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Abstract Paleomagnetic remanence in rocks and sediments provides a unique means to constrain
stratigraphic records in both space and time. This is because of the symmetry of the paleomagnetic field with
respect to Earth's spin axis over geological time, and the global synchronicity of magnetic field reversals.
Several software packages for analysis of paleomagnetic directions and poles have been compiled through the
years, each employing different programming languages and offering various computational solutions.
However, these tools often face issues with incompatible file formats and challenge users in installation and
application. To address these limitations, I introduce Magnetic-A, a comprehensive toolbox for paleomagnetic
analysis. Magnetic-A helps users from the analysis of individual paleomagnetic directions to the generation of
paleomagnetic poles and magnetostratigraphy. Magnetic-A features several advanced statistical methods for
paleomagnetic directions analysis that, to date, are not present in a single analysis platform. Graphical results are
easily exportable as editable vector files. Magnetic-A (https://doi.org/10.5281/zenodo.18220000) can be used as
a web application (https://edoardodallanave.shinyapps.io/MagneticA/) without software installation or locally
after installing R (https://www.r-project.org/).

1. Introduction

Paleomagnetism is the only geophysical tool that can (a) correlate a stratigraphic succession with the geomagnetic
polarity time scale (GPTS; Ogg, 2020) as well as with other magnetic polarity-calibrated records (e.g., Dallanave
et al., 2016), and (b) determine the paleo-position of a given locality with respect to the Earth's spin axis (Torsvik
et al., 2008). The fundamental entity at the base of paleomagnetic studies is the paleomagnetic direction, which is
a “fossil” (magnetic remanence) of the geomagnetic field at a specific time and place preserved within a rock or
sediment. A paleomagnetic direction can be used to calculate the associated virtual geomagnetic pole (VGP). A
VGP is the point on the Earth's surface where lies the imaginary pole that would result in the considered
paleomagnetic direction. A set of VGPs from a locality can be averaged to determine a paleomagnetic pole.
Following the geocentric axial dipole hypothesis, a paleomagnetic pole is assumed to approximate the position of
the geographic pole with respect to the locality itself (Butler, 1992; Tauxe, 2010). A series of paleomagnetic poles
of different age is used to build an apparent polar wander path (APWP; Torsvik et al., 2012; Vaes et al., 2023). Itis
called “apparent” because it is the tectonic plate on which the sampling locality lies that moves through time,
rather than the pole itself. This concept is at the base of paleogeographic reconstructions, used by scientists for
decades to place continents back to their paleo-position for times as old as the Paleoproterozoic (Kirscher
et al., 2022) and the Archean (Brenner et al., 2022).

Since the introduction of principal component analysis (PCA) to isolate paleomagnetic directions (Kirsch-
vink, 1980), significant advancements have been made to support the analysis and assess the quality of paleo-
magnetic data. These range from the analysis of a single paleomagnetic direction (Heslop & Roberts, 2016) to
clusters of directions and VGPs (Dallanave & Kirscher, 2020; Hansma & Tohver, 2020; Tauxe & Kent, 2004;
Vaes et al., 2021). Through the years, several software packages, web-platforms, or notebooks have been
compiled and made available to the community to facilitate paleomagnetic analyses. These include PaleoMag
(Jones, 2002), PaleoMac (Cogné, 2003), PuffinPlot (Lurcock & Wilson, 2012), Remasoft (Chadima &
Hrouda, 2007), paleomagnetism.org (Koymans et al., 2016, 2020), IADP (Torsvik, 2016), PmagPy (Tauxe
etal., 2016). Notwithstanding the versatility of all the listed packages, I believe that the community would benefit
from a user-friendly software guiding the user from the analysis of paleomagnetic directions to the generation of
paleomagnetic poles and magnetic polarity stratigraphy, applying of the most recent reliability tests without
switching between different computational platforms. So, here I introduce Magnetic-A, a R-based software built
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Figure 1. Example of Magnetic-A web graphical user interface.

by using Shiny (Chang et al., 2021). Shiny is a R package specifically designed to build web-platforms for data
analysis, making all functionalities of R available to users in the form of a graphical user interface (GUI,;
Figure 1). Magnetic-A can be either accessed online (https://edoardodallanave.shinyapps.io/MagneticA/) or run
locally after installation of R (https://doi.org/10.5281/zenodo.18220000). Magnetic-A uses many of the functions
introduced by PmagDiR (Dallanave, 2024), a package originally compiled to assess the reliability of paleo-
magnetic direction clusters, but it is implemented with a series of computational and graphical functions, from
directions analysis to paleomagnetic pole estimate. Here, I explain the features that make Magnetic-A a unique
paleomagnetic data analysis toolbox.

2. Methods

Magnetic-A's GUI is organized as a series of interconnected left-to-right pages and sub-pages (Figure 1), guiding
the user through the analyses that go from the isolation of the natural remanent magnetization components to the
analysis of paleomagnetic pole and magnetic polarity stratigraphy. In any of the stages, data generated by using
Magnetic-A or any other platform (when converted into the proper format) can be uploaded and processed. The
user guide (see the Availability Statement section) provides details on file formats (imported and exported) and
explains how to operate all commands of Magnetic-A.

2.1. Estimate Paleomagnetic Directions

Demagnetization data are traditionally displayed on a vector end-points (VEPs) diagram (Zijderveld, 1967).
Magnetic-A allows users to display VEPs diagram by choosing between two commonly used axes orientation
(North-Up and North-right). Alternatively, VEPs can be selected on an equal area stereonet. VEPs are either
selected by mouse-dragging or by clicking on the demagnetization step list to the right-hand side of the GUI
(Figure 1). Interpolation of the selected points can be performed by using several methods described as follows.

DALLANAVE

20f9

85U8017 SUOWILOD 3AIERID 3jqedtjdde 3y} Aq peuAoh a8 s3I YO ‘88N JO S9N 10y AReiqi 8UIIUO 8|1 U (SUORIPUOD-PUR-SWBYW0D A8 [1MAeIq 1[eulUO//SANY) SUORIPUOD PUe SWB | 8U} &8s *[9202/c0/c2] Uo AiqiTauliuo A8|IM “elIW 1a 1PMS 1BearIseAIUN -aneue|ed opeop3 A £98700YASZ02/620T 0T/I0p/L0d A8 Areiq1jutjuo'sgndnBe//sdny Wwo. pepeojumoq ‘€ ‘9202 ‘YB0SEEET


https://edoardodallanave.shinyapps.io/MagneticA/
https://doi.org/10.5281/zenodo.18220000

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Earth and Space Science 10.1029/2025EA004863

2.1.1. Principal Component Analysis (PCA) Interpolation

PCA interpolation of VEPs, first introduced by Kirschvink (1980), is likely the most used technique in paleo-
magnetic directions analysis. PCA interpolation can be performed by adopting different strategies, which can lead
to significantly different estimated directions and associated confidence (the latter expressed as maximum angular
deviation [MAD]). The two most adopted strategies are (a) PCA free from the demagnetization axes origin (Free
PCA) and (b) PCA anchored to the origin (Anchored PCA). While a Free PCA generates an ellipsoid that in-
terpolates in the three dimensions the selected VEPs, the Anchored PCA forces the center of the interpolating
ellipsoid to coincide with the origin of the demagnetization axes. The Anchored PCA approach (often abused)
may result in interpolations not representative of the VEPs trajectory, with artificially low MAD. To address this
issue, Heslop and Roberts (2016) developed a probabilistic parameter called p(HalD) representing the probability
(p) that the anchoring hypothesis (Ha) is correct given the observed data (D). It ranges from 0 to 1
(p < 0.5 = Anchored PCA not supported; p > 0.5 = Anchored PCA supported) and serves as a guide to the
appropriate interpolation. In the same work they also developed an alternative to the Anchored PCA option
defined as Constrained PCA: it is a “more realistic” alternative to anchoring, because it constrains the direction
through the origin of the axes without distorting the representation of the demagnetization data. Analogously to p
(HalD), the probabilistic parameter p(HclD), where Hc is the constraining hypothesis, provides a metric for
choosing between Free and Constrained PCA interpolation. Magnetic-A calculates both p(HalD) and p(Hc|D).
Furthermore, a fourth PCA interpolation is available in Magnetic-A, called Origin Included, which adds the origin
of the axes as a final (artificial) demagnetization point, without forcing the direction through it. This option is
available in the widely used PaleoMag software (Jones, 2002).

2.1.2. Fisher (1953) Spherical and Demagnetization Plane Interpolation

In some cases, VEPs are organized in a visually coherent pattern without decaying with a clear linear trend to the
origin of the axes. This could be the case of clustered VEPs, or MAD overcoming a defined threshold (e.g., 15°)
when attempting PCA interpolation. In this case VEPs can be averaged by using the Fisher option, which simply
applies the standard spherical statistics of Fisher (1953) to the selected points. This option is available in
commonly used software like PuffinPlot (Lurcock & Wilson, 2012) or Pmag GUI (Tauxe et al., 2016).

Alternatively, if the VEPs are moving along a plane rather than trending linearly to the origin of the demagne-
tization axes, they can be interpolated through PCA by using a plane (Kirschvink, 1980). Magnetic-A can
combine multiple planes and stable directions (if present) with the reiterative protocol proposed by McFadden and
McElhinny (1988).

2.2. Direction Clusters

Magnetic-A allows to work on directions isolated internally or uploaded in different formats (please refer to the
User Guide). Different graphical options are available (i.e., color and symbol). The average direction of a cluster
can be estimated by using the approach of Fisher (1953; circular 95% confidence), or the approach described in
Deenen et al. (2011), which result in an elliptic 95% confidence. In case of bimodal distribution of directions
(record of both normal and reversed paleomagnetic field), Magnetic-A calculates automatically the average and
95% confidence of the two modes, as well as the statistical details of the whole set “flipped” toward a common
polarity (Figure 2a).

Paleomagnetic directions from deep-sea or continental drilled sites are very often determined from azimuthally
unoriented specimens. In this case it is required an inclination-only estimate of the average direction and the
associated 95% confidence angle (e.g., Dallanave & Chang, 2020). Magnetic-A is implemented with the algo-
rithm proposed by Arason and Levi (2010), which minimizes the shallow-biased error that can occur when
calculating mean inclination in the absence of declination data (Figure 2b).

A series of data filtering (cut-off) methods is also available to eliminate directional outliers from a given cluster.
Nonetheless, it is advised caution in using any cut-off. A recent study on paleosecular variations and expected
paleomagnetic direction distributions (Tauxe et al., 2024) strongly discourage the use of such filters, especially
before correction of inclination flattening typical of sedimentary records.
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Figure 2. Example of equal area diagrams of paleomagnetic directions as exported from Magnetic-A. (a) Standard spherical average and 95% confidence (Fisher, 1953)
of the paleomagnetic directions from Dallanave et al. (2012). (b) Average paleomagnetic inclination from the Eocene—Miocene record of International Ocean Discovery
Program Hole U1507B (Exp. 371; Dallanave et al., 2022). (c) Results of the common mean directions test applied to the directions shown in panel (a). Figure shows the
histogram of the minimum eigenvalues v3 density (i.e., the frequency normalized by the number of total simulation) of the resampled data as detailed in Heslop

et al. (2023). If the empirical v3 value (dashed line, V3 obs.) is lower than the 95% confidence value (solid line, V3 crit.), the test is passed. Numerical values are here
copied in the upper hand part of the Figure, where Comm. Dec. and Comm. Inc. are the declination and inclination of the resultant common mean direction.

2.3. Bootstrapped Confidence Ellipse and Reversal Test

Parametric statistical tests (like the commonly adopted strategy of Fisher, 1953) are not always suitable for
paleomagnetic distributions. This is because a given distribution does not necessarily meet the assumptions that
underpin parametric tests. Non-parametric tests based on bootstrapping do not rely on any assumption about the
distribution shape, and are thus more applicable (e.g., Constable & Tauxe, 1990; Tauxe et al., 1991). Heslop
et al. (2023) developed a strategy for estimating a non-parametric confidence ellipse around the average
paleomagnetic direction of a given distribution, and a test for assessing if two separate distributions share a
common mean direction. By flipping the two modes of a bimodal distribution onto a common polarity, this can be
used as a reversal test, one of the fundamental stability tests for paleomagnetic data (Van der Voo, 1990).
Magnetic-A calculates the empirical 95% ellipse around an average paleomagnetic direction and performs the
common mean direction test of Heslop et al. (2023, Figure 2c).

2.4. Distribution Consistency With the THG24 Field Model and Inclination Flattening Estimate

Tauxe et al. (2024) developed a new paleosecular variation model (THG24) based on a compilation of paleo-
magnetic data for the last 10 Myr (PSV10-24 compilation). In contrast to older data compilations (e.g., McEl-
hinny & McFadden, 1997; MM97), PSV10-24 relies on entries that were not subjected to the application of any
arbitrary cut-off (e.g., Vandamme, 1994). Hence, the directions drawn from the THG24 model are expected to be
a more realistic representation of the paleosecular variations then older models (e.g., Constable & Parker, 1988;
Tauxe & Kent, 2004). Starting from this assumption, one can test whether a given set of paleomagnetic directions
is consistent with the THG24 model. This test, introduced and discussed thoroughly in Tauxe et al. (2024), is
called SVEI While I recommend referring to Tauxe et al. (2024) for the details on the SVEI method, in synthesis,
a given set of paleomagnetic directions is compared with a number (default is 1,000) of directional sets drawn
from the THG24 model. The comparison includes the expected declination, inclination, elongation and its
orientation. The elongation is defined as the ratio of the intermediate and minimum eigenvalues of the distribution
matrix of Scheidegger (1965), a 3 X 3 matrix that describes the shape of the distribution (see also Tauxe, 2010).
Tauxe et al. (2024) published a Jupyter notebook to perform the SVEI test. Starting from their work, I translated
the original Python code within Magnetic-A, to perform it on directions either saved internally or uploaded as
declination-inclination file. As suggested by Tauxe et al. (2024), if the directions are bimodal (normal and
reversed), the SVEI test should be performed only after a positive reversal test.

If paleomagnetic directions from sedimentary records do not match the THG24 model, it is recommended to test
whether the progressive correction of the inclination flattening leads to a distribution that matches the model
criteria. This is done by apply to each direction the tangent function introduced by King (1955):
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Figure 3. Magnetic-A page performing progressive unflattening of the paleomagnetic directions coupled with the test for consistency with the THG24 field mode. The
example shows the test performed on the paleomagnetic directions of Gilder et al. (2001) filtered for MAD < 10. Within the figure panel, top left: declination of the
elongation (E) plotted against the flattening factor (f); the purple line is E of the real distribution, while the red lines are the confidence bounds drawn from the simulated
distribution. Top right: evolution of E during unflattening; lines color is like top left panel. Bottom left: result of the Anderson-Darling test for both declination (A?D)
and inclination (A?I) (see Tauxe et al., 2024 for the computational details); the dashed horizontal line is the 95% confidence boundary for both curves, where higher
values indicate negative test. Bottom right: the purple line is the p-value determined from both A?D and Al (pID) during unflattening, where values lower than 0.025
(dashed line) indicate negative test; the green line is the inclination progression during unflattening. In all diagrams, the pink rectangle envelops the range of f where all
conditions are matched. The numerical results are indicated on top of the bottom right diagram. For the details about the input parameters controlling the test, please refer
to the Magnetic-A User Guide and the original publication (Tauxe et al., 2024).

tan /
tan /, = !

where I,,, I, and f are respectively the corrected inclination, the measured inclination, and the flattening factor
ranging from 1 to 0. With the widely used test originally proposed by Tauxe and Kent (2004), also performable
with Magnetic-A, the degree of unflattening is evaluated comparing the relationship between the elongation and
the inclination of the gradually unflattened directions with the values expected by their TK03.GAD paleosecular
variation model. The SVEI test goes beyond this concept. While monitoring the elongation and its orientation
during unflattening, the SVEI protocol also checks the declination and inclination of the directions for full
consistency with the THG24 model (Figure 3). If the test is positive, it results in a range of f values within which
the distribution is consistent with the model. In case of positive solution, in the Directions display & average page
of Magnetic-A, the median f can be applied to the original distribution to calculate, for example, the corrected
paleomagnetic pole.

2.5. Virtual Geomagnetic Poles and Paleomagnetic Pole Analysis

Magnetic-A can perform several calculations on VGPs and paleomagnetic poles. The different possible opera-
tions are synthetized in the block diagram of Figure 4.
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Figure 4. Block diagram synthesizing the algorithm used for calculating and plotting virtual geomagnetic poles,
paleomagnetic poles, and apparent polar wander paths.

VGPs from paleomagnetic directions: Magnetic-A calculates the VGP associated to each paleomagnetic direction
and plots them automatically on a stereographic projection. Any set of VGPs can be averaged to determine the
paleomagnetic pole, and the 95% confidence bounds can be estimated by either standard (Fisher, 1953) statistic
(A95) or by averaging a number (default is 2,000) of randomly selected pseudosamples from the original dis-
tribution (B95; see Dallanave, 2024).

External VGPs: Existing VGPs sets (expressed as list of longitude-latitude pairs) can be uploaded and plot
together with any of the set already present in the system (Figure 5a). Any set of VGPs can be rotated on the globe
if the Euler parameters (longitude and latitude of the rotational pole, degree of rotation) are known.

Simulated VGPs

External Pole

Figure 5. Examples of virtual geomagnetic poles (VGPs) and paleomagnetic poles plots. (a) Three sets of VGPs (blue diamonds, green circles, and red triangles) are
plotted on the same stereographic projection, together with a geographic locality. (b) Average position of two sets of VGPs with 95% confidence (Internal VGPs and
Simulated VGPs) are plotted together with a typed-in paleomagnetic pole (External Pole) and the global synthetic apparent polar wander path (GAPWP) of Vaes

et al. (2023) in African coordinates. The coastline can be omitted from the plot for clarity.
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Figure 6. Magnetic polarity stratigraphy plot generated by using the data from the Paleocene Ardo sedimentary record (Dallanave et al., 2012); note the 270° offset in the
Declination column. The offset can be modified depending on the data, to avoid “left and right” flips of the declination, for example, when it wobbles around zero.

Simulated VGPs: Magnetic-A provides the possibility of generating a VGPs set drawn from a Fisher (1953)
distribution. This option is useful for calculating site-level paleomagnetic poles, similarly to the approach of Vaes
et al. (2023) to generate their global synthetic APWP (GAPWP). This approach is based on the idea that, when
two or more paleomagnetic poles are averaged by simple spherical mean, any uncertainty on the poles themselves
is ignored (e.g., 95% confidence, number of data points). By knowing the coordinates, number of data points
(VGPs), and the & precision parameter (Fisher, 1953) of a paleomagnetic pole, a new set of VGPs with the same
characteristic can be generated. When averaging sets of VGPs rather than paleomagnetic poles, uncertainty is
weighted against the number of data points of each pole (Vaes et al., 2022).

External paleomagnetic pole: Standard paleomagnetic poles can be uploaded in Magnetic-A by typing the co-
ordinates (longitude and latitude) and the 95% confidence angle (A95). Multiple paleomagnetic poles (including
poles calculated internally from VGPs sets) can be averaged by standard Fisher (1953) statistic for comparison
with the GAPWP (Figure 5b). The GAPWPs of Vaes et al. (2023) and Torsvik et al. (2012) are available in
Magnetic-A, but any custom APWP can be compiled and uploaded (see User Guide). The location and name for
one or more sites can be added to the projection.

2.6. Magnetic Polarity Stratigraphy

Paleomagnetic declination and inclination, if associated to stratigraphic position (see User Guide for the file
format), can be converted in a magnetic polarity diagram (Figure 6). To facilitate the display of the declination
data, the “zero” position (horizontal) can be shifted laterally. The polarity is either determined by using the VGPs
latitude (after centering the VGPs to the present-day geographic north, as standard procedure) or, in case of
azimuthally unoriented data, by using the sign of the inclination (down- or up-pointing).
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3. Conclusions

Paleomagnetism provides the only geophysical data that anchors the paleo-position of a plate with respect the
Earth's spin axis and allows correlation of stratigraphic records with time points (geomagnetic reversals) that are
globally synchronous. Magnetic-A provides a toolbox that is specifically designed to guide the user through the
analysis of paleomagnetic directions, paleomagnetic poles, and magnetic polarity stratigraphy. It includes some of
the most recent statistical approaches and generates figures that are easily exportable and editable. Magnetic-A is
a freeware that can be used either online or locally after installation of R. The Magnetic-A project is open to future
development from insights of all members of the paleomagnetic community.
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