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Abstract

Virtual globes allow geo-referencing and visualisation of diverse geologic datasets. A
vertical axis paleomagnetic rotation study in the Southern Pyrenees, Spain, is used to
illustrate the potential of virtual globes for representing paleomagnetic data. A macro
enabled workbook that we call P2K, allows KML files to be generated from
conventional paleomagnetic datasets. Cones and arch models are used to represent the
paleomagnetic vector, and the rotation with regard to the local reference direction,
respectively. This visualization provides simultaneous representation of local magnetic
declination, inclination and precise confidence cones, shown in their geographic

position from diverse perspectives and scales.
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1. Introduction

Past directions of the Earth’s magnetic field are recorded in rocks, and following
appropriate paleomagnetic analysis, they can be expressed as a vector (defined by
intensity, declination and inclination) with confidence parameters (e.g. Van der Voo,
1990; Opdike and Channel, 1996). Classical representation of paleomagnetic vectors
has been limited to 2D. Declination is thus expressed in maps (Figure 1), where authors
may represent a local reference direction, and highlight ages or confidence angles, as in
Figure 2 (e.g. Holt and Haines, 1993; Govers and Wortel 2005). In other cases, a map is
shown with a qualitative palinspastic reconstruction (Figure la; e.g. Figure 9 in
Speranza et al., 2002) and/or rotation arrows (Figure 1b, e.g. Figure 1 in Antolin et al,
2012 or Figure Ic, e.g. Figure 2 in Govers and Wortel, 2005); contoured plots of
rotation angles (Figure 1d, e.g Figure 3 in Titus et al., 2011), or stereoplots of
paleomagnetic poles can be also shown (Figure 1le e.g. Figure 6 in Soto et al., 2008). A
considerable amount of work has been performed to compile paleomagnetic data in
order to interpret tectonics, such as the Global Paleomagnetic database, (McElhinny and
Lock, 1996) or MagIC (Tauxe et al., 2012). The Pyrenean Paleomagnetic Database
(Lopez et al., 2008; San Miguel et al., 2010; Pyrenean Pmag DB, IGME) is the first
paloemagnetic dataset conceived at the orogen scale using geologic maps as the main

background.

During the last few years virtual globes have been adopted in response to the needs of
the scientific, pedagogic and industrial communities (e.g. SERC, Pedagogy in Action;
World Wind, NASA). Virtual globes can geo-reference geologic datasets as diverse as
maps and cross-sections (Google Earth profile, De Paor and Whitmeyer, 2011), world

magnetic declination (Google Compass), coal exploitation (e.g. Queensland Coal
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Mines, Queensland Government Department of Natural Resources, Mines and Water;
Vizmap, Google Earth Applications), dams and freshwater lakes (e.g. SEQ Water,
Geospatial Information and Technology Association [GITA]; Vizmap, Google Earth
Applications), and geological mapping (SIGECO, Instituto Geoldgico y Minero de
Espafia) among others, which testify to the versatility and widespread use of this tool.
Virtual globes have become very helpful in structural geology visualization (Simpson
and De Paor, 2009; De Paor and Whitmeyer, 2011; Blenkinsop, 2012; Martinez-Torres
et al., 2012) since they can display topography and geology, and allow quick shifts of
user’s viewpoint and scale. Based on this background, we intend that paleomagnetic

data be included among the geological datasets that can be represented in Google Earth.

The open-source Keyhole Markup Language (KML) represents a great advance for
virtual globes. KML is an XML-based language that manages the display of 3D
geospatial data, which has become widespread in scientific research relying on virtual
globes (De Paor et al., 2012). KML enables users to customize data in ways as varied as
Shapefiles in ArcGIS. These capacities are possible in combination with COLLADA
(COLLAbDorative Design Activity) models, generated, for example by SketchUp and
other 3D modelling applications (De Paor and Whitmeyer, 2011). In this paper we used
the free SketchUp (now SketchUp Make) application to create a symbology for

representing paleomagnetic data in virtual globes.

We propose a protocol for the symbology that achieves a clear distinction between
clockwise and anticlockwise paleomagnetic rotations (Figure 3), and normal and reverse
polarity, as well as an indication of the confidence parameters. These data can be easily

and well represented in a virtual globe, providing not only information about declination
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but also inclination (often omitted from 2D representations). A local reference direction
can also be shown for any rotation. We provide a macro-enabled spreadsheet (P2K) that
expresses the paleomagnetic data using the symbology via a KML file, allowing it to be
presented and displayed in bird's eye views and through 360° viewpoints in virtual
globes. Pop-ups with numerical and bibliographic information are included. This
approach allows easy visualisation and compilation of paleomagnetic data, promoting
the creation of geo-referred databases. We illustrate the method with a case study from

the Pyrenees.

2. Case Study: The Boltaiia Anticline

The Boltafia anticline, in the Southern Pyrenees, is a 25 km long, north-south oriented
fold located westwards of the South Pyrenean central Unit (SPCU), which is a thrust-
and-fold system transported south in piggyback sequence during Eocene times
(Puigdefabregas et al., 1975). Contemporary with the slow westwards propagation of
south-transported thrust sheets, numerous structures transverse to the Pyrenean trend
(WNW-ESE) were formed, such as the Boltafia anticline. The strata involved were
coevally deposited through Eocene times, including a pre-folding stage of limestones in
a platform sequence (56-49 Ma), overlain by slope rocks in an incipient synfolding
setting in the Boltafia anticline (49-43 Ma). Next, deltaic progradation occurred through
the eastern flank of the Boltafia anticline (43-41 Ma), followed by continental
deposition (41-35 Ma) (Mochales et al., 2012a and references therein). Lutetian to
Bartonian sediments (49-38 Ma) with growth-strata geometries record successive non-
coaxial deformational episodes. Firstly, the folding of the Boltafia anticline took place
~43 Ma (Lutetian, Puigdefabregas, 1975; Fernandez et al., 2004; Mochales et al., 2010;

Muiioz et al., 2013). Later, a clockwise rotation of the Boltafia thrust sheet, during 41-
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35 Ma, explains the obliquity of the anticline with respect to the Pyrenean trend
(Mochales et al., 2012b). Exposure is excellent, and the area has an acceptable Google

Earth aerial image and DEM, making for a very suitable case study.

3. Representation of paleomagnetic data in virtual globes

Previous works that visualized structural geology data (e.g. Whitmeyer et al., 2010;
Blenkinsop, 2012), opened new perspectives in virtual globe visualization and inspired
the creation of paleomagnetic symbols in SketchUp (available freely from Trimble now
as SketchUp Make) in this study, using COLLADA models like those created for

representing structures.

Paleomagnetic data are usually organized in spreadsheets for final representation on
digital maps, analysis and interpretation. Data should meet several reliability criteria
such as laboratory, processing and statistical procedures as well as geological and
geomagnetic constraints (Van der Voo, 1990; Fisher, 1953). They are then commonly
compiled in rows where intensity of the magnetization and paleomagnetic vectors from
the coordinate reference system (in situ) to the paleogeographical one (bedding
correction) is shown (declination and inclination). Confidence angles (a95), and
paleopoles corresponding to the age of the case study and author of the site are also

documented.

The COLLADA models used to represent the paleomagnetic data (Figure 3) permit
visualisation in virtual globes more intuitively than standard map symbols. The models
were created in SketchUp, and are provided in supplementary information with this

paper (Appendix A). The models consist of two cones, one to represent the
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paleomagnetic remanent vector, and one to show the confidence cone. The models are
3D representations of a common 2D paleomagnetic symbol. The cones are transparent
so that they do not disturb the background, and encompass 095 from 1° to 60°,
indicating the semi-angle of confidence from Fisher (1953) statistics. The models have
long dimensions of 16 m, appropriate to an outcrop scale. These cones are duplicated to
represent reverse or normal polarity with black or white versions respectively. The
cones are shown elevated above the ground surface, and the base of the cone is
connected to the ground at the observation site with a vertical line, allowing a clearer
visualization of the background. The size of the cones and their height are adjustable in

P2K according to the scope of the work.

The greatest advantage of this 3D representation compared to previous 2D methods is
that the inclination component of the paelomagnetic vector of each site can be
visualised, and with respect to the local reference direction. Classical 2D representations
only allow visualization of the declination of the paleomagnetic vector, concealing the
inclination component, which can be highly disturbed, especially when differential
lithostatic loading produces inclination errors (Bilardello and Kodama, 2010). The
greater ease of examining the inclination affords new insights into the degree of
magnetic inclination perturbation throughout the rotational process. Quick assessment
of inclination anomalies with regard to the paleopole characteristic of the geological
time in question can be made (Figure 4). Another interesting advantage is the proper
representation of the a95 confidence cone, which has a 3D attribute and is usually
incorrectly projected in a 2D plane. A correction factor has to be introduced to the
rotation error (Demarest, 1983) to represent the projection of a95 in a plane properly.

Alternatively, the equation a95/cos (Inc) can accurately determine the 2D projection of
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095 (Butler, 1992). Both calculations can be avoided by the correct representation of
the error in 3D. This representation of paleomagnetic data in 3D is especially effective
in combination with representation of structural data (e.g. S2K, Blenkinsop, 2012),
which allows a first glance at the relationship between structural and paleomagnetic

directions (Figure 5).

It is also useful to have a direct representation of vertical axis rotations with regard to
the local reference direction. In P2K this is possible using an arch model, in which a
curved arrow (arch) shows the rotation, distinguished by colour between clockwise and
anticlockwise rotations. By means of the case study of the Boltafia anticline we can
illustrate variations in the amount of vertical axis rotation (Figure 4). The younger sites,
located towards the south, underscore the more striking rotation corresponding to the
Priabonian age. Figure 4 shows the difference between the northwestern (older) sites,
that underwent around 40° of rotation, compared to the southeastern sites (younger) that
are closer to the Eocene reference (close to the current magnetic north) and therefore

less rotated.

4. Data Input and KML file generation with P2K

The P2K spreadsheet can be downloaded from the Journal web site (Appendix A). It
requires Excel in a macro-enabled version, and it is usable in any operating system that
can run Excel. Two versions are offered: P2K.xlsm works with Excel 2011 for
Macintosh and Windows, while P2K .xls works for Excel 2007 for Windows and Excel
2004 for Macintosh. The paleomagnetic input data are: Site name, Geographic
coordinates, Rotation angle, Inclination, a95 confidence angle, Polarity, Author,

Direction of paleomagnetic reference North, and inferred clockwise (C) or
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anticlockwise (A) direction of rotation. UTM coordinates are optional. Normal (N) and
Reverse (R) polarities are accepted, as well as normalized polarity: antipodal Reverse
polarity (-R). These normalized polarities are used when poles correspond to the
antipodal direction of the majority of the dataset, making the normal and reverse

directions commensurate.

The organisation of the P2K spreadsheet is as follows. In the first row, cell A2 contains
a name that is used for folders within the KML document, which takes the name of the
spreadsheet. Cell A4 contains a value for a scale, which multiplies the 16 m dimension
of the cones symbol to an appropriate value if necessary. Cell A6 contains a height
value that sets the height of the symbol above the ground level in metres. Data entry
begins in row 3. The first column of cells corresponds to the site label. The next four
columns correspond to the geographic coordinates (second and third in UTM, forth and
fifth in decimal degrees). Coordinate information must be entered in WGS84 datum
because that is the datum used by Google Earth. The sixth and seventh columns
correspond to the Declination and Inclination angles. The a95 angle is located in the
eighth column, polarity in the ninth and source author in the tenth. The reference
declination and sense of rotation are entered in the final two columns. The

paleomagnetic information can be read in a pop-up balloon.

The code necessary to represent the paleomagnetic information by generating a KLM
file resides in the macro of the spreadsheet, which can be run from the Macro menu.
The macro creates a KML file with three folders: the first is called Symbol and refers to
the cones that represent the remanent paleomagnetic vectors. The second (Data) refers

to the information that is displayed in the balloons, and the site names. The third
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(Rotation symbol) refers to the arch symbol that indicates the vertical axis rotation. Each
of the folders can be turned on and off independently in the Places panel of Google

Earth.

The KML document calls on the Symbols and arches models that are kept in folders of
that-name, The P2K spreadsheet and these folders must be placed in a single folder on
the user’s computer storage. The P2K folder supplied contains the P2K.xIs and
P2icdmg spreadsheets, the Boltaflaexample.kml example, and the symbols and arches

folders. P2K ReadMe contains more detailed instructions about running the macro.

An alternative approach could be to enter data into a Fusion Table linked to a PHP,
Python or Ruby script, which could output the Google Earth API embedded in a web
page (De Paor et al., 2012). The macro code could also be adapted to generate the kml

files with other applications that implement Visual Basic.

5. Conclusions

Virtual Globes are increasingly used by geologist to represent field data. They are a
quick and economic way to store and share information. P2K is a macro-enabled Excel
workbook to generate KLM files from paleomagnetic data, for visualization in virtual
globes. Advantages of representing paleomagnetic data in the manner proposed here are
visualisation of both declination and inclination simultaneously, accurate representation
of confidence cones, and the ability to examine data sets in their geographic context

with rapid change of scale and perspective.
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Figure Captions

Figure 1. Ways of displaying paleomagnetic information in the literature. a)
Paleomagnetic vectors shown with palinspastic reconstruction, modified forsy Speranza
et al., (2002); b) Paleomagnetic vectors shown as vertical axis retation, with respect to
the north, modified from Antolin et al., (2012); ¢) Rotation symbols show the regionally
observed sense of motion on transform faults, or paleomagnetic rotations about a
vertical axis, from Govers and Wortel, (2005). d) Paleomagnetic group means are
superimposed over contoured rotation maps, from Titus et al., (2011). e) Equal area
projections showing the site-mean paleomagnetic directions with their associated a95,
from Soto et al., (2008).

Figure 2. Rotations in map view (arrows represent the magnetic declination and the

confidence angle), modified from Mochales et al. (2012b).
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Figure 3. Examples of models created in SketchUp. Rotation is the angle difference
between the local declination and the local reference direction. Due to 3D
representation, we can illustrate inclination and the a95 confidence angle correctly.
Figure 4. Boltafia anticline case study. Normal polarities (black arrows) plunge into the
earth in the northern hemisphere and reverse polarities (white arrows) emerge from the
earth. Here, reverse polarities have been normalized (-R) to be comparable with others
and an Eocene reference (Taberner et al., 1999). A rotation can be appreciated in
younger materials (Priabonian) towards the southeast, as well as inclination and
confidence angle of each site. The figure illustrates the area where the rapid vertical axis
rotation was detected from map view (a), oblique view (b) and horizontal view (c)
Figure 5. Oblique view of a northern area where paleomagnetic data (P2K) and
structural data (SK2) are here combined to get a realistic understanding of the

paleomagnetic and tectonic record.
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