
Computers & Geosciences 93 (2016) 127–137
Contents lists available at ScienceDirect
Computers & Geosciences
http://d
0098-30

n Corr
E-m
1 Cu

dapestla
journal homepage: www.elsevier.com/locate/cageo
Product review
Paleomagnetism.org: An online multi-platform open source environment
for paleomagnetic data analysis
Mathijs R. Koymans n,1, Cor G. Langereis, Daniel Pastor-Galán, Douwe J.J. van Hinsbergen
Department of Earth Sciences, University of Utrecht, Budapestlaan 4, 3584 CD Utrecht, The Netherlands
a r t i c l e i n f o

Article history:
Received 5 November 2015
Received in revised form
26 March 2016
Accepted 13 May 2016
Available online 24 May 2016

Keywords:
Paleomagnetism.org
Paleomagnetism
Online
Software
Statistics
Interpretation
x.doi.org/10.1016/j.cageo.2016.05.007
04/& 2016 Elsevier Ltd. All rights reserved.

esponding author.
ail address: koymans@knmi.nl (M.R. Koymans
rrent address: Paleomagnetic Lab Fort Hoofd
an 17, 3584 CD Utrecht, The Netherlands.
a b s t r a c t

This contribution provides an overview of Paleomagnetism.org, an open-source, multi-platform online
environment for paleomagnetic data analysis. Paleomagnetism.org provides an interactive environment
where paleomagnetic data can be interpreted, evaluated, visualized, and exported. The Paleomagnetism.
org application is split in to an interpretation portal, a statistics portal, and a portal for miscellaneous
paleomagnetic tools.

In the interpretation portal, principle component analysis can be performed on visualized de-
magnetization diagrams. Interpreted directions and great circles can be combined to find great circle
solutions. These directions can be used in the statistics portal, or exported as data and figures.

The tools in the statistics portal cover standard Fisher statistics for directions and VGPs, including
other statistical parameters used as reliability criteria. Other available tools include an eigenvector ap-
proach foldtest, two reversal test including a Monte Carlo simulation on mean directions, and a co-
ordinate bootstrap on the original data. An implementation is included for the detection and correction
of inclination shallowing in sediments following TK03.GAD. Finally we provide a module to visualize
VGPs and expected paleolatitudes, declinations, and inclinations relative to widely used global apparent
polar wander path models in coordinates of major continent-bearing plates.

The tools in the miscellaneous portal include a net tectonic rotation (NTR) analysis to restore a body
to its paleo-vertical and a bootstrapped oroclinal test using linear regressive techniques, including a
modified foldtest around a vertical axis.

Paleomagnetism.org provides an integrated approach for researchers to work with visualized (e.g.
hemisphere projections, Zijderveld diagrams) paleomagnetic data. The application constructs a custom
exportable file that can be shared freely and included in public databases. This exported file contains all
data and can later be imported to the application by other researchers. The accessibility and simplicity
through which paleomagnetic data can be interpreted, analyzed, visualized, and shared makes Paleo-
magnetism.org of interest to the community.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Paleomagnetic data provide quantitative information on the
paleolatitude and vertical axis rotation of rocks and are instru-
mental for paleogeographic and tectonic reconstuctions. In parti-
cular, the behavior of the magnetic field known as paleo-secular
variation, but also measurement uncertainties, induce scatter in
paleomagnetic data (e.g., Butler, 1992; Johnson et al., 2008, Biggin
et al., 2008, Tauxe et al., 2010, Deenen et al., 2011). Accurate sta-
tistical treatments of these data are therefore fundamental in pa-
leomagnetism. In the paleomagnetic community it is common
).
dijk, Utrecht University, Bu-
practice to publish means of magnetic directions with a few
standard statistical parameters. In many cases, the original data
remain unavailable to the reader and are rarely included in public
databases (e.g. MagIC, http://earthref.org/MagIC). We provide an
accessible and intuitive online platform (Fig. 1) to interpret de-
magnetization data, perform standard statistical treatments, plot
paleomagnetic data, and compare them against apparent polar
wander paths. This software contribution builds upon, and is in-
spired by other software packages including PALDIR, Remasoft,
PaleoMac, and the PmagPy library (Tauxe et al., 2016; https://
earthref.org/PmagPy/cookbook/). The data used in our application
can be exported to simple data files and shared freely with the
community and included in public databases at will. This con-
tribution serves as a manual for the use of, and describes the
scientific background behind the current portals and modules on
Paleomagnetism.org. Since we provide an open source
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Fig. 1. Homepage – Screenshot of the home page of Paleomagnetism.org. The three available portals can be used by clicking the respective menu links at the top of the page.
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environment, it is foreseen that useful additions will appear in
time.

In the interpretation portal, principle component analysis
(Kirschvink, 1980) can be applied to fit great circles and directional
set-points on demagnetization data visualized on Zijderveld dia-
grams (Zijderveld, 1967), equal area projections, and intensity
decay diagrams. Great circle solutions can be found with or
without independent set-points using the iterative procedure of
McFadden and McElhinny (1988). Interpreted directions can be
exported as a tabulated .csv file or as a custom .dir file that con-
tains all data and interpretations made by the user. Interpreted
magnetic directions can also be forwarded and imported to the
statistics portal for further statistical analysis.

The statistics portal provides modules containing common
paleomagnetic tests for the statistical analysis on both directional
and VGP distributions. These tests are contained within separate
modules and include reversal, or common true mean direction
tests (McFadden and McElhinny, 1990; Tauxe et al., 2010), the ei-
genvector approach fold test (Tauxe and Watson, 1994), a tool for
the correction of inclination shallowing in sediments after the
TK03.GAD field model (Tauxe and Kent, 2004; Tauxe et al., 2008),
and a module to compare results with common apparent polar
wander paths in the coordinates of the most important continent-
bearing plates. For all data that is added to the application, a cutoff
(none, Vandamme, or 45°) can be applied (Vandamme, 1994;
Johnson et al., 2008) to the VGP distribution. Standard Fisher
parameters (Fisher, 1953) are calculated and the data can be used
in the other application modules. Data added to the statistics
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portal can be exported to the custom .pmag file format.
In the miscellaneous portal we provide a module for a net

tectonic rotation analysis (NTR) that can be used to restore a body
to its paleo-vertical. In the oroclinal module, a bootstrapped linear
total least squares regression can be performed on bi-dimensional
data as an oroclinal test, in addition to an oroclinal foldtest around
a vertical-axis based on circular statistics and other helpful sta-
tistical tools.

Data for a single session is stored within the browsers dedi-
cated local storage. Data can be cleared from memory in the ad-
vanced option tabs in the portal. Before resetting the instance, we
recommend exporting the data and saving your instance locally.
Analysis of the exported instance can be continued at any time by
importing the previously exported saved file (.pmag and .dir).
These files can also be added as supplementary information to
publications for full data and analytical disclosure, and uploaded
into common public databases (e.g. MagIC).
2. Interpretation portal

In the introductory tab of the interpretation portal users can
import demagnetization data from existing plain-text formats
(currently supporting the Utrecht, Munich, PGL Beijing, and Pa-
leoMac format). Support for more formats will be added in the
future through collaboration with users and we emphasize the
open-source nature of the application.

2.1. Interpretation module

In the interpretation module (Fig. A1), the keyboard can be used to
navigate through the interpretation portal using the keys specified on
the portal's screen. Equal area projections and Zijderveld diagrams
(Fig. 2), intensity decay, vector difference sum, and unblocking spec-
trums are illustrated for each specimen and can be interacted with in
multiple coordinate reference frames, given that core and bedding
orientations are specified for each sample. Directions and great circles
can be fitted to the demagnetization data following the eigenvector
principle component analysis described by (Kirschvink 1980), and can
optionally be anchored to the origin. Any interpretation made is au-
tomatically completed in geographic coordinates and tectonic co-
ordinates, provided the bedding orientation for each specimen is
Fig. 2. Interpretation Portal – (a) Zijderveld diagram illustrating a multi-component th
projection of the same data, including a fitted great circle through both components. All i
“linear fit” and “planar fit” respectively.
specified.

2.2. Fitting module

The fitting module (Fig. A2) illustrates all interpreted compo-
nents and great circles on an equal area projection. With a com-
bined set of interpreted directional set-points and great circles,
best-fit great circle solutions can be determined using the direc-
tional data as independent set-points following the iterative al-
gorithm described by (McFadden and McElhinny, 1988). If no set-
points are available (i.e. the set of interpretations only constitutes
great circles), a closest clustering of directions on these great cir-
cles is interpreted, whereby only the polarity of the magnetic di-
rections will be prompted to the user. In this module, directions
can be saved to the statistics portal to be used there or exported as
tabulated data.

2.3. Interpretation portal: advanced options

In the advanced options tab (Fig. A3), tabulated data can be
saved to tabulated .csv files or exported and imported to and from
the custom .dir format. This file can be shared with other re-
searchers giving full visual disclosure of the original data and in-
terpretation made by the user. Other options include adding a
sticky direction to the equal area projections (e.g. present day
magnetic north), showing demagnetization step labels, normal-
izing intensities, or including the origin as a demagnetization
point during the PCA. The application can be reset and all locally
stored information will be cleared from the browser.
3. Statistical modules

The statistics portal is divided in multiple modules. A short
description of the procedures, scientific background, and philo-
sophy are given below. In the introductory tab, magnetic direc-
tions can be added to the application. The data input (Fig. A4) for
the statistics portal requires declination-inclination pairs with
optionally included bedding orientations and a sample code. Al-
ternatively, the data input window allows previously saved mag-
netic directions to be imported directly from the interpretation
portal. The application allows for the random sampling of
ermal demagnetization diagram with two interpreted components. (b) Equal area
nterpreted directions and great circles are numbered on the equal area projection as



Fig. 3. Geomagnetic Direction Module – equal area projections of Cretaceous data showing (a) ChRM directions of points accepted (blue) and rejected (red) after a 45-cutoff
has been applied, including a mean direction and confidence ellipse. (b) Relative VGP positions with the mean VGP rotated to North. The illustrated confidence envelopes are
based on the A95 parameter for the VGP distribution (see Deenen et al., 2011). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fisherian distributions (N, κ) of directions or VGPs for a given
mean direction. Site meta-data (e.g. age and age uncertainties,
location coordinates, and author) can be added under the ad-
vanced options field. Each added set of directions is defined as a
site, and represents a location with a single latitude and longitude.
An unlimited number of sites can be added to the application.

3.1. Geomagnetic directions module

It has long been recognized (e.g. Creer, 1962; Cox, 1970) and
later re-emphasized (e.g. Tauxe et al., 2008, Tauxe et al., 2010;
Deenen et al., 2011) that the scatter of directional data induced by
paleo-secular variation becomes increasingly N–S elongated with
lower latitudes. The direct consequence of this phenomenon is
that PSV-induced directional scatter increasingly deviates from a
Fisherian distribution (Fisher, 1953) with lower latitudes. This
makes the commonly used standard Fisher statistical parameters
(α95, k) on directions inappropriate to describe PSV-induced
scatter. A more realistic approach is to assume that the distribution
of virtual geomagnetic poles (A95, K) roughly follows a Fisherian
distribution. The associated magnetic directions are a translation
of this VGP distribution and are a function of site paleolatitude. In
sediments, statistics describing a Fisherian distribution are thus
better applied on the VGPs instead of the resulting magnetic di-
rections. For within-site scatter that is described by Gaussian noise
(e.g. as a result of measuring error within a recorded spot reading
of the field, like a single lava flow or archaeomagnetic artifact), a
Fisherian directional distribution (α95, k) can be appropriately
assumed.

In the literature, Fisher statistics are commonly applied to non-
Fisherian distributions of paleomagnetic directions derived from
sediments. Since the actual data in paleomagnetic research are
seldom published or included in databases, and commonly only
site mean directions are given, most published sedimentary pa-
leomagnetic data include statistical parameters of direction dis-
tributions (α95, k) that are unrepresentative of the dataset (Deenen
et al., 2011). For this reason, Paleomagnetism.org provides Fish-
erian statistical parameters calculated for VGPs (A95, K) including
separate errors for the declination (ΔDx) and inclination (ΔIx)
after Butler (1992) for the associated directions. The module also
provides the Fisher parameters for directions (α95, k) for sites
where Fisherian directional distributions are appropriate.

The Geomagnetic Directions module (Fig. A5) illustrates a table
containing Fisher parameters for directions and virtual geomag-
netic poles after the selected cutoff has been applied. Directions
and VGPs that are accepted or rejected by the cutoff are shown as
blue and red dots respectively. The module generates two equal
area projections (Fig. 3) showing directional data (left) and the
associated relative virtual geomagnetic poles (right) with the
average VGP rotated to the North Pole, to facilitate viewing the
shape of the VGP distribution. Data can be viewed in either geo-
graphic or tectonic coordinates if a bedding orientation has been
specified in the input. The illustrated blue-shaded confidence
“parachute” (ΔDx) is calculated from A95 and is a function of pa-
leolatitude λ. This error represents the projected declination error
on the horizontal plane (Butler, 1992). The red confidence envel-
ope for the ChRM directions can be chosen as (i) the re-
commended projected Fisher (A95) cone of confidence from the
VGPs distribution, (ii) the Fisher (α95) circular cone of confidence
for directions, or (iii) the Kent ellipse (Kent, 1982) that is an el-
liptical analog of the circular Fisher cone of confidence for non-
uniformly distributed directions. The Kent ellipse describes a
mathematical fit of the data and has no physical background; it is
an ellipse that lies in the plane orthogonal to the mean direction
and has the major and minor semi-axes in the direction of most
and least scatter respectively (Kent, 1982; Tauxe et al., 2010). We
provide the A95min and A95max as N-dependent parameters that
quantify the minimum and maximum amount of dispersion for a
distribution that can in principle be expected from paleosecular
variation alone (Deenen et al., 2011). If A95 is lower than A95min,
PSV is not sufficiently recorded in the samples, and the data set
describes for example a spot-reading of the geomagnetic field or
remagnetization, and is in that case not representative of regional
tectonics. If A95 exceeds A95max, additional sources of scatter are
expected besides just PSV, for example because of differential ro-
tation or the NRM acquisition mechanism. These parameters are
therefore especially important for rotational studies.

Multiple sites can be selected at once and all individual mag-
netic directions from these sites will be compiled to a temporary
site, subjected to a new cut-off with new statistical parameters
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describing the compiled distribution. This compiled site can be
saved under a new name and added to the application; the user
can choose to accept all directions from the combined sites, or to
exclude the points rejected by the cutoff. Reversed directions can
also be converted to a normal polarity.

3.2. Mean directions module

The mean directions module (Fig. A6) allows users to select
multiple sites, and provides the mean directions and statistical
parameters per individual site. The module illustrates the mean
directions and confidence envelopes for all selected sites in geo-
graphic and tectonic coordinates. A table containing the full sta-
tistical parameters for all selected sites can be exported. Clicking
the site names below the equal area plots provides a toggle to
make the site mean visible for better readability in complicated
overview plots.

3.3. Map overview and apparent polar wander path module

If site meta-data (e.g. location and age) are specified in the data
input or advanced options tab, mean declinations can be illu-
strated in the application on a Google Maps overview (Figs. 4, and
A7). The illustrated data are taken from Advokaat et al. (2014) with
Triassic-Eocene sites colored in purple, and Miocene sites colored
in orange. A directional marker with respective confidence “para-
chute” is indicated as visible marker constructed from the mean
declination and uncertainty (ΔDx). Site marker colors can be
changed by the user to their preference by clicking the parachute.
For any location, directions and virtual geomagnetic poles with
confidence limits can be plotted together with the calculated de-
clinations, inclinations, paleolatitudes, and apparent polar wander
paths (Figs. 5 and A8) for a selection of the main plates (Africa,
Arabia, Australia, Caribbean, China Blocks and Amuria; East Ant-
arctica, Eurasia, Greenland, Iberia, India, Madagascar, North
Fig. 4. Map Module – Google Maps overview of Cretaceous – Eocene (purple) and Mioce
calculated from A95. Site marker color can be changed by clicking the respective mark
calculates directions at a given site location for multiple standard APWPs for large contine
the reader is referred to the web version of this article.)
America, Pacific, and South America). Three widely used global
apparent polar wander paths (GAPWaPs) are included in our ap-
plication. The default option is the GAPWaP of (Torsvik et al.,
2012), from 320 Ma to present. The alternative options comprise
Besse and Courtillot (2002), running from 200 Ma to present, and
Kent and Irving (2010), running from 230 Ma to 50 Ma. These
standard paths are rotated into the coordinates of each plate using
the procedure used for Paleolatitude.org (van Hinsbergen et al.,
2015). Lastly, a custom APWP can be added by the user for plates
or ages not available by default in the application.

3.4. Common true mean direction (reversal test) module

The common true mean direction module (Fig. A9) assesses
whether a given set of (antipodal) directions of two sites are sta-
tistically indistinguishable or not. If applied to two data popula-
tions of opposite magnetic polarity, this test becomes a reversal
test. The CTMD test available on Paleomagnetism.org completes a
Monte Carlo simulation to find a set of 2500 Watson parameters
(Watson, 1983) for two distributions (N1, κ1), (N2, κ2). Per defi-
nition, these distributions are sampled around an identical mean
direction and inherently share a common true mean direction. The
critical Watson parameter is taken at the 95th percentile from the
low-to-high sorted list of 2500 Watson parameters. From this
critical Watson parameter, a critical angle is calculated that de-
termines the upper limit for the angle between the two site means
that may exist purely from random sampling of the distributions.

If the angle between the mean directions falls below the critical
angle, the distributions share a common true mean and the quality
of the simulation will be classified by A, B, C, or I in order of de-
creasing quality (see McFadden and McElhinny, 1990). Simulations
where the angle between the mean directions exceeds the critical
angle are marked by N and do not share a common true mean
direction at the specified confidence level (Fig. 6a).

The reversal or CTMD test by McFadden and McElhinny (1990)
ne (orange sites) showing the mean direction with confidence “parachutes” ΔDx as
er. The menu on the left allows for filtering of certain sites by age. This menu also
nt-bearing plates. (For interpretation of the references to color in this figure legend,



Fig. 5. Expected Directions and APWPs – (a) Graph showing the calculated declination for the indicated location (following the methodology of van Hinsbergen et al., 2015)
with confidence limits for the African and European plate. The declination and confidence limit of all sites selected in the module are also visualized, granted that site
location and age is specified. (b) Equal area projection showing apparent polar wander paths with A95 confidence limits for Africa and Europe from 320 to 0 Ma including the
VGP positions of selected sites.
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is often performed on directions, but we provide (as a default and
recommended option) to perform the simulation on VGP dis-
tributions. The difference between the simulations comes from the
assumption that not k (directional dispersion) but K (VGP disper-
sion) better approximates κ. We remark that the angle between
two mean virtual geomagnetic poles is not equivalent to the angle
between the associated directions, and that Rvgp≠Rdir. We re-
commend this approach because geomagnetic directions at low
latitudes often do not follow a Fisherian distribution while VGPs
more realistically do.

Multiple sites can be tested simultaneously and a grid is dis-
played showing all possible permutations of the selected sites.
When clicking one of the matrix tiles (Fig. A9), a non-parametric
coordinate bootstrap is performed following the approach de-
scribed by (Tauxe et al., 2010). This bootstrap calculates 5000
mean directions for the two sites and plots Cartesian coordinates
with bootstrapped 95% confidence interval. The mean directions
are translated to normal polarity if the angle between the direc-
tions exceeds 90°. This way, sets of directions on opposite sides of
the equator are compared as is, and reversed and normal direc-
tions are converted to the same polarity. The result (Fig. 6b) shows
bootstrapped (x, y, z) coordinates for both sites as a cumulative
distribution function. If the confidence intervals for each co-
ordinate overlap, the associated directions are statistically indis-
tinguishable and the sites share a common true mean direction at
95% confidence level.

Comparison between sites can be done in geographic or tec-
tonic coordinates, provided that bedding orientation has been
specified by the user in the data input window.

3.5. Foldtest module

A foldtest aims to establish whether a magnetic vector was
acquired prior to, during, or after folding. The foldtest module (Fig.
A10) on Paleomagnetism.org follows the eigenvector approach of
Tauxe and Watson (1994) and calculates the maximum eigenvalue
of the orientation matrix of the data set for every percentage in the
specified unfolding range (normally �50% to 150%). The max-
imum eigenvalue over this range is assumed to represent the
largest degree of clustering for this site and the associated un-
folding percentage is recorded. This procedure is repeated for the
selected amount of non-parametric bootstraps on N random se-
lections of directions from the dataset. For each bootstrap, the
unfolding percentage that yields the highest eigenvalue is re-
corded and shown as a cumulative distribution function (Fig. 7).
The 95% confidence interval (shaded blue area) is determined by
discarding the lower and upper 2.5% of sorted unfolding percen-
tages for all bootstraps.

The bold red line in Fig. 7 indicates the progressive unfolding of
the non-bootstrapped data and can be clicked to view the data at
the respective percentage of unfolding. The light-blue curves il-
lustrate the 25 first bootstraps.

3.6. Inclination shallowing (E/I) module

The inclination shallowing module (Fig. A11) aims to correct a
dataset derived from compacted sedimentary rocks for the effects
that compaction has on the inclination of the interpreted ChRM
(Tauxe and Kent, 2004). For a given initial set of directions, the
module calculates the elongation parameter (τ2/τ3) of the or-
ientation matrix. For a given inclination, if the calculated elonga-
tion is lower than the expected elongation described by the TK03.
GAD (Tauxe and Kent, 2004; Tauxe et al., 2008) field model, the
flattening function of King (1955) is applied to unflatten the in-
clination by a small increment up to a maximum flattening factor
of 0.2. This procedure is continued iteratively until an intersection
with the TK03.GAD Polynomial is found. The procedure is com-
pleted for the actual data, and subsequently with 5000 non-
parametric bootstraps. If no intersection with the polynomial is
found for an individual bootstrap, it is discarded. A total number of
5000 attempts at bootstrapping are made. Fig. 8 shows an example
of the simulation on data taken from Juárez et al. (1994), illus-
trating that all bootstraps found an intersection with the TK03.
GAD polynomial and that the inclination may be corrected from
roughly 42–53° with illustrated 95% confidence limits.

3.7. Statistics portal: advanced options

In the advanced options tab (Fig. A12), data can be exported to,
and imported from the custom .pmag format that is the default
extension for the statistics portal of the statistics portal. The option
“edit site” allows a user to modify the site's data, location, age and



Fig. 6. CTMD Module – (a) Completed CTMD test showing a grid with three permutations for the three selected sites. The letters indicate the classification according to
McFadden and McElhinny, 1990. The grid tiles are clickable and trigger a coordinate bootstrap as illustrated in the bottom figure. (b) Showing the cumulative distribution of
the x, y, and z coordinates of the mean directions from 5000 non-parametric bootstraps of both sites. When the confidence levels of the two sites for all three individual
coordinates overlap, they share a common true mean direction at 95% confidence.
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age bounds (or alternatively the stage following GTS2012; Grad-
stein et al., 2012), the site description, and author. In addition,
options can be chosen to change the default equal area projections
into equal angle projections, and to color site mean directions
individually rather than with one default color. Sites can be sorted
in the select menu by name, age, or randomly. It is possible to reset
the statistics portal, i.e. to remove all cached data stored locally
within a browser with the reset button at the bottom of the page.
4. Miscellaneous portal

4.1. NTR analysis

The Net Tectonic Rotation (NTR) Analysis restores an orienta-
tion of a body (normally, a dyke) to a paleo-vertical (Fig. A13). The
analysis was originally developed by (Morris et al., 1998). We
follow the methodology described by (Morris et al., 1998), but
changed the errors assigned to paleomagnetic and reference di-
rections from α95 toΔDx andΔIx after (Butler, 1992; Deenen et al.,
2011). The algorithm is performed on directions and attempts to
rotate (i) the pole to a dyke (with an α95 cone of confidence) to the
horizontal plane while at the same time rotating (ii) the measured
magnetization vector (with a ΔDx and ΔIx) to (iii) a reference
magnetic direction (Fig. 8). This reference direction represents the
expected paleomagnetic direction at the time of formation of the
dyke. The declination of this reference direction is 0 or 180 for
normal or reversed polarity, respectively, with no error (i.e., as-
suming the GAD hypothesis). The inclination is a function of the
paleolatitude of the formation of the dykes, which may be pre-
dicted by e.g., an apparent polar wander path (in ΔIx). This ap-
proach yields two solutions for the initial dyke orientation, per



Fig. 7. Foldtest Module – Foldtest result illustrating geomagnetic directions in geographic and tectonic coordinates at the top. The unfolded data is represented by the bold
red curve and the first 25 bootstraps by light-blue lines. The maximum eigenvalue at a particular unfolding percentage is recorded and shown as a CDF with 95% confidence
limits for 1000 bootstraps. Data is taken from the “foldtest_example.dat” provided by the PmagPy library (see https://earthref.org/PmagPy/cookbook/#x1-1000005.2.44). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Inclination Shallowing Module – showing (a) the TK03.GAD fitted polynomial (after Tauxe et al., 2008) and the progressive unflattening of the actual data in the bold
red curve, including the first 25 bootstraps in light blue. (b) The inclination of the intersection with the polynomial is recorded and shown as a CDF with 95% confidence
limits for 5000 bootstraps. (c) The geomagnetic directions before and after the correction. Data for the simulation was taken from Juárez et al. (1994) (P-component). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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polarity (Fig. 9) (see Morris et al., 1998 for a detailed explanation of
the procedure). The two solutions frequently predict very differ-
ently inclined-axis rotations, which may help the choice of the
preferred solution using independent geological data. Included
with the NTR solutions we provide the predicted great-circles that
show the orientation of a paleo-horizontal after rotation over the
two NTR solutions. To qualitatively assess a non-parametric con-
fidence interval around the NTR solution, the analysis can be it-
erated by taking permutations of points on the edges of the spe-
cified confidence envelopes for the three input vectors. This
method yields a collection of 75 solutions representing an irre-
gularly shaped confidence interval of the actual pair of solutions.

https://earthref.org/PmagPy/cookbook/#x1-1000005.2.44


Fig. 9. NTR Module – An example illustrating three input vectors (reference pole, magnetization vector, and dyke pole). The intersection of a circle with radius β (angle
between dyke pole and magnetization vector) around the reference pole with the horizontal determines a maximum of two points. From these intersections and the input
reference pole, three bisector planes are calculated. The two requested rotation poles are located at the intersections of these bisectors. For a detailed explanation of the
procedure we refer to the original authors (Morris et al., 1998).
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The densities of the original pole to dyke are expressed in a rose
diagrams for each solution (Fig. A13).

4.2. Oroclinal test module

This module includes an oroclinal test (Fig. A14), which as a
formal test with statistical error bounds has not been published
before. An orocline is a thrust belt or orogen that is curved in map
– view due to it having been bent or buckled about a vertical axis
of rotation (Carey, 1955). Two distinct types of oroclines are re-
cognized: progressive and secondary (Johnston et al., 2013). The
orocline test (or strike test; Eldredge et al., 1985; Schwartz and
Vandervoo, 1983; Pastor-Galán et al., 2011) evaluates the re-
lationship between variations in regional structural trend and the
orientations of given geologic fabric elements (e.g., paleomagnetic
declinations, fractures, cleavage, veins, lineations, etc.) through
linear regression of bi-dimensional data. The expected slope in the
oroclinal test ranges between 1 (linear relationship between de-
clination and strike; secondary oroclines) and 0 (no relationship;
primary arcs with no vertical-axis rotation). We provide a method
to bootstrap the data within their error margins following a
standard sampling method (homogenous throughout the error
bounds) or Gaussian method (following a Box–Muller transform
(Box and Muller, 1958)). From these simulations we calculate a
bootstrapped 95% confidence interval using a total least squares
linear regression. The resulting graph (Fig. 10a) shows the bi-di-
mensional data with specified uncertainties and the 95% boot-
strapped confidence interval. The linear regression and confidence
interval on this regression can be applied on any bi-dimensional
data and is not limited as an application in the oroclinal test. We
also provide the statistical approach of (Yonkee and Weil, 2010), a
weighed least squares regression that weigh the individual site
errors to obtain the best fit line. A variety of other statistical tools
are implemented to help visualize the distribution of the data
residuals to the regression (see Appendix Fig. A14).

Additionally, we have adapted the eigenvector approach fold
test (Tauxe and Watson, 1994) to the oroclinal test by rotation
around a vertical axis and recording the minimum circular var-
iance with all inclinations implicitly set to 0. We can faithfully use
circular statistics because by setting the inclination to zero we
have reduced the clustering to a single dimension (i.e. the decli-
nations lie between 0 and 360). The result (Fig. 10b) illustrates a
similar diagram to the Paleomagnetism.org foldtest in addition to
a rose diagram with the density of declinations for the clicked
percentage of unfolding. For the dedicated publication to the
software available in the module we refer to (Pastor-Galán et al.,
2016).
5. Paleomagnetism.org availability, disclaimer, and license

The Paleomagnetism.org application can be reached and works
under all modern browsers (e.g. Firefox, Internet Explorer,
Chrome, and Safari). An offline version can be downloaded and
used without an internet connection. The source-code is available
on GitHub: https://github.com/Jollyfant/Paleomagnetism.org. Fea-
tures that require an internet connection (e.g. figure exporting and
the Google Maps overview) will not work in offline-mode.

All data processing is performed on the client side to respect
the integrity of the data and users, with the exception of figure
exporting. Data information for a session is stored locally within
the 5MB allocated local storage feature within browsers. This data
is automatically loaded to the application once the application is
restarted. Clearing the browser's local storage in the advanced
options tab will remove any stored information.

Paleomagnetism.org is an open-source initiative licensed under
the GNU General Public License v3.0.
6. Conclusion

Paleomagnetism.org provides an open-source and multi-plat-
form online environment to do convenient data analysis that
promotes making data easily available to the paleomagnetic
community. All diagrams in the application can be exported to
high quality .png, .pdf, .svg formats by clicking the stacked marker
at the top right of each figure. Our application offers a collection of
tools for interpretation (e.g. principle component analysis

http://https://github.com/Jollyfant/Paleomagnetism.org


Fig. 10. Oroclinal Module – Showing (a) A standard oroclinal test using a linear regression for the data including bootstrapped confidence limits. Example data is taken from
(Pastor-Galán et al., 2011). (b) An oroclinal foldtest illustrating the CDF of percentage of unfolding with the lower circular variance (i.e. best clustering). The bold red curve
illustrates the procedure for the actual data, with the first 25 bootstraps indicated in light-blue. For details, we refer to the detailed standalone publication about this
procedure (Pastor-Galán et al., 2016). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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including great circles solutions) and the statistical treatment (e.g.
Fisher statistics, foldtest, reversal tests, inclination shallowing
correction, predicted geomagnetic directions, and APWP visuali-
zation) useful for standard paleomagnetic analysis. It also includes
miscellaneous tools for more specialized studies (e.g. oroclinal test,
NTR analysis). The accessibility, coherency, and ease by which data
can be interpreted, evaluated, visualized, and shared will make
Paleomagnetism.org of interest to the paleomagnetic community.
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