If we were unable to obtain the directional dataset, we derived the standard deviation from the
reported 95% confidence regions on the inclination or paleolatitude by taking these confidence
regions as two standard deviations. For the two datasets corrected by an anisotropy-based approach,
we use the reported confidence regions on the correction to obtain this value. For each iteration in
our workflow, we first re-sample the paleomagnetic co-latitude from a normal distribution with a
mean corresponding to the co-latitude of the shallowing-corrected pole and the listed standard
deviation. We then compute a new position of the paleopole - along the great-circle between the

sampling location and the reported shallowing-corrected paleopole - using this re-sampled co-

8



295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332

This manuscript has been submitted to Earth-Science Reviews

latitude and the paleomagnetic declination computed from the original shallowing-corrected pole.
This procedure yields a new position of each sediment-derived paleopole, thereby incorporating the
additional uncertainty in the co-latitude direction resulting from inclination shallowing. Next, pseudo-
VGPs are generated from this new paleopole position, following the workflow outlined above (Fig. 2a).

The second step in our workflow is to propagate the uncertainties in the age of the sampled
rocks. To this end, we randomly draw an age for each pseudo-VGP from a uniform distribution that
corresponds to the age uncertainty range listed for each paleopole in the database. Quantifying the
age uncertainty by a uniform distribution is intuitive for sediment-derived datasets, whose age
uncertainty range is often determined by bio- and/or magnetostratigraphy, and a uniform
distribution may straightforwardly be defined by the upper and lower age limit of the geological time
period or interpreted magnetozones. The age of igneous rocks, on the other hand, is often based on
radiometric dating, for which the uncertainty on individual age determinations is often reported as
one or two standard deviation(s), and a Gaussian distribution could thus be used to quantify the
uncertainty in age (see e.g., Swanson-Hysell et al,, 2019; Wu et al., 2021, Gallo et al,, 2021; Rose et al,,
2022). However, because the age of sampled igneous rocks is typically determined by multiple
radiometric ages, either from multiple dated samples or determined for the regional magmatic activity
(e.g., for a large igneous province (LIP)), it is difficult to use a Gaussian distribution for the age
uncertainty for all igneous datasets. We therefore choose a slightly more conservative approach and
also use a uniform distribution between the upper and lower limit reported for the age of the
paleomagnetic datasets that were derived from igneous rocks.

In the third step of our workflow, we transfer the obtained collection of pseudo-VGPs to the
same coordinate frame, for which we use an updated global model of relative plate motions (see
section 4 and Tables 1 and S1). For each tectonic plate included in the plate circuit, we computed the
Euler rotation poles per million years relative to a given reference plate, interpolating between
reported total reconstruction poles assuming constant rotation rates. Here, we use South Africa as our
main reference plate, as is commonly done in the construction of global APWPs (e.g., Besse and
Courtillot, 2002; Torsvik et al,, 2008, 2012). We use this plate model to rotate each individual pseudo-
VGP to South Africa coordinates after rounding its assigned age to the nearest integer. This procedure
thus propagates the effect of uncertainties in age on the relative plate motion and position of the
tectonic plates from which the paleomagnetic data is derived.

In the fourth step, we determine a reference pole of the global APWP at a chosen interval (we
use an interval of 10 Ma) and with a chosen sliding window (here, 20 Ma). Because datasets cannot
constrain variations that are smaller than the uncertainties of that dataset, we only include data
collections in the analysis with an age uncertainty that is smaller than the chosen sliding window. The
reference pole is computed based on all pseudo-VGPs whose assigned age falls within the chosen age
window of the pole (Fig. 2b). In cases where the age uncertainty of a paleopole overlaps only partially
with the time window of a reference pole, only the pseudo-VGPs are used that were assigned an age

that falls in that time window. The contribution of each paleomagnetic dataset to a given reference
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pole of the APWP is thus weighted against the overlap between the age range of the dataset and the
time window of the reference pole. Because in each iteration, the pseudo-VGPs are redrawn and are
assigned a new random age, the number of VGPs that falls within the chosen time window will differ
between iterations. So, although the total number of pseudo-VGPs that are generated for the entire
APWP is equal for each iteration, the exact number of VGPs that is used to compute each reference
pole will vary due to the re-sampling of ages.

We compute each reference pole by taking the Fisher (1953) mean of the pseudo-VGPs that fall
within the time window, yielding a reference pseudo-pole that provides an estimate of the time-
averaged paleomagnetic pole position - and thus the rotation axis — in a South African coordinate
frame. In addition, we compute a range of statistical parameters from the distribution of pseudo-VGPs,
including the number of VGPs (N), the Fisher (1953) precision parameter (K), the 95% confidence
region (Aogs), the circular standard deviation (S) and the elongation parameter (E, computed as the
ratio of eigenvalues 12/73, see Tauxe et al,, 2004). We use these statistical parameters to assess the
robustness and identify potential biases in the distributions of re-sampled VGPs that underlie the
reference poles.

Finally, we repeat the above procedure 2000 times to average the variation in the obtained
reference poles resulting from parametric re-sampling and to allow the determination of confidence
regions for the global APWP (see Fig. 2c). We compute the final reference poles of the APWP by taking
the Fisher (1953) mean of the 2000 reference pseudo-poles for each time step. We define the
confidence region of the reference poles of the global APWP by the circle that includes 95% of the
2000 reference pseudo-poles, which we refer to as the P95.

In this approach to calculating global apparent polar wander and its confidence, we thus
incorporate a number of key uncertainties, including spatial and temporal uncertainties in the
paleomagnetic datasets, the uncertainty associated with the E/I correction for inclination shallowing
of sedimentary rocks, as well as uncertainties in the rotation of the VGPs to the reference coordinate
system that results from uncertainties in age. All these uncertainties are reflected in the dispersion of
the pseudo-VGPs, which is largely controlled by the between-pole dispersion of the coeval paleopoles
and their K values that are used to parametrically re-sample the pseudo-VGPs. Other incidental errors
in the dataset, such as incorrect age assignments, unrecognized regional vertical-axis rotations, or
unrecognized magnetic overprints, cannot be explicitly taken into account or corrected for, but such
errors would likely lead to increased dispersion in the pseudo-VGPs per time window. We will
compare the average scatter, elongation, and Fisher (1953) precision parameter of the pseudo-VGPs
with values expected from PSV to assess whether and which reference poles may suffer from such

errors.

3.2 Selection criteria
We applied a number of selection criteria during the compilation of the paleomagnetic datasets that

were used for construction of the global APWP (see section 5 for more details on the compilation).
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First, we re-compiled the data that were included in the compilation of Torsvik et al. (2012) from the
original publications. We excluded data for which evidence was reported that it does not represent a
reliable estimate of the time-averaged field at the time of formation of the sampled rocks, as concluded
by the original authors or by others in more recent work that evaluated that particular dataset. We
also rejected datasets for which no modern demagnetization techniques were used, as is common
procedure (van der Voo, 1990a; Meertetal., 2020). In addition, we removed duplicates: in some cases,
the paleomagnetic data used to compute a paleopole that was included in the Torsvik et al. (2012)
database were also used (and combined with other or newer data) to compute more recently
published paleopoles. Reasons for exclusion are provided in Table S2 and include, for instance,
evidence for remagnetization or unremoved magnetic overprints, local or regional vertical-axis
rotations, erroneous structural corrections, or poor age control. We note that paleomagnetic datasets
that were not originally compiled by Torsvik et al. (2012), e.g., because they were published after their
compilation, and that did not satisfy the above criteria, were immediately rejected, and are not
included in Table 2.

We then applied the following criteria to all paleomagnetic datasets:
1) We exclude datasets derived from less than 5 sites that are interpreted as independent spot
readings of the past geomagnetic field. This number is essentially arbitrary but establishing whether
such small datasets accurately represent PSV is difficult, and in our site-level computation of the
APWP, the impact of such small datasets is negligible. We do not require that sites are based on
averages of multiple samples, as this was shown to have minor effects on paleopole position or
precision (Gerritsen et al.,, 2022).
2) We exclude paleomagnetic datasets from igneous rocks if their Ags values fall outside of the N-
dependent reliability envelope of Deenen et al. (2011). This criterion evaluates whether the
dispersion of VGPs is consistent with what may be expected from secular variation. If the reported Ags
cone of confidence of the paleopole falls outside of the Ags, min-max reliability envelope, this suggests
that the dataset is likely affected by one or more sources of additional scatter that are unrelated to
PSV (if Ags5>Ags, max), or that PSV was insufficiently sampled by the dataset (if Ags<Ags, min), for instance,
due to the limited temporal coverage of the sampled sites (see Deenen et al. (2011) for a detailed
explanation).
3) We only include sediment-derived datasets whereby the paleopole and statistical parameters were
calculated from a collection of paleomagnetic directions that approximately represent independent
readings of the past geomagnetic field, and whereby these directions were corrected for potential
inclination shallowing. To select such datasets, we use the reliability criteria formulated by Vaes et al.
(2021), which assess under which conditions sedimentary datasets may be reliably corrected for
inclination shallowing by the E/I correction, while satisfying the underlying assumption of that
method that each of the paleomagnetic directions may be considered an independent reading of the
past geomagnetic field. We only include E/I-corrected sedimentary datasets that would receive a

grade ‘A’ or ‘B’ according to the evaluation scheme of Vaes et al. (2021). In addition, we have included
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two datasets that satisfy these criteria but were corrected for inclination shallowing using an
anisotropy-based approach (Kodama, 2009; Brandt et al, 2019). We note that these criteria for
sedimentary rocks are far more stringent than in previous compilations for the computation of
APWPs, and only 29 sediment-derived datasets are used in the computation of the global APWP.

4) As a final selection criterion, we only include datasets with an age uncertainty range of <20 Ma:
datasets with larger age uncertainties can only be included in APWPs with sliding windows larger
than 20 Ma, which we do not compute here, and which would lead to needless smoothing of the global

APWP,

4. Global plate model

The global apparent polar wander path is computed from paleomagnetic data from all stable plate
interiors after rotating them relative to a single tectonic plate using a global model of relative plate
motions. These relative plate motions are quantitatively described by Euler rotation poles that are
mostly derived from marine magnetic anomaly identifications and fracture zone data. In the global
plate model, each tectonic plate is linked - either directly or via a chain of neighboring plates - to the
reference plate South Africa. We only include the major plates and continental blocks whose motions
relative to South Africa are well-established, such that the available paleomagnetic data may be
reliably combined to construct a global APWP. A schematic representation of the global plate circuit
is shown in Fig. 3.

In our global plate model, we incorporate recently published Euler rotation poles based on the
highest-resolution marine geophysical records. The original sources of the rotation poles for each
tectonic plate are listed in Table 1, and we provide all rotation poles in Table S1. We note that many
of these rotation poles were already used for the construction of previous global APWPs (e.g., Kent
and Irving, 2010; Torsvik et al., 2008, 2012), as well as in global plate models (Seton et al,, 2012;
Torsvik and Cocks, 2016; Miiller et al.,, 2016, 2019). The latest updates have mostly added more detail
to the plate motion histories (e.g., DeMets and Merkouriev, 2021), but do not significantly change the
long-term motions. Importantly, we have converted the ages of all the interpreted magnetic anomalies
to the most recent geological time scale of Gradstein et al. (2020), which may shift the age of anomalies
by up to a few million years compared to the ages assigned by the original authors.

Our global APWP uses data from the following tectonic plates or lithospheric fragments (with
plate identification number) whose relative motions are constrained for the entire time period from
which data were compiled for our global APWP, i.e., the last 330 Ma (Fig. 3): North America (101),
Greenland (102), South America/Amazonia (201), Parana (202), Colorado (290), Patagonia (291),
Eurasia (301), India (501), Arabia (503), South Africa (701), Madagascar (702), Moroccan Meseta
(707), Somalia (709), Northwest Africa (714), Northeast Africa (715), Australia (801), and East
Antarctica (802).

12
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In addition, we have added several tectonic plates and blocks to our plate circuit, which were
not included in the previous data compilation of Torsvik et al. (2012). The motions of these plates
relative to South Africa are not sufficiently well-constrained (e.g., by marine geophysical data) for the
entire time period covered by our global APWP but are well-constrained for a more limited time
period. We thus include them for the period for which their motions relative in the global plate model
are determined independently from paleomagnetic data (Table 1).

We have included paleomagnetic data from Iberia (304) for times after chron 34n (~83.65 Ma,
the end of the Cretaceous Normal Superchron; CNS). Although marine magnetic anomaly-based Euler
rotations are available for Iberian motion before the superchron, we do not incorporate data from this
time because the interpretation and robustness of the underlying anomalies are under debate (e.g.,
Bronner et al., 2011; Tucholke and Sibuet, 2012). We have included data from the North and South
China Blocks (601, 602) for times younger than 130 Ma, corresponding to the youngest age estimates
for the cessation of significant motion along the Mongol-Okhotsk suture zone (e.g., van der Voo et al.,
2015; Yang et al, 2015). We have included paleomagnetic data from the Antarctic Peninsula and
neighboring islands (803) for the last 140 Ma, for which time it was rigidly attached to East Antarctica
(van de Lagemaat et al,, 2021). We include the Caribbean plate (2007) back to 38 Ma, for which time
there is no relative motion of the Cuba segment relative to North America and relative Caribbean-
North America motions are constrained by marine magnetic anomalies on the oceanic crust that
underlies the Cayman Trough (Leroy et al., 2000; Boschman et al., 2014). Finally, we have included
the Pacific (901) and Nazca (911) Plates in our plate circuit (for which marine magnetic anomaly data
are available for times after 83.65 and 22.34 Ma, respectively), allowing us to rotate the paleomagnetic
data obtained from young volcanic rocks (<10 Ma) to South Africa. The Nazca Plate is reconstructed
relative to the Pacific Plate using the Euler rotation poles from Tebbens and Cande (1997) that were
updated by Wright et al. (2016). The Pacific Plate (901) is linked to the ‘main’ plate circuit of the major
continent-hosting plates via a relative plate motion chain through Marie Byrd Land (using rotation
poles of Croon et al., 2008; Wright et al., 2016) and East Antarctica (Cande and Stock, 2004; Granot et
al,, 2013; Granot and Dyment, 2018).

In contrast to Torsvik et al. (2012), we have excluded data from the Colorado Plateau from
North America for times before 40 Ma. After 40 Ma, widespread extension affected the western USA
forming the Basin and Range province, but a detailed kinematic restoration of this extension of
McQuarrie and Wernicke (2005) showed that the rotation of the Colorado Plateau relative to North
America in this time window was no more than ~1°, which we consider negligible. For times prior to
40 Ma, the Colorado Plateau moved relative to North America during shortening in the Laramide and
Sevier fold-thrust belts (Yonkee and Weil, 2015, Arkula etal., 2023), and these motions have only been
quantified based on paleomagnetically determined rotations, with an estimated rotation of the
Colorado Plateau relative to North America ranging from ~5 to ~13° (e.g., Bryan and Gordon, 1990;
Molina-Garza et al.,, 1998; Steiner, 2003; Kent and Witte, 1993). Including data from this block using a

paleomagnetism-based rotation correction would thus introduce circular reasoning.
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Adria has often been proposed to be part of stable Africa and is rich in paleomagnetic data,
which has led several authors to use Adria-derived paleomagnetic data as input for APWP
computation (e.g., Muttoni et al., 2013; Kent and Muttoni, 2020; Channell et al.,, 2022). However, there
is unequivocal evidence for rotation in GPS measurements today, and Adria must have experienced
both a Neogene rotation during the extension in the Sicily Channel, as well as a Triassic-Jurassic
rotation during the opening of the oceanic eastern Mediterranean basin whose ocean floor is
preserved in the lonian Sea today (van Hinsbergen et al,, 2020, and references therein). While these
rotations of Adria relative to Africa may have been small (5-10° in the reconstruction of van
Hinsbergen et al, 2020), the arguments for and against inclusion of Adria are based on the
paleomagnetic data itself (Channell etal., 2022; van Hinsbergen et al.,, 2014), and using this data would
thus introduce circular reasoning. Data for Adria are therefore not used in our compilation.

Finally, for times prior to ~270 Ma, there is an ongoing debate about whether Pangea may be
considered a single continent (e.g., Domeier et al., 2012) or was cut by an enigmatic and unpreserved
megashear (e.g., Muttoni and Kent, 2019). The latter model is based on paleomagnetic arguments, and
its predicted relative plate motions can therefore not be used as an independent basis for computing
a global APWP from paleomagnetic data from all major plates. For this reason, we compute a global
APWP for the 330-270 Ma time period under the assumption of a Pangea A configuration (i.e., a single
plate from ~320 Ma, following Torsvik et al., 2008; 2012), which is obtained by closing the oceanic
basins between the major continents using marine geophysical constraints. In section 7, we evaluate
whether the data from the northern and southern continents, or from the mobile belts that formed
during Pangea formation as recently suggested by Pastor-Galan (2022), display systematic
mismatches. Similar to the Pangea debate, Cogné et al. (2013) suggested that Asia and Europe moved
in Cenozoic time over ~10° or more back and forth along enigmatic faults in the Ural and eastern
Europe, to explain differences in paleomagnetic data from East Asia and the global APWP of Besse and
Courtillot (2002). However, in absence of geological evidence for major Cenozoic cross-cutting fault

zones, we treat Eurasia as a single plate in the Cenozoic.

5. Paleomagnetic database

We present here an updated database of paleomagnetic datasets for the tectonic plates and
continental blocks described in the previous section (see Fig. 4, Table 2). Our compilation builds upon
the efforts of the many paleomagnetists that collected, evaluated, and tabulated paleomagnetic results
from hundreds of paleomagnetic studies of the last ~60 years, overviews of which have been
published in a series of seminal papers (e.g., [rving, 1964, 1977; Irving and Irving, 1982; Van der Voo,
1990b; Lock and McElhinny, 1991; Torsvik et al, 2008; 2012). In this study, we used the data
compilation presented in Torsvik et al. (2012) as a starting point. We have expanded this database by
adding high-quality paleomagnetic results from undeformed or mildly folded regions that may be

considered part of the stable plate interior, and that were published from 2012 to 2022, i.e., after the
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database of Torsvik et al. (2012) was compiled, as well as newly compiled datasets from the additional
regions. We have also included datasets that were published prior to 2012 that were not incorporated
by Torsvik et al. (2012), but that were included in recent compilations of ‘cratonic’ paleopoles (e.g.,
Gallo et al,, 2021; Kulakov et al,, 2021; Gonzaléz et al., 2022). For transparency, we have included all
paleomagnetic data that were published from stable plate interiors and that fit the basic criteria for
inclusion (primary magnetization, modern demagnetization techniques, principal component
analysis). When these data were subsequently excluded based on the Deenen etal. (2011) criteria (for
igneous rocks), the Vaes et al. (2021) criteria (for sedimentary rocks) or for its large age uncertainty,
this is indicated in the database (Table S2).

For the last 10 Ma, we have limited our data compilation to the paleomagnetic datasets that
were included in the PSV10 database (Cromwell et al, 2018). This database consists of 83
paleomagnetic datasets that are obtained from volcanic rocks that formed in the last 10 Ma. Not all of
these datasets were used for the calculation of the global APWP, however, as some do not satisfy the
selection criteria described in section 3.2. We note that not all of these datasets are obtained from
regions that would be considered as ‘stable’ plate interiors. Following Cromwell et al. (2018), we
assume that regional deformation has not significantly influenced the paleomagnetic results from
these young rocks (predominantly <3 Ma) and assign each dataset to the most appropriate tectonic
plate that is included in the global plate circuit as described in section 4 (e.g., a PSV10 dataset from
Alaska is considered to be derived from North America). The paleomagnetic data in the PSV10
database is compiled on the site-level and contains 2401 VGPs. Instead of using the published site-
level data, we have calculated the paleomagnetic poles from each dataset and generate synthetic VGPs
from those poles, to ensure consistency in our parametric re-sampling approach. We note that the
application of this approach to the PSV10 database yields a distribution of (synthetic) VGPs that
mimics that of the published VGPs, as recently shown by Vaes et al. (2022).

We have compiled metadata and statistical parameters for each paleomagnetic dataset (Table
2), based on the information provided in the original publications. For the application of our selection
criteria, we have classified the lithology of the sampled rocks as either igneous or sedimentary. We
have listed the paleopole (latitude, longitude) for each entry in our database in south pole coordinates.
When available, we used the paleopole from the original publication (if provided) or computed the
pole by taking the Fisher (1953) mean of the reported site-level VGPs. If the authors only provided the
grand mean paleomagnetic direction, we used the mean sampling location to determine the position
of the associated paleopole. We have listed the statistical parameters that underlie our sampling
approach in Table 2, which include the number of sites, the Fisher (1953) precision parameter K and
the Ags cone of confidence about the paleopole. These parameters were either obtained from the
original publication or from other reported statistical parameters from which the missing values may
be determined. If the number of sites and either the Fisher (1953) precision parameter K or the 95%
cone of confidence (Aos) is provided, the other parameter was calculated if it was not reported (see

e.g., Ch. 11 in Tauxe et al., 2010). For studies in which Fisher (1953) statistics have been applied to the

15



558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575

576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594

This manuscript has been submitted to Earth-Science Reviews

site-level paleomagnetic directions instead of the VGPs - yielding a mean paleomagnetic direction
with an @95/k and an elliptical confidence region on the paleopole described by the parameters
dp/dm (e.g., Butler, 1992) - we use the analytical formula of Cox (1970) to convert the k (and
associated 095) to K (and A95), after estimating the paleolatitude using the reported mean
paleomagnetic inclination (see Deenen et al., 2011 for more details).

For each paleomagnetic dataset, we have listed an age range that describes the uncertainty of
the age determination of the sampled rocks, whereby we mostly follow the age assignment of the
original authors. This may correspond to the uncertainty of an individual radiometric age, to the mean
computed from multiple radiometric age determinations, or to a certain age interval from which the
rocks are derived. For biostratigraphically or magnetostratigraphically dated sediments, we have
updated the numerical ages using the most recent geological timescale, of Gradstein et al. (2020),
which was also used for the plate model. When new age constraints were available, we have updated
the ages of individual database entries, e.g., for data from LIPs. We emphasize here that not all age
determinations are without controversy and that there are likely revised age determinations that we
were not aware of during the compilation of our database. Finally, we note that additional details on
the age determination, statistical parameters and the dominant lithology of the sampled rocks are

provided in the extended database in Table S2.

6. Results

We computed a global APWP for the last 320 Ma using a 10 Ma time interval and a 20 Ma sliding
window. The APWP is based on a total of 13737 parametrically re-sampled VGPs that are derived from
350 different paleomagnetic datasets (Table 2), yielding a mean and median number of sites per
dataset of ~39 and 19, respectively. Of these datasets, 162 were included in the compilation of Torsvik
etal. (2012), 71 in the PSV10 database (Cromwell et al., 2018) and 117 were added during our data
compilation (most of which were published post-2011).

The new global APWP is shown in Fig. 5 as reference poles per 10 Ma that are plotted as south
poles in South African coordinates (see also Table 3). The global APWP in the coordinate frame of
other major tectonic plates, including North America, South America, Eurasia, India, Australia,
Antarctica and the Pacific is given in Table 4. Because the pseudo-VGPs are not necessarily evenly
distributed around the center age of the sliding window, we also report the average age of the re-
sampled VGPs behind each reference pole in Table 3. In the following, we describe the geometry and
statistical parameters of the global APWP as calculated for a South African coordinate frame (see also
Figs. 5 and 6).

The reference poles of the global APWP in South African coordinates plot along smooth path
segments intervened by sharp cusps (Fig. 5). The APWP shows a relatively smooth path from the
present back to an Early Cretaceous (140 Ma) cusp that was also observed in previous global APWPs

in South Africa coordinates (Besse and Courtillot, 2002; Schettino and Scotese, 2005; Torsvik et al.,
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2008; 2012). The reference poles of the 140-230 Ma segment of the APWP form another relatively
smooth path, except for the 170 Ma pole which defines a minor ‘kink’ in the path. Notably, the
reference poles at 230 and 240 Ma (Early Triassic) show a large angular difference of ~10.4°. This is
in large contrast to the 250 and 260 Ma reference poles which are separated by only ~0.8° and define
another ‘cusp’ in our global APWP. The oldest (320-260 Ma) part of the APWP forms two segments
that are separated by a kink defined by the 290 Ma reference pole, although we note that the oldest
320-300 Ma segment has the largest uncertainties of our APWP.

The 95% confidence regions of the global APWP are defined by the circle that includes 95% of
the pseudo-poles computed for 2000 iterations (the P95). The size of the confidence regions ranges
from 0.7° to 3.5° (for the 0 and 170 Ma reference poles, respectively), with an average (and standard
deviation) of 1.6° (0.7°) (Table 3). The reference poles of the APWP are computed from, on average,
813 parametrically re-sampled VGPs. The lowest data density is observed for the Late Jurassic, with
only ~110-150 sites per time window. As expected, the highest data density is obtained for the last 10
Ma, provided by the large number of sites included in the PSV10 dataset. Additionally, the early
Cenozoic (50-60 Ma) and Late Triassic (200-220 Ma) segments of the APWP are also based on large
datasets of re-sampled VGPs.

For each time window, we computed the mean values of the Fisher (1953) precision parameter
(K), the circular standard deviation (CSD) and elongation (E) for each iteration from the distribution
of re-sampled VGPs that were included in that window (Table 3, Fig. 6b). The values for K are on
average 20.9, ranging between 12.4 and 34.7. We obtain an average angular standard deviation for all
time windows of 18.3°, with minimum and maximum values of 13.8° and 23.1°. The elongation ranges
from 1.07 to 1.42 (Table 3), with an average value of 1.16, indicating that the distribution of pseudo-
VGPs that fall within the same time window is approximately circularly symmetric (see also Fig. 2a).

We calculated the rate of apparent polar wander per 10 Ma time period from the great-circle
distance between reference poles of successive age (Fig. 6a). We obtain an average APW rate of 0.40
+0.21°/Ma (one standard deviation). Except for a notable spike in APW rate of 1.04°/Ma between 230
and 240 Ma and two peaks of ~0.8°/Ma at 100-110 Ma and 300-310 Ma, all APW rates are ~0.6°/Ma
or lower. There seems to be no clear correlation between the APW rate and age, and age bins with
relatively low APW rates alternate with slightly faster APW throughout the studied time span of the
pole path. On the other hand, the observed APW rates and position of the reference poles may be
influenced by an uneven temporal distribution of the re-sampled VGPs. For example, a large dataset
with relatively tight age constraints may ‘pull’ a reference pole toward the paleopole with large N. This
temporal bias may be identified from a relatively large difference between the center age of the
window and the mean age of the re-sampled VGPs that fall within that time window (see Fig. 6¢). For
example, the high APW rate between 230 and 240 Ma may be explained by the difference in mean age
of the re-sampled VGPs of ~18 Ma. To correct for this effect, we have also computed the APW rates
per 10 Ma time interval by dividing the angular distance by the difference in mean age of the re-

sampled VGPs (Fig. 6a). Although the average APW rate (with one standard deviation) remains similar
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(0.42 + 0.18°/Ma), all the peaks in APW rate mentioned above disappear. Instead, we now observe a
single peak in the APW rate of 0.8-1.0°/Ma between 82 to ~95 Ma. Whether the observed spikes in

APW rate are robust features of our global APWP will be discussed in section 7.2.

7. Discussion

7.1 Robustness of the global APWP

Our approach to compute a global APWP from site-level paleomagnetic data critically builds on the
assumption that the dominant sources of uncertainty in paleomagnetism are (more) effectively
averaged by assigning equal weight to each paleomagnetic site rather than to a paleopole that is an
average of an arbitrary collections of those sites (Vaes et al., 2022). On the one hand, our approach
allows us to straightforwardly propagate uncertainties in the age of the sampled rocks and the
uncertainty caused by paleosecular variation of the past magnetic field. On the other hand, there are
multiple sources of uncertainty and error that are independent of the number of sites, e.g., due to
unremoved magnetic overprints or remagnetization, dating errors, or non-rigidity of assumed rigid
plates. Besse and Courtillot (2002) suspected that because some degree of deformation is often
necessary for rocks to be exposed at the surface, unrecognized local deformation (such as local
rotations caused by plunging fold axes) may be an important source of noise in APWPs. In the
conventional approach in which each paleopole is assigned equal weight, the bias resulting from a
single dataset that is affected by one or more of the above artifacts is unlikely to be large. However, if
such a dataset has a large number of sites, its relatively large weight may cause considerable bias in
the APWP calculated from site-level data.

We first evaluate the influence of large datasets on the global APWP by parametrically re-
sampling only 50 VGPs for all paleomagnetic datasets that are based on more than 50 sites. The
resulting APWP is very similar to the one presented in the previous section (Fig. 7). As expected, the
confidence regions for many reference poles are larger, as they are based on fewer sites. We observe
two main differences. First, the 50 and 70 Ma poles are at a large angular distance from the 60 Ma
pole, as they are pulled less towards the larger datasets with ages of ~60 Ma. Second, the 240-300 Ma
segment of the APWP becomes a smoother path. This shows that although no major differences are
observed, large datasets indeed alter some segments of the APWP. However, since we do not know
the ‘true’ APWP, it is difficult to assess whether the influence of a large datasets represents a bias in
the path or provides improved constraints on the position of the ‘true’ time-average pole. The most
straightforward way of testing the robustness of these features of the global APWP is by collecting
more large high-quality datasets for these time intervals.

In addition, we assess the robustness of the new global APWP using a set of statistical
parameters that describe the distribution of the re-sampled VGPs per time window (see Table 4, Fig.
6b). The dispersion of pseudo-VGPs - as quantified by K or CSD - is shown to be similar to what may
be expected from ‘normal’ PSV. Typical values for K range from 10 to 70 (e.g., Deenen et al.,, 2011;
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Meert et al., 2020) and for CSD (or VGP scatter, S) from 10 to 25 (e.g., Butler, 1992; Cromwell et al.,
2018; Doubrovine et al., 2019). The mean K and CSD values obtained for each time window of the
global APWP all fall within these ranges (Fig. 6b). In addition, the mean elongation of the pseudo-VGPs
that fall within each age bin show that the re-sampled VGPs have a nearly circular symmetric
distribution (Table 3), similar to what may be expected from PSV (e.g., Tauxe and Kent, 2004).
Interestingly, the time intervals with the lowest dispersion of pseudo-VGPs approximately coincide
with the Cretaceous Normal Superchron (~83-121 Ma, Gradstein et al, 2020) and Permo-
Carboniferous Reversed Superchron (~267-318 Ma, Gradstein et al, 2020). Even though these
dispersion values are not obtained from ‘real’ VGP-level data, we hypothesize that this may reflect a
suppression in the magnitude of PSV during these intervals with stable magnetic field polarity, as was
previously proposed (e.g., Brandtetal,, 2019; Handford et al.,, 2021). We note, however, that the lowest
dispersion of pseudo-VGPs is observed for the age windows centered at 130 and 140 Ma, whereby the
majority of the input data is derived from large igneous datasets of South America and southern
African that are associated with the Parana-Etendeka LIP. This low dispersion of pseudo-VGPs may be
explained by the fact that the data is obtained from rocks of a relatively short age interval and is likely
less affected by noise resulting from unrecognized local deformation or plate reconstruction errors.
In summary, the statistical parameters obtained for the global APWP indicate that the errors
that undoubtedly exist in our dataset due to e.g., unresolved overprints, unrecognized tectonic
deformation, plate circuit errors, or age errors, do not form a major contribution to the scatter of the
data that drives the dispersion beyond values that typically represent PSV. This suggests that the
global APWP presented here is robust and that it represents the time-averaged paleomagnetic field

for each interval.

7.2 Comparison to previous global APWPs

Because of the fundamentally different approach used here, it is interesting to evaluate how the site-
level-based path compares to previous global APWPs that were computed using the conventional
running mean approach applied to paleopoles. We find that our new global APWP has a mean angular
difference (with one standard deviation) of 2.5 + 1.1° when compared to the global APWP of Torsvik
et al. (2012) (Fig. 8a). This difference is similar to the mean angular difference of 2.6° between the
global APWP (in South African coordinates) of Besse and Courtillot (2002) and Torsvik et al. (2012),
but notably smaller than the difference between the APWP of Torsvik et al. (2012) and those of
Torsvik et al. (2008) and Kent and Irving (2010), which yielded average angular differences of 3.9°
and 4.1°, respectively. These APWPs were all computed using the same running mean approach with
a time step of 10 Ma and a sliding window of 20 Ma, and the observed differences thus resulted from
differences between the compilations of paleopoles and plate reconstruction parameters. But even
though we constructed our path using (i) parametrically re-sampled VGPs instead of paleopoles, (ii)
an updated paleomagnetic database obtained with more stringent selection criteria and (iii) an

updated global plate circuit, we obtain a path that is, to first-order, similar to the most recent pole-
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based APWP of Torsvik et al. (2012) (see Fig. 5a). This clearly shows that the overall geometry of the
path is well-constrained, and strengthens confidence that paleomagnetism provides a reliable and
reproducible reference frame as basis for paleogeography and paleoclimate for the last 320 Ma.

One of the main differences between our VGP-based APWP and the pole-based APWP of Torsvik
et al. (2012) is the size of the 95% confidence regions (Fig. 5a). Particularly for time intervals with
high data density, such as for the Cenozoic, Early Cretaceous and Late Triassic, the confidence regions
of the new global APWP are <1.5°, compared to Ags values of ~2-3° of the Torsvik et al. (2012) path
for those intervals. The smaller confidence regions may seem counterintuitive, since the approach
used for the VGP-based path incorporates both temporal and spatial uncertainties that were set to
zero in the computation of the APWP of Torsvik et al. (2012). We interpret this as simply the result of
the significant increase in data points from dozens of paleopoles to hundreds or even thousands of re-
sampled pseudo-VGPs. The increase in independent data points thus outweighs the larger dispersion
of simulated VGPs (with a K of ~15-35) compared to that of coeval paleopoles (with K values of ~100,
see Rowley, 2019; Vaes et al.,, 2022). The smaller confidence regions obtained from using site-level
data instead of paleopoles was previously observed for the PSV10 dataset by Vaes et al. (2022). This
suggests that the resolution and precision obtained with paleomagnetic data has long been
underestimated by artificially decreasing the number of data points underlying APWPs due to the
averaging of arbitrarily defined collections of sites into paleopoles.

Although the first-order geometry of our new global APWP is similar to that of Torsvik et al.
(2012), there are several time intervals for which there are notable differences. For instance, the
reference poles of the 30-40, 90-100 and 310-320 Ma segments of the path, as well as the poles at 200
and 230 Ma, are at an angular distance of >3° (Fig. 8a). We interpret these differences as being mainly
caused by our site-level approach and the updated paleomagnetic database, to which we added
recently published data but from which we also excluded many paleomagnetic datasets due to the
application of our more stringent selection criteria.

The largest difference between our new global APWP and that of Torsvik et al. (2012) is
observed for the 140-170 Ma segment, yielding an angular difference of ~4° (Fig. 5, 8a). This segment
of the APWP of Torsvik et al. (2012) was based on relatively few paleopoles (<20 per time window),
and the observed differences may partly be explained by the inclusion of recently published datasets
in our database, e.g., those from Cervantes-Solano et al. (2020) and Kulakov etal. (2021). Despite these
differences, our new APWP is similar to that of Torsvik et al. (2012) in that it does not include a phase
of rapid polar wander between ~165 and 140 Ma as shown in the APWP of Kent and Irving (2010).
This rapid polar shift is often referred to as the ‘Jurassic monster polar shift’ and has been interpreted
as fast true polar wander (e.g., Kent et al,, 2015; Muttoni and Kent, 2019; Yi et al,, 2019). Our new
global APWP does not support such anomalously fast polar wander in the Late Jurassic, consistent
with recently published paleomagnetic results (Kulakov et al., 2021; Gao et al, 2021). We note,
however, that our APWP does not rule out the occurrence of a phase of relatively ‘slow’ TPW in the

late Jurassic.
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Another notable difference is the ~4° angular distance between our reference pole at 100 Ma
and that of Torsvik et al. (2012), yielding a very different estimate of the APW rate at mid-Cretaceous
times. The 110-100 Ma spike in APW rate observed by Torsvik et al. (2012) is much less pronounced
in our global APWP and disappears entirely when correcting for the ‘effective’ age difference between
successive reference poles (Fig. 8b). We find that the re-sampled VGPs that fall in the age windows
centered on 100 Ma and 110 Ma have mean ages of ~95 Ma and ~115 Ma, respectively (Fig. 6¢c, Table
3), indicating that the spike in uncorrected APW rate may be the result from an uneven age
distribution of the input data. This suggests that previous estimates of APW rate based on the center
ages of each time window may be influenced by temporal biases and shows the importance of taken
into account the uncertainties in ages and their distribution.

Intriguingly, after applying a correction for the effective age difference between successive
reference poles, the APW rates calculated for South Africa for the last 320 Ma show only a single spike
at ~82-95 Ma. Although a detailed analysis of this phase of rapid APW is beyond the scope of this
paper, we note that this spike coincides with a ~80-92 Ma peak in the convergence rate during a
counterclockwise rotation of Africa relative to Eurasia, as part of a recently proposed tectonic chain
reaction (Giirer et al,, 2022). The spike in APW rate observed in our APWP may thus be related to a
phase of relatively rapid plate motion of (South) Africa.

Finally, we note that there are a number of previously inferred and long-debated ‘anomalies’ in
paleomagnetic data, such as those between the major continents of Gondwana, Laurentia, and Baltica
for ~320-250 Ma which underpin the Pangea A vs B controversy (e.g., Domeier et al,, 2012; 2021;
Gallo et al,, 2017; Kent and Muttoni, 2020, Kent et al., 2021; Pastor-Galan, 2022), or the ‘east Asian
inclination anomaly’ in the Paleogene (e.g., Cogné et al.,, 2013). The observed mismatches between
paleomagnetic data and APWPs of different continents and tectonic plates have generally been based
on analyses using pole-level data. These discrepancies may be re-evaluated using a site-level
approach, in which spatial and temporal uncertainties are explicitly incorporated, which have often
been omitted in comparative analyses. Evaluating whether previously inferred anomalies still exist
when using our site-level approach requires a detailed review of the underlying data, which is beyond
the scope of this paper. We note, however, that there is no systematic increase in the dispersion of re-
sampled VGPs that underlie our site-based global APWP in the time intervals of the long-standing
debates. We thus find no reason to infer a significant error in the relative plate motion model in these
time intervals (e.g., Muttoni etal., 2003, Cogné etal., 2013), or a systematic time-dependent non-dipole

field (e.g, Torsvik and van der Voo, 2002, Dupont-Nivet et al., 2010).

7.3 Resolution of the global APWP

We calculated the reference poles of the global APWP at a resolution of 10 Ma using a sliding window
of 20 Ma, similar to previously published global APWPs of Besse and Courtillot (2002), Kent and Irving
(2010) and Torsvik et al. (2008; 2012). The use of such overlapping time windows results in the

smoothing of the pole path and is expected to increase the extent to which random biases and noise
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in the underlying data are averaged. On the other hand, too much smoothing could cause the removal
of short-duration features in the APWP that may be real (e.g., Muttoni et al., 2005; Dupont-Nivet et al.,
2010), as illustrated, for instance, by the spherical spline path of Torsvik et al. (2008) that smoothed
‘away’ a peakin APW rate. To assess the influence of the temporal resolution on the shape of the global
APWP, we also computed the path at a higher resolution, using a time step of 5 Ma and a sliding
window of 10 Ma (Fig. 9). The geometry of the path is notably more irregular than the APWP calculated
using a 20 Ma sliding window, showing more distinct features such as relative standstills and cusps
that separate segments of the path covering shorter time intervals. For example, while the 10 Ma-
resolution-APWP showed a relative smooth path for the last 140 Ma, the 5 Ma-resolution-APWP
shows a relative stand-still during the 30-50 Ma interval (Fig. 9a). For time intervals with relatively
high APW rates, such as from 180 to 230 Ma, the 5 Ma-resolution-path is nearly identical to the 10 Ma-
resolution-path. This finding is consistent with that of Besse and Courtillot (2002) who also computed
their global APWP at a 5 Ma resolution (with a 10 Ma window) and who illustrated the large
similarities between both paths in the coordinate frame of the relatively fast-moving Indian plate,
noting that all the ‘essential’ features were captured by both paths. The use of a smaller time window
leads to a decrease in the degree of smoothing of the path, resulting in ~40% higher APW rates with
an average of 0.58 * 0.30°/Ma (after correcting for the effective age) and seven intervals of 5 Ma that
yield an APW rate of >1.0°/Ma (Fig. 9b). Notably, the peak in APW rate observed for the 10 Ma-
resolution-APWP between 82 and ~95 Ma is also identified for the 5-Ma-resolution-APWP, which
shows a ~1.2°/Ma APW rate between 86 and ~94 Ma.

The reference poles of the 5 Ma-resolution-APWP are, unsurprisingly, based on about half as
many re-sampled VGPs (417 versus 813) compared to the 10 Ma-resolution-APWP. Notably, ~17% of
the reference poles have a mean number of sites of <100 (see Fig. 9c, Table S3). The reduced number
of sites behind each reference pole leads to larger confidence regions that have an average (and
standard deviation) of 2.5° (1.2°) compared to 1.6° (0.7°) for the 10 Ma-resolution-APWP (Fig. 9a).
Intriguingly, the distribution of re-sampled VGPs shows a very similar mean dispersion, with a K value
of 22.2 for the 5 Ma-resolution-APWP compared to 20.9 for the 10 Ma-resolution-APWP, further
supporting that the distributions of re-sampled VGPs underpinning our global APWP provide a robust
approximation of the dispersion expected from PSV (Fig. 9¢). But because of the lower number of re-
sampled VGPs per time window, the APWP and associated APW rates are more likely to be biased by

random noise or an uneven temporal distribution of the re-sampled VGPs.

7.4 Outlook

The calculation of a global APWP based on parametrically re-sampled VGPs provides a next step in the
propagation of key sources of uncertainty in the computation of APWPs, building on previous efforts
and approaches aimed to incorporate uncertainties in paleopoles or APWPs (e.g., McFadden and
McElhinny, 1995; Swanson-Hysell et al., 2019; Hansma and Tohver, 2020; Gallo et al., 2021; Vaes et

al,, 2022; Pierce et al,, 2022). Future improvements in the propagation of errors may concentrate on
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some of the following aspects. First, errors in the Euler rotation poles that are used to rotate the VGPs
to a common coordinate frame are not yet propagated. Although methods have been developed to
propagate such uncertainties throughout a plate circuit (Doubrovine and Tarduno, 2008), the
uncertainties of many Euler rotation poles computed from ocean floor anomalies have not been
reported and the size of error ellipses of marine magnetic anomaly-derived are typically an order of
magnitude smaller than uncertainties induced by PSV (e.g, DeMets and Merkouriev, 2021). We
foresee that the propagation of these errors will provide only marginal gains.

Second, a statistical framework for the full propagation of the errors through the hierarchical
levels of paleomagnetic data, thatis from the individual demagnetization steps to the VGP or paleopole
- has yet to be developed. Recent advances in the statistical treatments of paleomagnetic data (Heslop
and Roberts, 2016; 2020) or directional statistics (e.g., Scealy et al., 2022) may provide promising
avenues for improved propagation of these fundamental uncertainties behind paleomagnetic data.
Ideally, future APWPs could be computed from ‘real’ site-level data rather than from parametrically
re-sampled VGPs. Such an approach would avoid the necessity of adopting a pre-defined distribution
of VGPs, such as the assumed Fisher (1953) distribution used here. When using a parametric re-
sampling approach, the Fisher (1953) distribution is essentially the only option, however, for the
simple reason that statistical parameters describing the paleomagnetic data distributions have
traditionally been reported in the framework of Fisher (1953). Building the database from the ‘real’
VGPs would also allow the systematic application of selection criteria and data filters on the site-level.
Apart from the fact that not all site-level data is available for the studies included in the data
compilations that underlie global APWPs, the compilation of more than ten thousand sites from
hundreds of publications would require an enormous effort. Whether the calculation of an APWP from
the published VGPs would yield different results from our re-sampling approach remains to be
investigated. To enable the computation of VGP-based APWPs in the future, we strongly recommend
paleomagnetists to archive their published data, e.g., in the MagIC database (Jarboe et al,, 2012) or the
Paleomagnetism.org data library (Koymans et al., 2020).

We emphasize that the calculation of a reference APWP from site-level data provides
opportunities to significantly improve intervals of the global APWP by collecting large datasets of
independent readings of the past geomagnetic field (e.g., from thick sequences of lava flows or
sedimentary rocks), particularly for time intervals that have a relative low data coverage. Moreover,
Dupont-Nivet et al. (2010) already argued that the precision and temporal resolution of reference
APWPs provides a limiting factor in the analysis of detailed tectonic problems, such as the estimation
of convergence rates between tectonic terranes that are not included in a plate circuit. They therefore
tried to stimulate the paleomagnetic community to focus part of their efforts on collecting datasets
from stable plate interiors that may improve the accuracy and precision of the global APWP. We
suggest here that rock formations that have provided reliable paleomagnetic data in the past but that
include, as of yet, only a relatively limited number of sites may provide particularly useful sampling

locations for this purpose. In addition, we highlight that our new approach allows the comparison of
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independent paleomagnetic datasets against the global APWP at the site-level, which may improve
the robustness of future determinations of relative tectonic displacements such as paleolatitudinal
motions and vertical-axis rotations (see Vaes et al., 2022). Finally, we note the site-level approach
holds great promise to optimize the resolution of APWPs for key time intervals, such as those
containing mass extinctions or climate crises: collecting data from such well-dated intervals allows
computing a high-resolution paleomagnetic reference frame that may be used as input for detailed
studies of such events. We foresee that the continuous improvement of the global APWP, both in terms
of data coverage and uncertainty incorporation, will enable Earth Scientists to place better
quantitative constraints on, for instance, orogenic evolution, the rate and magnitude of TPW, plate
tectonic reconstructions and the paleogeographical influence on paleoclimate, paleoenvironment and

paleobiology.

8. Conclusions

In this study, we presented a global apparent polar wander path for the last 320 Ma calculated from

simulated site-level paleomagnetic data, using an updated paleomagnetic database and relative plate

motion model. Based on our new APWP, we conclude the following:

. A parametric re-sampling approach allows the straightforward incorporation of both spatial
and temporal uncertainties in the paleomagnetic data, as well as uncertainty in the widely used
E/I correction for inclination shallowing. Even though these uncertainties are taken into
account in our approach, the 95% confidence regions of the site-level APWP are smaller than
that of previously computed global APWPs because the much larger number of re-sampled
VGPs per time window compared to the number of paleopoles in the conventional approach
outweighs the larger dispersion of synthetic VGPs compared to paleopoles.

" The distributions of parametrically re-sampled VGPs that fall within a given age bin resemble
the dispersion of VGPs expected for normal geomagnetic field behavior (that is, PSV) in the last
few hundred Ma. This indicates that there are no major sources of noise that significantly
enhance the dispersion beyond expected values for PSV and that would bias the global APWP.

= The first-order geometry of the new global APWP is similar to the most recent pole-based APWP
of Torsvik et al. (2012), with an average angular difference of 2.8° between similar-aged
reference poles. The average APW rate for South Africa is 0.38° £ 0.23° (10), slightly lower than
the 0.43° 4+ 0.22° obtained by Torsvik et al. (2012). The similarity between the previous pole-
based global APWP and our APWP computed from site-level data, using more stringent
selection criteria, an updated database and global plate model, indicates that the global APWP
is robust and reproducible.

" Peaks in APW rate may result from a temporal bias in paleomagnetic data. By correcting for the

mean age of the re-sampled VGPs that underlie each reference pole, we observe that previously
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identified spikes in APW rate (for South Africa) disappear, while a new peak in APW rate is
identified between 100-80 Ma.

. The calculation of the global APWP at a higher resolution using a time step of 5 Ma and a sliding
window of 10 Ma results in a more irregular path with time intervals that show standstills that
alternate with segments with relatively high APW rates. We find that the data coverage is
certainly high enough to compute a reliable path at this resolution for some time intervals, but
not for the entire 320-0 time period.

= Calculating APWPs from site-level data provides opportunities to significantly improve the
temporal resolution and robustness of the global APWP by collecting large high-quality
paleomagnetic datasets from stable plate interiors, particularly from rocks derived from age
intervals and/or tectonic plates that are underrepresented in the current database. Finally, we
emphasize that such datasets may also contribute to future re-assessments of previously
observed systematic differences between similarly aged paleomagnetic data from different
tectonic plates (e.g., the Pangea controversy), or provide a better-constrained paleomagnetic
reference frame for time intervals of rapid Earth system change, such as climate crises and mass

extinctions.
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Fig. 1. a) Example of an apparent polar wander path for the last 60 Ma (blue squares, with 95%
confidence regions). The 20 Ma reference pole is computed in two ways: by taking the mean of the 15
paleopoles (light red circles) - as done in the conventional approach to calculating APWPs - or by
taking the mean of 300 VGPs (grey dots) that were used to calculate those paleopoles. Note the
difference in the reference pole position (green versus red square) and the size of its 95% confidence
region. The size of the paleopoles corresponds to the number of VGPs from which that paleopole is
derived, ranging between 5 and 60. Paleopole X and the 20 VGPs from which it was calculated are
highlighted in orange. b) Schematic comparison between the pole-based approach to calculating
APWPs and the VGP-based approach developed by Vaes et al. (2022). Note that the oldest study-level
paleopole does not contribute to the reference pole in the pole-based approach but that nearly half of
its VGPs are used in the calculation of the reference pole in the VGP-based approach. This way, both
the number of sites behind each paleopole and its spatial and temporal uncertainties are taken into
account in the computation of the reference poles of an APWP. In the VGP-based approach used in this
study, the mean age of the (re-sampled) VGPs is used for the reference pole, rather than the center age

of the time window.
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Fig. 3. a) Simplified global map of the tectonic plates from which the paleomagnetic data used for the
global APWP is derived. b) Schematic representation of plate circuit. See Table 1 and S1 for more
details. Modified from van Hinsbergen et al. (2015).
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Fig. 4. Sampling locations of the 350 paleomagnetic datasets used for the calculation of the global
APWP. Locations are colored by the mean age of the rocks. Diamonds indicate datasets from the PSV10

database (Cromwell et al., 2018).
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Fig. 5. Orthographic plot of the new global APWP for the last 320 Ma in South African coordinates,
calculated using a 20 Ma sliding window. Reference poles and 95% confidence regions are colored by
their age. Global APWP of Torsvik et al. (2012) is plotted with black circles (and light grey A95

confidence circles). Numbers indicate the center age of the time windows and are shown per 20 Ma.
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Fig. 6. a) APW rates derived from the new global APWP per 10 Ma age interval (black, dashed line).
Rates computed using the mean ages of the pseudo-VGPs are shown by the blue line. b) Mean number
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of the time window.
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Fig. 8. a) Angular difference between the new VGP-based global APWP and the pole-based APWP of
Torsvik et al. (2012), both in South African coordinates. The dashed blue line is the mean angular
distance of 2.5°. b) APW rates determined in this study compared to those derived from the global
APWP of Torsvik et al. (2012).
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Moves

Plate ID relative to Age range (Ma) References Notes
North America 101 Noﬁg‘gﬂ 0-203 DeMets et al. (2015),Miiller et al. (1999, 2008), Giirer et al. (2022), van Fixed to Northwest Africa from 203 to 330 Ma*
Hinsbergen et al. (2020), Sahabi et al., (2004), Labails et al. (2010)
Greenland 102 North America 0-125 Gaina and Jakob (2019), Torsvik et al., (2008a), Roest and Srivastava (1989), Fixed to North America from 125 to 330 Ma*
Torsvik et al. (2012)
South America 201 South Africa 0-133.6 DeMets and Merkouriev (2019), Miiller et al. (1999), Granot and Dyment Fixed to South Africa from 133.6 to 330 Ma*
(2015), Gaina et al. (2013), Torsvik etal. (2009)

Parana 202 South America 0-150 Torsvik et al. (2009) Fixed to South America from 150 to 330 Ma*
Colorado 290 South America 0-150 Torsvik et al. (2009) Fixed to South America from 150 to 330 Ma*
Patagonia 291 South America 0-190 Torsvik et al. (2009) Fixed to South America from 190 to 330 Ma*

Eurasia 301 North America 0-220 DeMets et al. (2015), Vissers and Meijer (2012a, b), Srivastava and Roest Fixed to North America from 220 to 330 Ma*

(1989, 1996), Torsvik et al. (2008a), Alvey (2009)
Iberia 304 Eurasia 0-83.65" Vissers and Meijer (2012a, b)
India 501 Somalia 0-59.237 DeMets and Merkouriev (2021)
Caeom 552570365 Buletal o1 e e ey oo
Madagascar 83.65-126.51 Gibbons et al. (2013)
Antarctica 126.51 - 160 Gibbons et al. (2013) Fixed to Antarctica from 160 to 330 Ma
Arabia 503 Somalia 0-35 DeMets and Merkouriev (2016), Fournier et al. (2010) Fixed to Northeast Africa from 35 to 330 Ma
Capricorn 511 India 0-59.237 Bull et al. (2010) Fixed to India between ~16 to ~59 Ma
Antarctica 59.237 - 83.65" Cande and Patriat (2015)
North China 601 Eurasia 0-130" Torsvik and Cocks (2016) Assumed fixed to Eurasia
South China 602 North China 0-130" Replumaz and Taponnier (2003) Fixed to North China from 10 to 130 Ma
Madagascar 702 Somalia 0-170 Gaina etal. (2013) Fixed to Somalia from 170 to 330 Ma
Moroccan Meseta 707 No;?rli:;%t 0-50 Van Hinsbergen et al. (2020) Fixed to Northwest Africa from 50 to 330 Ma
Somalia 709 South Africa 0-19.535 DeMets and Merkouriev (2016) Fixed to South Africa from ~20 to 330 Ma
Northwest Africa 714 South Africa 120 - 133.565 Torsvik et al. (2009) Fixed to South Africa after 120 Ma and before 133.565 Ma*
Northeast Africa 715 South Africa 83.65-1214 Torsvik et al. (2004) Fixed to South Africa after 83.65 Ma and before 121.4 Ma*
Australia 801 Antarctica 0-136.657 Cande and Stock (2004), Whittaker et al. (2007, 2013), Williams etal. (2011) Fixed to Antarctica from ~136 to 330 Ma
Antarctica 802 South Africa 0-51.724 DeMets etal. (2021)
Somalia 51.724 - 182 Cande and Patriat (2015), Mueller and Jokat (2019) Fixed to Somalia from 182 to 330 Ma
::lr;:;ll; 803 Antarctica 0-140 Van de Lagemaat etal. (2021) Fixed to Antarctica from ~140-0 Ma
Marie Byrd Land 804 Antarctica 0-83.65" Granot and Dyment (2018), Granot et al. (20134, b), Cande and Stock (2004) E;Xgee(;tga?gz]ttizcng{;m ~62Mato 83.65 Ma (Van de
Pacific 901 Ma{‘:n]fiyrd 0-83.65 Croon et al. (2008), Wright etal. (2015, 2016)
Nazca 911 Pacific 0-22.34" Tebbens and Cande (1997), Wright et al. (2016)
Caribbean 2007 North America 0-38” Leroy et al. (2000), Boschman et al. (2014) Relative motion of Caribbean plate to Southern Cuba

(North America) constrained by Cayman Trough anomalies

Table 1. Overview of the global plate circuit used to transfer paleomagnetic data to a single reference plate. See Fig. 3 for a graphical overview. Full rotation
parameters, chrons and references per Euler rotation pole are listed in Table S1. * = fit in Pangea same as in Torsvik et al. (2012), * = maximum age to which

plate is connected to South Africa (701) in plate circuit.



name
Prado section, Teruel, Spain

Cascante, Spain

Jesus Maria and Atotonilco lavas

Volcanics, Jebel Soda, Libya

Volcanics, Jebel Soda, Libya

East African volcanics, Kenya and Tanzania
Taatsyn Gol 3, Mongolia

Ethiopian traps, Debre Sina

Miocene volcanics, Canary Islands
Volcanics, Kenya

Padre Miguel Ignimbrite Suite, Honduras
Hongshiya

Leucitite

Trosky volcano, Czech Republic

Hannuoba

Ust-Bokson, Mongolia

Jantetelco granodiorites & Tepexco volcanics
Stoddard Mountain laccolith

Suhindol volcanics

Dinan Bay lavas

Younger plutons

Pingzhuang

Lake City Caldera

Main Range Volcano and Tweed Volcano
Latir volcanics

Volcanics Germany

Zhangjiakou

Conejos and Hinsdale Formation
Kerguelen islands (Antarctic Plate)
Springsure Volcano

Ignimbrita Panalillo Superior
Afro-Arabian flood volcanic province, Yemen
Peak Range

Ethiopian traps, Belessa

Lima Limo section, Ethiopian Traps
Mongollon-Datil volcanics
Mongollon-Datil volcanics

Ethiopian Traps, Ethiopia

Ethiopian Flood basalts, Abbay and Kessen gorges, Ethiopia

Mongolia, Jaran Plateau and Bogd Plateaus
Hillsborough Volcano

Liverpool Volcano

Southern Plateau volcanics, Ethiopia
Tecalitlan Dikes

Mariscal Mountain Gabbro

Ramsay Island lavas

Talerua Member lavas

Mongolia, Khaton Sudal

Khaton Sudal, Mongolia

Beaver River alkalic complex
Monterey intrusives

Rattlesnake Hills volcanics
Bitterroot Dome dike swarm
Eocene volcanics Patagonia

Robinson Anticline intrusives

min_age
9.1
9.4
9.2
10.0
10.0
11.0
12.1
10.6
5.0
12.0
14.3
14.0
15.0
15.7
15.0
195
188
20.0
19.4
189
22,0
22.0
22,0
20.2
21.0
18.0
17.0
23.0
24.0
273
24.8
27.0
282
29.2
294
24.0
24.0
29.0
29.0
30.2
331
33.0
30.0
332
35.0
36.0
38.0
388
38.8
41.5
42.0
42.0
44.0
42.0
48.0

max_age
10.3
10.6
11.9
13.0
13.0
13.0
133
14.9
21.0
15.0
16.3
18.0
17.2
17.3
24.0
203
228
22,0
235
244
23.0
23.0
24.0
26.7
26.0
30.0
33.0
29.0
30.0
289
313
31.0
312
305
30.4
36.0
36.0
310
31.0
304
34.1
34.4
380
36.8
39.0
41.0
40.0
40.0
40.0
425
47.0
50.0
51.0
56.0
52.0

age
9.7
10.0
10.6
115
115
12.0
12.7
128
13.0
135
15.3
16.0
16.1
16.5
19.5
19.9
208
21.0
215
217
22.5
22.5
23.0
235
23.5
24.0
25.0
26.0
27.0
28.1
28.1
29.0
29.7
299
29.9
30.0
30.0
30.0
30.0
303
336
337
34.0
35.0
37.0
38.5
39.0
394
39.4
42.0
44.5
46.0
47.0
49.0
50.0

slat
40.3
40.2
20.6
28.7
288
0.0
45.5
9.9
28.0
-1.6
14.4
36.2
-32.84
50.52
40.2
52.1
18.7
37.6
43.23
53.7
36.6
42.0
38.0
-28.20
36.8
50.8
411
37.2
-49.3
-24.10
22.0
15.4
-22.66
124
132
333
333
124
9.7
448
-20.98
-31.70
9.1
193
29.1
52.5
70.4
44.5
44.5
60.3
384
42.3
46.4
-42.6
46.2

slon
-1.1
-1.1
257.0
15.6
15.5
36.0
101
39.8
344.0
359
2729
118.5
14645
15.23
112.7
100.3
261.3
246.6
25.15
2273
254.5
119.2
252.7
153.00
254.6
8.0
114.7
254.4
69.5
148.10
259.0
44.1
147.97
37.7
379
252.1
252.2
38.6
388
100.7
149.00
150.20
41.0
257.0
256.8
2287
305.2
1013
1014
2347
280.6
248.1
2452
290.0
2485

246
81
29
12

22

30
99
14
33

17
11
16

26
19
11
13
11
17
17
56
43
40

23
233
18
41
48
29
42
79
61
39
53
16
13
14
36
22
12
18
11
13

21
11
18
11
36
16

16.5
15.4
39.7
354
47.0
28.8
14.5
27.7
16.0
20.8
24.5
57.8
205
215
363
321
17.4
54.3
252
19.0
34.8
49.9
9.2
225
14.2
15.4
9.0
152
16.5
13.7
274
33.6
10.1
44.9
22.7
17.6
21.0
289
17.8
25.1
322
25.7
244
30.8
42.5
41.0
32.7
45.1
61.5
39.8
123
139
349
18.0
26.6

A95
2.3
4.1
43
74
6.8
6.1

16.4
5.1
3.5
89
52
6.8
8.6

10.1
6.2
9.2
7.0
4.6
9.3
9.8
7.8
5.1

124
4.1
6.0
6.0

195
8.0
23
9.7
3.6
3.6
8.8
33
3.4
4.5
5.1
37
9.0
8.4
7.1
4.8
6.4
8.0
54
7.0
74
9.1
7.1
5.1

13.6
9.6
7.8
5.7
7.3

plat
-84.4
-79.0
-80.7
-78.4
-69.0
-86.5
-71.6
-83.8
-81.9
-80.1
-80.0
-84.3
-80.2
-76.9
-83.7
-69.8
-78.4
-82.9
-84.1
-82.7
-87.1
-88.0
-76.4
-74.2
-80.9
-77.8
-84.4
-79.7
-85.5
-70.5
-68.6
-74.2
-64.6
-80.5
-78.2
-81.9
-82.8
-77.0
-83.0
-81.6
-67.1
-71.1
-75.1
-75.7
-80.0
-78.2
-76.3
-76.7
-71.9
-79.2
-85.5
-79.4
-72.0
-81.0
-77.1

plon
341.0
2939
2923
16.1
4.0
6.6
358.0
269
2944
2143
3229
535
95.4
261.1
52.3
6.5
4.28
346.2
2421
301.7
189.5
300.0
30.3
74.8
3312
3108
2232
342.6
9.3
120.6
338.1
69.1
111.8
60.6
33.0
3236
316.2
28.0
13.3
94.5
121.4
95.5
3503
346.6
53
299.9
21.5
60.1
22.6
3258
63.7
326.2
341.6
3374
3258

plateID

304
304
101
715
715
709
301
715
714
709

2007
601
801
301
601
301
101
101
301
101
101
601
101
801
101
301
601
101
802
801
101
503
801
715
715
101
101
715
715
301
801
801
709
101
101
101
102
301
301
101
101
101
101
291
101

Rlat

-84.3
-79.7
-81.0
-78.4
-69.0
-86.5
-71.2
-83.8
-81.9
-80.3
-80.4
-82.7
-82.8
-78.6
-81.5
-68.7
-78.7
-83.5
-86.5
-83.8
-86.6
-88.0
-76.2
-74.4
-81.9
-78.9
-86.6
-80.5
-81.9
-82.4
-69.5
-78.4
-75.9
-80.5
-78.2
-83.1
-84.2
-77.0
-83.0
-77.9
-80.6
-74.8
-75.3
-76.0
-79.1
-80.6
-75.0
-70.5
-67.0
-80.2
-81.7
-80.2
-72.0
-74.2
-78.1

Rlon
3509
297.9
293.5
16.1
4.0
12.1
18
26.9
294.4
211.7
329.7
58.1
33.6
263.0
57.7
12.6
15.2
359.7
236.7
309.1
176.2
221
415
24.2
342.8
3239
201.3
356.4
333
70.6
349.6
429
73.0
60.6
33.0
3435
336.4
28.0
133
88.7
68.8
28.5
351.8
7.2
316
322.7
42.0
65.6
36.6
358.0
84.7
3.0
9.0
341
359.0

lithology
sedimentary
sedimentary
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous
igneous

igneous

f
0.5
0.9

p_std
6.5
4.34

authors
Abels et al. (2009)
Abdul Aziz et al. (2004)
Goguitchaichvili et al. (2011)
Schult and Soffel (1973)
Ade-Hall etal. (1975)
Reilly et al. (1976)
Hankard et al. (2007a)
Lhuillier & Gilder (2018)
Watkins (1973)
Patel and Raja (1979)
Molina-Garza et al. (2012)
Zhao etal. (1994)
Hansma and Tohver (2018)
Petronis et al. (2015)
Pan etal. (2005)
Hankard et al. (2007a)
Duarte etal. (2015)
Petronis et al. (2004)
van Hinsbergen et al. (2008a)
Irving et al. (2000)
Hagstrum and Johnson (1986)
Shi etal. (2002)
Reynolds etal. (1986)
Wellman (1975)
Hagstrum and Lipman (1986)
Schreiber and Rotsch (1998)
Zheng (1991)
Brown and Golombek (1997)
Camps etal. (2007)
Hansma and Tohver (2019)
Gonzélez-Naranjo et al. (2012)
Riisager et al. (2005)
Hansma and Tohver (2019)
Lhuillier & Gilder (2018)
Ahnetal. (2021)
Diehl et al. (1988)
McIntosh etal. (1992)
Rochette etal. (1998)
Kidane et al. (2002)
Dupont-Nivet etal. (2011)
Hansma and Tohver (2019)
Wellman (1969)
Schult (1974)
Rosas-Elguera et al. (2011)
Harlan etal. (1995)
Irving et al. (2000)
Schmidt et al. (2005)
Dupont-Nivet et al. (2011)
Hankard et al. (2007a)
Symons etal. (2003)
Ressetar and Martin (1980)
Sheriff and Shive (1980)
Doughty and Sheriff (1992)
Somoza (2007)
Harlan etal. (1988)

refno

50
60
774

25
1517

1402

1300

1299
3282

3130

1315
2631
3209
3496

40

2943

1865
1712
2560

1348

DB
T12
T12

this study
T12
T12
T12
this study
this study
T12
T12
this study
this study
this study
this study
this study
this study
this study
T12
this study
T12
T12
this study
T12
this study
T12
T12
this study
T12
T12
this study
this study
T12
this study
this study
this study
T12
T12
T12
T12
this study
this study
this study
T12
this study
T12
T12
T12
this study
this study
T12
T12
T12
T12
T12
T12



Absorako volcanics

Combined Eocene intrusives

Ezcurra Inlet & Point Hennequin groups
Barrington Volcano, New South Wales
Nuussuaq lavas, Kanisut Member

South Shetland Islands

Kangerdlugsuaq dykes, Irminger
Skaergaard Intrusion

Khuts Uul, Mongolia

Svartenhuk lavas

Jacobsen Fjord dykes

East Gilf Kebir Plateau basalts

Arran dikes, Scotland

Jacobsen Fjord basalts

Arran intrusives and extrusives
Ardnamurchan complex, Scotland
Faeroe flood volcanics

Svartenhuk lavas, Vaigat Formation
Nuusuaq and Disko lavas, Vaigat Formation
Rhum and Canna igneous, Scotland

Mull lavas, Scotland

Torris, Snow, Half Moon, King George, Admirality lavas and intrusions

Antrim Lava, Ireland

Muck and Eigg igneous

Sumber Uul - Tulga, Mongolia
Combined Palaeocene intrusions
Mount Pavagarh Traps, Gujrat, India
Deccan Traps, Mahabaleshwar, India

Deccan Traps, Nagpur to Bombay traverse, India

Deccan dyke swarms, western India
Khumbarli Ghat, Mahabeleshwar Plateau, India
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Western Ghats, Deccan Traps, India

Late Cretaceous mafic dikes in Kerala

Central Kerala dykes, India

Itatiaia and Passa Quatro Complexes, Brazil
Patagonian Plateau basalts, Chile, Argentina
Lisbon Basalts 1969, Portugal

Monchique Syenite I

Monchique Syenite II

Adel Mountain volcanics

Minusa trough intrusions, Siberia

Doherty Mountain sills

Elkhorn Mountains

Maudlow Formation welded tuffs

Sao Sabastiao Island Intrusions, Brazil

Pocos de Caldas Alkaline Complex, Brazil
Volcanics, Massif d'Androy Andria

Volcanics, Mailaka Andria

Volcanics, Mangoky-Anilahy Andria
Volcanics, Antanimena Andria

Volcanics, Southeast Coast Andria

Volcanics, Southwest Madagascar

Dolerites, east Madagascar

Late Cretaceous mafic dikes in Kerala
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Yongtai

St. Mary Islands, western India

d'Analava complex

Amma Fatma section, Morocco

Wadi Natash volcanics, Egypt

Khurmun Uul - Shovon basalts, Mongolia
Mount Dromedary Intrusion

Axel Heiberg lavas

Magnet Cove and other intrusions
Cuttingsville

Tsost Magmatic Field, Mongolia

Little Rattlesnake Complex

Pleasant Mountain

Suhongtu

Burnt Meadow Mountains

Cretaceous Lamproites

Rajmahal Traps, West Bengal and Bihar, India
Rajmahal Traps, Bihar, India

Rajmahal Traps, West Bengal, India
Rajamahal Traps, North Rajmahal Hills, India
Hongyan

Rajmahal Traps, Bihar, India

South-East Artz Bogd, Mongolia

Weideshan

Jianchang

Alfred Complex

Cape Neddick

Vulcanitas Cerro Colorado Formation, Cordoba, Argentina
South-East ih Bogd, Mongolia

Tatnic Complex

Florianopolis dyke swarm, Santa Catarina Island, Brazil
South-East Baga Bogd, Mongolia

El Salto-Almafuerte lavas, Cordoba, Argentina
Lebanon diorite

Notre Dame Bay dikes

Ponta Grossa dykes, Brazil

Ponta Grossa dykes

Serra Geral basalts, Brazil

Kaoko lavas, Namibia

Etendeka, Namibia

Etendeka LIP (upper), Namibia

Etendeka LIP (lower), Namibia

Parana flood basalt, Alto Paraguay Formation, Paraguay
Posadas Formation, Parana flood basalts
Arapey volcanics, Uruguay

Central Parana Magmatic Province

Northern Parana Magmatic Province, Brazil
Franz Josef Land LIP

Southwest Greenland dykes

La Negra south

Posades and Sierra Colorado ignimbrites, Argentina
Chon Aike Formation, Argentina

La Mathilde Formation, Patagonia

Nico Perez dykes, Uruguay

Zapican dike swarm, Uruguay

Intrusive rocks, Nigeria

La Negra north

Chon Aike Formation, Patagonia
Gingenbullen Dolerite

‘West Maranhao Basalts, Brazil

Garrawilla volcanics and Nombi extrusives
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Batoka basalts, northern Zimbabwe

Northern Victoria Land - Kirkpatrick Basalts
Gair Mesa, Kirkpatrick basalts

Marifil Complex, Patagonia

Naude's Nek section, Karoo LIP
Oxbow-Moteng Pass section, Karoo LIP
Karroo dolerites combined, South Africa, Zimbabwe
Karroo lavas, Central Africa, Zimbabwe, Mozambique
Tasmanian dolerite

Ferrar dolerites, Northern Prince Albert Mountains
Stormberg lavas (Lesotho basalts), South Africa
Marifil Formation, North Patagonia, Argentina
Lesotho basalts

Scania basalts

Diabase dykes and sills, Liberia

Marangudzi Ring Complex, Zimbabwe
Combined dikes

Kerforne dykes, France

Freetown Complex, Sierra Leone

Piedmont dikes

French Guyana dikes, Brazil

Cassipore dykes, Brazil

Roraima dykes, CAMP, Brazil

Ighrem and Foum Zguid dykes, Morocco
North Mountain basalt

Hartford basin

Morrocan Intrusives, Morocco

Central Atlantic Magmatic Province, Morocco
Argana Flows. Morocco

Central Atlantic Magmatic Province, Morocco
Newark Martinsville core

Newark Westonville

Gipsdalen and Fleming Fjord Formations
Andesites, Ukraine

Newark Somerset core

Newark Rutgers core

Newark Titusville core

Newark Nursery core

Dan River-Danville Basin

Newark Princeton core

Taimyr Sills, Siberia

Gezira, Egypt

Dolerite dykes, Suriname

Udzha, Siberian Platform

Alto Paraguay Province, Paraguay/Brazil
Brisbane Tuffs

Puesto Viejo Formation Volcanics, Mendoza
Taimyr basalts, Siberia

Kotuy River Siberian Traps, Siberia

Siberian Traps Mean recalculated, Siberia
Siberian Traps, YG locality

Siberian Traps, Nizhneudinsk-Octyabrskiy group
Siberian Traps, Tura lavas

Siberian Traps, RD locality

Kulumber river intrusions, Siberia

Siberian Traps, Nizhnyaya Tunguska river
Siberian Traps, Norilsk-Maymecha-Kotuy
Norils region intrusions, Siberia

East European Platform, Zhukov

East European Platform, Puchezh

East European Platform, Oskii S"ezd
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Araguainha impact structure, Brazil 252.2 257.2 254.7 -16.8 -53.0 28 83.5 3.6 -84.2 326.6 201 -53.0 70.2 igneous Yokoyama et al. (2014) this study

East European Platform, Sukhona 2519 259.5 255.7 61.0 45.0 210 139 2.7 -49.2 3459 301 -33.8 64.0 sedimentary 0.7 3.0 Fetisova et al. (2018) this study
East European Platform, Nelben 2519 259.5 255.7 51.7 11.7 82 34.5 2.7 -57.3 3417 301 -40.7 70.3 sedimentary 0.7 3.0 Fetisova etal. (2018) this study
SW England, Aylesbeare Mudstone 254.2 264.3 259.3 50.6 -3.4 81 22.4 3.4 -65.6 3259 301 -50.9 76.7 sedimentary 0.49 3.82 Hounslow etal. (2016) this study
Gonfaron 1, Lodeve 2594 264.3 2619 433 6.3 118 69.1 16 -54.0 3489 301 -35.5 70.0 sedimentary 0.8 097 Evans etal. (2014) this study
Sierra Chica, La Pampa 261.0 264.6 263.0 -37.5 -65.3 35 54.9 33 -80.1 349.0 290 -44.8 68.6 igneous Domeier etal. (2011b) T12
Upper Choiyoi Group, Mendoza 261.5 265.5 263.5 -34.7 -68.3 40 314 4.1 -73.7 315.6 290 -46.6 55.0 igneous Domeier et al. (2011c) T12
Gerrigong Volcanics 263.5 265.1 264.3 -34.6 150.8 17 16.3 9.1 -56.9 154.8 801 -47.2 58.5 igneous Belica etal. (2017) this study
Werrie Basalt 2634 269.4 266.4 -31.9 151.0 9 10.8 16.4 -61.2 128.7 801 -349 49.7 igneous Klootwijk et al. (2003) this study
Tambillos, Uspallate Basin, Argentina 259.6 2744 267.0 -32.2 290.5 16 335 6.5 -78.9 319.6 290 -48.2 62.4 igneous Rapalini and Vilas (1991) 2475 T12
Lunner dikes, Norway 268.3 2747 271.0 60.3 10.5 8 103.8 5.5 -52.9 344.4 301 -36.9 66.8 igneous Torsvik et al. (1988) 3188 T12
Lunner dikes, Norway 2683 2747 271.0 60.3 10.5 25 68.7 3.5 -50.9 3436 301 -36.0 64.5 igneous Dominguez etal. (2011) T12
Dome de Barrot, France 269.2 2744 271.8 44.0 6.6 206 41.8 1.5 -47.2 324.5 301 -44.2 51.2 sedimentary 1 0 Haldan et al. (2009) this study
Lodeve basin redbeds 264.3 2833 273.8 43.7 34 146 333 2.1 -41.7 336.7 301 -33.9 52.1 sedimentary 0.8 0.79 Haldan et al. (2009) this study
Bohemian Massif igneous, Germany 275.0 280.0 277.5 49.8 12.0 9 65.4 6.4 -42.3 345.9 301 -29.2 58.0 igneous Soffel and Harzer (1991) 2356 T12
Scania melaphyre dikes, Sweden 274.0 282.0 278.0 55.7 13.7 8 359 9.4 -54.0 3515 301 -343 71.2 igneous Bylund (1974) 2222 T12
Jebel Nehoud Ring Complex, Kordofan, Sudan 278.0 282.0 280.0 14.9 30.5 8 102.7 5.5 -40.8 71.3 715 -41.2 71.2 igneous Bachtadse et al. (2002) 3504 T12
Trachytes, Ukraine 280.0 285.2 282.6 37.2 37.8 19 54.9 4.6 -49.4 359.7 301 -27.4 71.4 igneous Yuanetal. (2011) T12
Exeter Lavas, UK 280.0 291.0 285.5 51.0 356.0 9 62.5 6.6 -48.0 343.0 301 -34.5 61.4 igneous Cornwell (1967) 411 T12
Western Meseta, Morocco 277.0 294.6 285.8 33.0 353.6 18 27.1 6.8 -41.4 52.1 707 -41.1 53.9 igneous Domeier etal. (2020) this study
Black Forest volcanics, Germany 281.0 291.0 286.0 48.0 8.0 7 82.1 6.7 -51.6 359.6 301 -29.1 73.1 igneous Konrad and Nairn (1972) 170 T12
Mauchline lavas, Scotland 279.0 293.0 286.0 55.5 -4.6 5 36.4 12.8 -46.2 348.0 301 -30.8 62.5 igneous Harcombe-Smee et al. (1996) 3093 T12
Mount Leyshon Intrusive Complex, Australia 280.0 292.0 286.0 -20.3 146.3 34 16.4 6.3 -43.2 137.3 801 -33.0 72.2 igneous Clark and Lackie (2003) this study
Tuckers Igneous Complex, Australia 280.0 292.0 286.0 -20.1 146.5 42 11.5 6.8 -47.5 143.0 801 -38.3 69.2 igneous Clark and Lackie (2003) this study
NE Kazakhstan lavas 1 282.8 289.8 286.3 475 80.7 65 488 2.5 -33.2 338.2 301 -27.3 45.8 igneous Bazhenov et al. (2014) this study
NE Kazakhstan lavas 2 2838 2908 287.3 47.5 80.7 88 48.0 2.2 -44.1 340.6 301 -333 56.5 igneous Bazhenov etal. (2016) this study
Oslo Graben, Krokskogen and Vestfold 284.0 292.0 288.0 59.4 10.2 104 52.2 1.9 -48.2 335.5 301 -38.6 57.8 igneous Haldan et al. (2014) this study
Lodeve basin redbeds 2833 2935 2884 43.7 34 143 98.2 12 -47.1 3339 301 -38.9 55.9 sedimentary 0.8 0.68 Haldan et al. (2009) this study
Saar-Nahe volcanics, Germany 288.0 293.0 290.5 49.5 7.0 11 20.8 10.2 -41.1 349.2 301 -26.6 59.0 igneous Berthold etal. (1965) 712 T12
Nahe volcanics, Germany 288.0 293.0 290.5 50.0 8.0 5 104.8 7.5 -46.0 347.0 301 -31.2 61.8 igneous Nijenhuis (1961) 940 T12
Itarare Group, Parana Basin, Brazil 283.3 2989 291.1 -27.2 310.4 119 32.7 2.3 -63.2 347.5 201 -34.4 55.2 sedimentary 0.8 6.0 Franco etal. (2012) this study
Scania dolerite dikes, Sweden 287.0 300.0 293.5 55.5 13.5 6 85.6 7.3 -37.0 354.0 301 -21.1 58.9 igneous Mulder (1971) 2211 T12
Alnwick Sill, High Green and St. Oswalds Chapel Dyke (Whin Sill), UK 292.0 296.0 294.0 55.4 -1.6 17 47.1 7.7 -47.1 337.1 301 -37.1 57.5 igneous Liss etal. (2004) T12
Holy Island Sill and Dyke (Whin Sill), UK 292.0 296.0 294.0 55.7 -1.8 20 36.2 55 -35.4 346.8 301 -239 53.1 igneous Liss etal. (2004) T12
Silesia volcanics, Poland 285.0 305.0 295.0 50.6 16.1 8 41.0 8.8 -43.0 354.0 301 -25.5 63.3 igneous Birkenmajer et al. (1968) 465 T12
Glenshaw Formation 2989 307.0 303.0 40.5 280.0 23 16.1 7.8 -27.9 294.5 101 -31.0 27.6 sedimentary 0.7 0.58 Kodama (2009) T12
Mafra Formation, Brazil 298.9 307.0 303.0 -26.1 310.2 111 55.9 18 -51.9 3443 201 -254 47.0 sedimentary 1 0.0 Brandtetal. (2019) this study
Moscovian, Murzugq basin, Algeria 307.0 315.2 3111 23.6 119 113 25.4 2.7 -223 53.5 715 -22.8 53.1 sedimentary 0.6 31 Amenna etal. (2014) this study
Tashkovska Donbas, Ukraine 315.2 3234 3193 488 38.6 84 354 2.6 -38.4 339.5 301 -30.1 50.9 sedimentary 0.7 17 Meijers et al. (2010) T12
Newecastle range volcanics 3156 3282 3219 -18.4 143.8 15 26.2 7.6 -63.4 125.0 801 -33.9 459 igneous Anderson etal. (2003) 3561 T12
Magdalen Basin 315.2 330.3 322.8 46.2 298.7 262 12.4 2.6 -279 299.5 101 -28.3 31.6 sedimentary 0.60 15 Opdyke etal. (2014) this study

Table 2. Paleomagnetic database used to compute the global apparent polar wander path for the last 320 Ma. NB: Data for the last 10 Ma from the PSV10
database are not included in this table. For the complete database, see Table S2.

Abbreviations: min_age and max_age = lower and upper boundaries of age uncertainty range; slat/slon = latitude and longitude of (mean) sampling location;
N = number of paleomagnetic sites used to compute the paleopole; A95 = radius of the 95% confidence circle about the mean of the distribution of VGPs; K =
Fisher (1953) precision parameter of the distribution of VGPs; plat/plon = paleopole latitude and longitude (south pole); platelD = plate identification number
(see Fig. 2 and Table 1); Rlat/Rlon = paleopole latitude and longitude in coordinate frame of South Africa; f = flattening factor (only for sedimentary data),
p_std = standard deviation of the assumed normal distributed co-latitudes, obtained from E/I correction (only for sedimentary data); DB = database in which

entry is listed (T12 = Torsvik et al. (2012), PSV10 = Cromwell et al. (2018) or added in this study).



Window  Age N P95 Longitude Latitude MeanK MeanCSD MeankE

0 1.3 18115 0.7 313.2 -89.6 19.1 18.5 1.07
10 4.4 2609.7 1.3 334.1 -87.9 17.8 19.2 1.06
20 21.7 1156.7 1.1 9.4 -82.7 17.0 19.7 1.10
30 282 1091.0 1.0 23.2 -80.8 17.9 19.1 1.09
40 37.5 475.0 1.4 26.1 -79.6 19.6 18.3 1.14
50 561 11013 1.0 31.0 -75.2 16.3 20.1 1.11
60 60.0 17075 0.8 35.2 -73.7 16.4 20.0 1.08
70 64.7 896.5 1.1 39.1 -73.1 17.5 19.4 1.12
80 82.0 350.1 1.3 51.5 -72.6 29.9 14.8 1.16
90 89.7 412.9 1.2 64.9 -68.2 25.5 16.1 1.17
100 94.6 217.3 1.9 71.5 -64.2 22.8 17.0 1.21
110 114.7 2595 1.5 80.7 -57.9 29.6 14.9 1.26
120 120.2  458.1 1.1 80.0 -55.0 29.3 15.0 1.18
130 131.0 798.2 0.8 82.7 -50.7 33.6 14.0 1.10
140 134.2 6218 0.9 84.1 -50.0 34.7 13.8 1.12
150 152.4 1443 2.8 83.7 -53.4 17.5 19.4 1.24
160 158.7 1489 3.0 83.1 -55.8 14.6 21.2 1.24
170 172.6 1125 3.5 78.6 -58.9 14.7 21.2 1.28
180 182.1  319.5 1.7 79.5 -64.2 19.0 18.6 1.29
190 189.7 470.1 1.4 75.3 -65.8 18.9 18.7 1.18
200 203.7 1399.0 1.8 63.5 -65.4 12.4 23.1 1.09
210 209.7 2287.7 1.3 58.1 -62.9 14.8 21.0 1.06
220 2175 1583.0 1.1 53.8 -59.5 22.2 17.2 1.07
230 2244 5436 1.6 53.1 -56.7 23.0 16.9 1.12
240 2425 2154 2.9 58.3 -46.8 14.5 21.4 1.21
250 2533 10172 21 61.7 -42.7 13.5 221 1.08
260 257.2 12003 1.6 62.4 -42.1 15.6 20.5 1.08
270 268.6  637.2 1.6 58.5 -41.0 26.6 15.7 1.13
280 281.3 819.1 1.3 56.2 -36.9 28.4 15.2 1.11
290 2884 763.9 2.0 57.0 -34.6 28.4 15.2 1.18
300 297.8 405.8 2.5 52.1 -30.8 25.1 16.2 1.26
310 311.1  368.0 1.9 45.3 -26.6 18.6 18.8 1.42
320 320.3 4279 2.4 39.8 -28.2 13.6 22.0 1.33

Table 3. Global APWP for the last 320 Ma in South African coordinates, calculated using a 20 Ma
window. The center age of the window and the mean age of the re-sampled VGPs in that window are
listed. N and P95 are the average number of re-sampled VGPs that fall within the time window and the
95% confidence region of the reference pole (in degrees). Mean K, CSD and E are the average Fisher

(1953) precision parameter, circular standard deviation and elongation of the re-sampled VGPs.



Window
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320

Table 4. Global APWP (20 Ma window) rotated into the coordinate frame of other major tectonic plates. See Table 3 for more information.

Age
1.3
4.4

21.7

28.2

37.5

56.1

60.0

64.7

82.0

89.7

94.6

114.7
120.2
131.0
134.2
152.4
158.7
172.6
182.1
189.7
203.7
209.7
217.5
224.4
242.5
253.3
257.2
268.6
281.3
288.4
297.8
3111
320.3

P95
0.7
1.3
1.1
1.0
14
1.0
0.8
11
1.3
1.2
1.9
1.5
11
0.8
0.9
2.8
3.0
3.5
1.7
14
1.8
1.3
11
1.6
2.9
21
1.6
1.6
1.3
2.0
2.5
1.9
24

North America

Plon
313.2
330.3
356.6
2.8
355.2
0.5
7.1
7.5
12.6
17.8
14.6
224
12.1
8.5
4.7
349.1
330.3
303.0
275.6
268.0
268.4
273.0
278.5
283.2
301.7
310.1
3115
309.6
3121
315.2
314.3
3119
306.0

Plat
-89.6
-87.5
-82.3
-80.9
-80.3
-76.5
-74.5
-74.7
-76.7
-77.8
-77.2
-74.5
-74.4
-71.7
-72.4
-74.9
-75.8
-74.1
-73.9
-71.0
-65.3
-62.5
-59.5
-58.1
-55.8
-55.1
-55.0
-52.1
-48.0
-46.8
-41.2
-34.1
-32.4

South America
Plon Plat
313.2 -89.6
290.2 -87.7
332.1 -84.6
329.1 -84.4
313.3 -83.5
328.3 -81.1
337.2 -80.8
337.2 -81.2
337.8 -84.1

9.2 -85.7
36.5 -84.3
57.7 -80.2
65.6 -85.4
70.4 -85.3
66.4 -83.9
89.7 -86.7
137.6 -87.8
221.2 -86.5
2151 -81.2
224.5 -79.4
247.2 -77.4
262.4 -76.9
278.6 -75.8
289.9 -75.4
330.2 -74.4
346.6 -73.0
349.2 -72.7
343.8 -70.2
3459 -65.8
350.1 -64.2
346.5 -58.8
341.3 -52.1
333.2 -50.8

Eurasia
Plon Plat
313.2 -89.6
309.8 -87.6
350.3 -83.5
357.3 -82.8
345.0 -82.7
352.9 -79.7
354.3 -79.3
351.9 -79.6
359.3 -81.8
359.4 -83.1
357.9 -82.2

18.2 -80.9
4.3 -79.6
5.9 -76.6

359.9 -76.6
338.6 -76.3
320.9 -74.4
303.0 -69.7
284.0 -67.0
280.2 -63.6
286.0 -58.7
294.0 -56.8
303.0 -54.8
307.5 -53.7
324.8 -52.9
332.7 -53.0
334.0 -53.0
333.0 -50.0
336.4 -46.2
339.6 -45.3
339.8 -39.7
338.5 -32.4
333.0 -30.1

India
Plon
313.2

90.4
67.6
88.9
101.7
101.2
96.3
98.8
103.2
111.7
114.0
116.0
114.6
115.7
120.0
124.9
128.8
129.7
133.7
133.1
128.6
125.0
120.8
118.3
113.4
112.5
112.4
109.5
105.4
104.3
98.7
91.4
89.4

Plat
-89.6
-88.0
-81.7
-76.8
-72.7
-63.3
-52.6
-39.0
-31.8
-23.3
-17.6
-9.9
-8.2
-0.1
1.8
-2.6
-5.5
-9.8
-14.6
-17.0
-19.7
-19.7
-19.0
-17.5
-8.3
-3.7
-3.0
-4.1
-24
-0.3
-0.4
-1.8
-6.6

Australia
Plon Plat
313.2 -89.6
135.2 -86.3
98.5 -81.4
108.5 -75.1
114.7 -71.2
110.3 -68.1
112.9 -66.8
116.6 -65.9
125.7 -63.4
130.6 -58.9
135.6 -56.3
139.1 -51.2
145.5 -52.2
146.0 -47.0
150.3 -44.5
160.2 -44.8
167.4 -44.3
173.0 -46.1
181.7 -45.1
184.3 -46.7
185.2 -51.6
182.6 -54.6
178.2 -57.7
173.4 -59.0
154.2 -57.0
147.4 -54.1
146.6 -53.5
143.6 -56.1
135.7 -56.9
132.1 -55.5
122.9 -57.8
109.8 -60.9
106.9 -65.9

Antarctica
Plon Plat
313.2 -89.6
298.1 -87.6
3455 -84.2
353.4 -84.2
341.0 -84.4

3.9 -83.0
9.5 -83.8
13.0 -85.2
66.3 -88.9
150.0 -85.8
167.4 -82.8
166.3 -78.0
187.2 -76.9
178.6 -73.1
183.5 -69.6
198.1 -65.4
205.8 -61.5
214.0 -59.8
220.2 -54.7
2244 -54.5
231.8 -57.1
2349 -60.1
238.3 -63.8
238.8 -66.6
222.3 -75.5
203.6 -77.6
199.9 -77.7
207.1 -80.5
196.1 -84.8
168.6 -85.3
724 -87.5
20.4 -81.4
354.2 -78.7

Pacific

Plon
313.2
231.7
277.7
251.7
238.3
239.0
220.7
202.9
187.1

Plat
-89.6
-86.6
-86.0
-86.0
-82.3
-80.0
-78.3
-73.0
-65.7
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