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Abstract

Analog models are an important tool for understanding complexly folded and faulted
geological structures. In this paper, we propose the use of X-ray computed tomography

to accurately reconstruct the geometry of analog models using an orthogonal reference
system and to completely characterize deformation patterns within the modeled
structure in 3D. The rheology and radiological contrast of various different materials
have been studied showing that EVA sheets are a good choice to model buckling layers.
After considering various possibilities to define the reference system, we opted to
screen-print two orthogonal sets of parallel lines on the surfaces using minium (lead
tetraoxide). The model was then built with gOcad using a series of CT slices that can be
closely spaced. This kind of model allows us to reconstruct the volume distribution of
strain ellipsoids and can be very accurate and useful to ascertain the orientation of
folded lineations in complex structures as well as to characterize the expected
deformation on the surfaces. We have built a simple analog model inspired in the Balzes
Anticline (located in the External Sierras, Southern Pyrenees) to illustrate the potential
of the technique and to analyze the deformation patterns of this complex curved fold
that has accommodated significant magnitudes of vertical axis rotation during its

formation.
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1. Introduction

Fold-and-thrust belts (FAT belts) tend to be non-cylindrical and non-coaxial in nature,
although many research approaches assume the opposite. They have a complex 4D
character, usually showing distinctive geometries such as superposed, plunging and
conical folds as well as oblique and lateral thrust ramps and folded thrusts. Realistic
research needs to be based on a geometric and kinematic framework for these systems
that considers these characteristics. For that reason, the geometry and kinematics of
oblique structures has been a very active field of research in recent years (see overviews
by Wilkerson et al., 2002; Marschak, 2004 and Weil and Sussman, 2004; Yonkee and
Weil, 2010).

On the other hand, many kinds of geological simulation (based on paper, cardboard,
cloth or plasticine models) have long been performed by geologists to conceptually
illustrate and understand complex structures at the laboratory scale. In particular, analog
modeling (Hubbert, 1937; Ramberg, 1981) has played an important role in establishing
key variables controlling the 3D geometry and kinematics of oblique structures in FTBs
(Colletta et al., 1991; Schreurs et al., 2001; Soto et al., 2002 and 2006; Reiter et al.,
2011). In addition, X-ray computer tomography (CT), since its development in the
1970s, has been applied in many non-medical fields, among them geology. Specifically,
it has been used for understanding the internal 3D geometry of a wide range of earth and
planetary materials (see overview by Carlson, 2006). Within this field, the application
of CT scanning techniques to reconstruct the 3D geometry of analog models deserves
special attention (Colleta et al., 1991; Schreurs et al., 2003; Adam et al., 2008; Harris et
al., 2012; Yakymchuk et al., 2012). Reconstructions in 3D of a series of images
obtained at different times makes it possible to obtain an overall 4D image. Existing
approaches do not, however, enable us to monitor the strain patterns within the model
volume during the deformation. Laser scanning and photogrammetry allow the upper
surface to be measured in detail (Nilforoushan et al., 2008; Donnadieu et al., 2003;
Fischer and Keating, 2005; Leever et al., 2011), but thorough investigation in 3D of

internal deformation patterns remains to be achieved.



In this paper, we explore X-ray CT as a method to scan analog models of complex
folded structures and to obtain the 3D distribution of strain ellipsoids (as well as any
lineation) within the folded volume. We describe how to optimize the selection of
materials, CT variables and processing procedures (3D reconstruction). A grid of two
parallel sets of lines is drawn on all modeled surfaces to establish a reference system,
this being needed to build the model and determine its strain pattern in 3D. We show
that these models can be very useful for understanding certain features related to
complex settings: 1) folded lineations, 2) the 2D distribution of deformation ellipses on
different surfaces within the model, and 3) the 3D distribution of strain tensors in the
folded volume. To demonstrate the method, we apply this technique to simulate the
Balzes Anticline, a structure from the External Sierras, the frontal fold-and-thrust belt of
the Southern Pyrenees. This cover structure can be considered to have a globally
preserved volume during its deformation history. Accordingly, it is an appropriate
example of complex geometry, namely, a curved anticline that has accommodated

important vertical axis rotation during its evolution.

2. Methodology

2.1. X-Ray CT: principles and settings

X-ray CT is a technique that uses X-rays to obtain cross-section images. The object to
be scanned is illuminated with X-rays that interact with electrons, and the contrast in the
CT image is generated by local differences in mass density and mean atomic number.
Effectively, the intensity in images of slices of the volume scanned is related to the
photoelectric absorption property of the material. The sensitivity of CT to material

properties like density and composition make it very versatile.

Conventional CT scanners used in medicine usually have millimeter-scale resolution
based on using low-energy X-rays (below 125 kV). A scanner with these characteristics
is sufficiently powerful for our purpose. If the object scanned has a low radiological
density, it is possible to increase the intensity of the emission source. This should,
however, be avoided when possible because there is a risk of the gantry (in particular,
the X-ray tube) overheating. The proper selection of the materials to build the model is

an important factor in achieving clear CT images.



CT has been used before in geology. Specifically, over the past few years CT scanning
has been used to quickly obtain repeated 3D images (based on slices) of analog models
to explore changes over time (Carlson, 2006). Importantly, X-ray CT allows the 3D
visualization of an analog model during an experiment non-invasively and therefore
enables both the geometry and its temporal evolution to be studied (providing truly 4D
data). It was first applied in the late 1980s and 90s (Colleta et al., 1991) but, due to
technical limitations, only a small number of cross-sections were scanned. Current
technological improvements have overcome these limitations and allow virtually
limitless and closely spaced serial cross-sections to be obtained and processed. Several
authors have shown that discrete 3D scanning at different times during an experiment
allows 4D analysis of a model (Schreurs et al., 2003; Adam et al., 2008; Harris et al.,
2012; Yakymchuk et al., 2012). In this work, we focus on the 3D analysis of complex
geometries. The series of X-ray images obtained can be imported into existing software
for the 3D reconstruction of geological structures (detailed in Section 2.3 on processing
of the data).

We used a General Electric HiSpeed FX/i CT scanner at the Royo Villanova Hospital
in Zaragoza (Aragon Health Service, SALUD). For the current study, the settings
selected to optimize the digital reconstruction were: 1) axial, rather than helical, scans
because they generate a sharper image, with a minimum slice thickness of 1 mm; 2)
slices spaced 0.5 to 1 cm apart, which is close enough for the resolution required; 3) a
high resolution chest CT protocol with a beam energy of 120 kV and low current of 180
mA to avoid the gantry overheating; 4) the lung window to properly view the images on
the CT system; and 5) the DICOM format to export the data to the 3D reconstruction

software.

2.2. Materials and rheology

Cover structures are mainly competent layers folded by buckling (layer-parallel
shortening) leading to preservation of volume and areas almost everywhere. However,
this principle has to be applied globally as initial volumes may be reduced or increased
locally by internal deformation processes (e.g., flexural flow on the limbs and
tangential-longitudinal deformation around the hinges; Ramsay, 1977). In this respect,



most types of cloth accomplish one of the basic geometric principles of isometric
folding. They can be complexly folded but they will always be (globally) developable in
the sense of Lisle (1992). Therefore, simple cloth simulations can be a very useful basis

for realistic 3D models.

Among many possible materials, ethylene vinyl acetate sheets (EVA, also known as
expanded rubber or foam rubber) allow isometric folding with some deformation (class
1 folds, Ramsay, 1977), including flexural-flow and flexural-slip as well as tangential-
longitudinal strain. It has an amorphous structure, its density can vary widely, from 50
to 200 kg/m®, and it has very low water absorption (0.07%). On the other hand, its
tensile strength ranges from 2 to 10 N/cm?, while tear strength varies between 2 and 4
N/cm?, and it can be elongated by as much as 500%, although common values are
around 200-300%. Due to its versatility in industrial applications, it is available
commercially in thicknesses covering three orders of magnitude (0.5 to 500 mm), which
expands the possibilities of modeling any type of fold geometric setting. The stacking of
a given number of EVA sheets (stuck together or free to move) also allows the
stratigraphic thickness of the model and the expected mechanism of deformation to be
varied. Unlike other materials, EVA has high enough radiological contrast and its
boundaries are imaged with sufficient clarity to be accurately redrawn by the image
processing software. Alternatively, ethylene propylene diene monomer rubber (EPDM

[M-class] rubber) can also be used.

Alternation of different mechanical properties, thicknesses and cohesion between layers
produces infinite possibilities and allows modeling of any case under study.
Thicknesses of the modeled stratigraphic pile and the wavelength of the folds have to be
adapted to the limited size of the CT scanner (usually less than 60 cm in diameter) and
the circular geometry of the CT sections has to be taken into account in the model

design.

Besides the layer modeling, the reference system characterization is of crucial
importance. This reference system is defined with two sets of orthogonal parallel grid
lines. We tested many different kinds of materials to simulate the sets of lines: plastic
and metallic meshes, strings and cords, and even cloth with linear relief. In most cases,

however, there was insufficient radiological contrast, while in the case of metallic lines



the absorption was so high that the radiological image was over-exposed. Moreover, the
use of specific layers such as plastic meshes to simulate the set of grid lines has
mechanical consequences: 1) it implies detachment from the underlying bed; 2) it does
not allow the effect of deformation on the grid lines to be quantified; and 3) the change
of the rheology has also consequences for the final geometry. Solid linear elements
(cords, strings, wires, etc.) cannot effectively be stuck to an EVA sheet (different
mechanical properties) and if they are free to move, they cannot by definition be trusted
to provide an accurate reference system. Similarly, the use of cuts or marks in EVA

sheets also affects the rheology.

Therefore, to define the reference system we decided to paint a grid on the sheets using
highly X-ray absorbing inks, liquids and paints. A wide variety of materials, all of them
having high electrical conductivity, were tested for this purpose (Fig. 1A), including
graphite, gold and silver inks, aluminum paints, various types of glitter, etc. Of these,
minium (red tetraoxide lead) paint was, by far, the most successful material, being
found to give a sharp radiological signal without serious streak artifacts in the CT
image. Other potentially suitable materials such as graphite, gold, silver and aluminum
had too little mass to absorb enough X-ray photons and hence were not detected in the
signal or only very faintly. The minium was screen-printed onto the EVA sheets, and
this can be done with a good accuracy. Indeed, current screen printing technologies
allow computer-aided design of the screen mesh (usually made of nylon and polyester)
and mesh sizes up to 0.5 mm. Minium can be used in place of the usual screen printing

inks without affecting the performance of the printing process.

The grid that constitutes the reference system (needed to monitor internal deformation
in 3D) is made by two orthogonal sets of parallel lines. We explored screen printing the
second set of parallel grid lines using a mixture with a different ratio of minium and
turpentine or, alternatively, a different quantity of ink. The amount of ink can be varied
by changing the line width and an advantage of this approach is that the
minium/turpentine mixture for the main and secondary sets of parallel grid lines can be
applied at the same time. We found that variation of the line width between 0.5 and 2
mm in the screen worked well. These different amounts of minium produced
sufficiently different intensities to allow identification of each set of lines in the CT

images (Fig. 1B).



The positioning of the model on the scanner table is also of crucial importance. To
clearly identify a line in a CT image it must be perpendicular to the cross-section: the
more oblique the greater the scatter; and a line is indistinguishable when it is parallel to
the section plane. The ideal orientation is with both sets of grid lines oblique to the cross
sections. This is not always possible, however, especially for complex folds with
considerable rotation and almost vertical or overturned limbs, a complexity that makes

reconstruction more difficult.

2.3. Processing of data: reconstruction

Digital Imaging and Communications in Medicine (DICOM, also known as the NEMA
Standard PS3°) is the standard computer format for handling many different sources of
medical images (among them CT). Together with a communication protocol, the file
contains a header that provides information concerning the relative position of the
different CT sections (location, orientation, spacing, etc.), and this enables us to geo-
reference our model. A simple processing based on the data in the header fields (Image
Position, Pixel Spacing, Rows and Columns) allows the images to be used like seismic

sections in most 3D reconstruction software packages.

Medical software (e.g., Mimics™) allows processing and editing of 2D image data from
CT (and other medical imaging techniques) and it is useful for 3D reconstruction of
models. Unfortunately, it was not found to be very effective for the reconstruction of
geological models due to the difficulty of accurately identifying important elements
such as the different bedding surfaces or the grid lines. For this reason, we decided to
use geological software and treat the CT images as geo-referenced cross-section images
in gOcad (Paradigm) (Fig. 2). The versatile capabilities of gOcad have allowed us to
accurately reconstruct the model surfaces and the grid lines over the surface as if the
dataset were a series of seismic sections in SEGY format. Since with CT we can
measure closely spaced slices, 3D reconstructions can be highly reliable (much more so
than is usually the case for reconstructions based on field data).

The projection or “draping” of an “orthophoto” over the model surface can help further

improve the reconstruction, providing in particular accurate data on the position of the



lines. We took an orthophoto using a camera with a 200-mm zoom-lens mount on a
tripod. With the help of a laser level, the height of the center of the lens was matched to
the center of the model, ensuring that the camera was perfectly perpendicular to the
model at a distance of 16 m; this corresponded to an angle of less than 1° between the

borders of the model.

In order to double-check the reconstruction, a second technique was used, namely, we
digitalized the upper surface by photogrammetry. This is a simple image-based
modeling technique that assembles the 3D reconstruction using only photographs taken
from different angles. We used PhotoModeler (www.photomodeler.com) software for
this purpose. Photogrammetry has recently been used to check restoration tools (Ramén
et al., 2012) and does allow an accurate digital reconstruction of the upper surface
though is not valid for the inner surfaces or volume analysis (distribution of strain
ellipsoids).

2.4. Post-processing: estimation of strain

A perfectly characterized reference system is key to understanding any folded lineation
and to unravel deformation patterns in 2D and 3D. To quantify the deformation, we
need accurate measurements of the position of reference points of the structure in the
undeformed and deformed states. The fact that this desirable information is unavailable
in real cases is what makes analog models all the more important. We reconstruct the
model with a tetrahedral mesh formed by the orthogonal set of lines. This reference
system is the same in the original and folded states and consequently tracks the
deformation. Note that the 3D reference system allows us to predict the orientation of
any passive lineation in the folded surface. In addition to this, if we do not have data
characterizing the reference system pre-deformation, we must scan the model before as

well as after the deformation process to be able to compare the two states.

Thanks to the reference system, we are able to calculate the dilation and the strain
ellipsoid for each individual tetrahedron (or triangle in surfaces). Obviously, the spacing
of these tensors will be related to the density of our orthogonal reference system. The
dilation parameter measures the change of volume (or area in surfaces) d=(Vfina-

Vinitia)/Vinitia, While the strain ellipsoid (or ellipse in 2D) measures the anisotropy of



strain and the preferred orientation (stretching lineation). In order to assess the
anisotropy of the ellipsoid, we also calculate the ratio between axes (P’) and the shape
factor (T), this ranging between -1 (prolate) and 1 (oblate) and T=0 corresponding to
pure triaxial ellipsoids. These parameters (Jelinek, 1981) are regularly used in magnetic
fabric analysis and are similar to the axial ratios plotted on a Flinn (1962) diagram (L=
max/int and F=int/min), although they are much more sensitive to small changes of the

ellipsoid since they are based on a logarithmic scale.

The ellipsoid is calculated using the affine transformation matrix M that relates the
points before and after deformation and characterizes the deformation. The matrix
coefficients are determined using initial and final tetrahedron vertices. The application
of this transformation to a sphere produces an ellipsoid Ae|.ipsoid:(M'l)t'Asphere M1
Eigenvalues and eigenvectors of the matrix are the orientation and magnitude of the
ellipsoid axes (see the Appendix for further details).

3. Case of study: understanding complex structures in 3D

In this section, we will illustrate the use of CT scanning as a powerful tool to understand
complex geometries, expected strain ellipsoids and related folded lineations. Of all the
analog models built, scanned and reconstructed we just show here the results from the
simulation inspired by the Balzes Anticline, a curved fold located in the easternmost
part of the External Sierras (ES) in the Southern Pyrenees. We analyze the orientation of

the lineations and the surface and volume deformation of the simulated structure.

3.1. Geological setting

The Balzes Anticline (BA) is an oblique detachment anticline placed on a oblique ramp
of the South Pyrenean basal thrust. It is a 17-km long curved structure with a fold hinge
trending NO11E in the northern sector passing to N152E in the southernmost sector,
therefore, in map view, it displays an apparent bending of about 40° (southwestwards
convex). The External Sierras represent the southernmost frontal thrust of the west-
central part of the Pyrenees. They are characterized by an imbricate thrust system and
associated detachment folds developed during Middle Eocene times. The system

progressively propagated laterally to the west in more recent times reaching the



Chattian-Aquitanian boundary (Puigdefabregas, 1975; Camara and Klimowitz, 1985;
Millan, 1996; Millan et al., 2000; Mufoz et al., 2013). A second stage of thrusting
during Oligocene-Miocene times placed these structures in the hanging wall over the
footwall ramp, producing the plunge to the North that affects most of them at the

present time (a plunge of about 13° in case of the northern sector of the BA; Figure 3).

The stratigraphy involved in the BA comprises three main marine platform sequences
(de Federico, 1981; Barnolas and Teixell, 1994): the Ypresian Alveoline limestones of
the first platform outcrop in the core of the structure; the Boltafia Formation (late
Ypresian, locally Cuisian) the second platform, represented by =300 m of shallow
limestones and siliciclastic input; and the third platform, the Guara Formation, made of
up to 650 m of Lutetian limestones. The sedimentation of the Guara Formation was
determined by the growing of the Balzes Anticline as attested by an progressive angular
unconformity observed in its western flank (Millan et al., 2000; Barnolas and Gil-Pefia,
2001). On top of the Lutetian, in the northern part of the anticline, the Sobrarbe deltaic
formation (Bartonian) marks the transition to continental conditions, the onset of which
is clearly indicated by the thick Campodarbe Group (Puigdefabregas, 1975) cropping
out in the core of the vast Guarga Syncline (Jaca Basin).

Structural and paleomagnetic studies in the area suggest substantial clockwise rotations
(CW), related to the westward lateral propagation of the deformation front, which would
explain the present-day orientation of the N-S anticlines as well as the reduction of the
shortening to the West as deduced from cross section restorations (Puigdefabregas,
1975; McElroy, 1990; Millan, 1996; Millan et al., 2000; Pueyo et al., 2002; Oliva and
Pueyo, 2007; Mochales et al., 2012; Mufioz et al., 2013). CW vertical axis rotations of
40 to 60° have been observed in the Boltafia Anticline, to the north of the BA (Mochales
et al., 2012 and Mufioz et al., 2013; and references therein), while there are moderate
CW rotations of 15 to 20° and non-significant rotations in the Bartonian-Priabonian
deltaic and continental sediments to the east and south (Sta. Maria de Buil syncline)
(Bentham, 1992; Bentham and Burbank, 1996; Pueyo, 2000), pointing to a Bartonian-
Priabonian age of the rotational emplacement of the underneath thrust sheets (Mochales
etal., 2012).

Recent paleomagnetic investigations of the Balzes Anticline (Rodriguez-Pinto et al.,

10



2010, 2012 and 2013a&b) have yielded 15 new reliable sites (Fig. 3 and Table 1). Of
these, 9 are in the northern portion of the anticline near the villages of Bagieste
(Northwestern flank, 6 sites) and Sarsa de Surta (Northeastern one, 3 sites). There,
sampling sites are mostly located in the mudstone facies of the Guara Formation. On the
other hand, the six other sites in the Southern sector of the anticline near the San
Pelegrin village are mainly in Ypresian and some Lutetian facies: three in the southwest
and three in the southeast (Rodriguez-Pint0 et al., 2013a&b).

The paleomagnetic record seems to be locked in magnetite and to a lesser extent in
sulfides. Apart from some overlapping problems detected in some sites in the Lutetian
limestones from the northern sector of the anticline (Rodriguez-Pint6 et al., 2013a),
which we do not consider here, robust stability tests (fold and reversal) have proven the
primary character of the magnetization in the mudstones and Ypresian limestones
(Rodriguez-Pint6 et al., 2013a&b). We have used the Eocene reference direction (DEC
& INC: 004.6° 53.2°% o ¢5: 4.6° k: 9.6) deduced for a central point in the Balzes
Anticline (Longitude: 42.31°, Latitude: -0.02° [W]; Rodriguez-Pinté et al., 2012a) to

compare to the local vertical-axis rotations.

Mean rotation magnitudes can be estimated for the northern and southern sector of the
BA. The former (DEC=55°, INC=42°; 0,95=8.8°, k=30.4, N=9 sites) shows a clockwise
rotation of 50°, while in the latter the rotation (DEC=28°, INC=37°; aigs=11.4°, k=44.5,
N=6 sites) never exceeds 23°. That is, there is a significant difference (27°). A
preliminary and simple map-view restoration would allow the northern sector to be
restored to a trend similar to the southern one. A simple model is proposed based on
paleomagnetic data to explain the rotation of the structure as a secondary bending of the

northern part of the fold, while the southern part is only slightly rotated.

3.2. Analog model

All information exposed enabled us to perform a simple geometric model of the Balzes
Anticline. We do not pretend to perform an exhaustive analysis of the deformation
patterns in this anticline but to test the capabilities of the CT scanning in such complex
scenario. Our model only considers the overall geometry of the uppermost thrust sheet

11



(Boltafia-Balzes unit in Figure 3). The analog Balzes model assumes an evaporitic core
(Keuper facies) that has been modeled by air in our model (a reasonable assumption
considering the rheological contrast with the limestones), the cover rocks (Belsué-
Atarés and Campodarbe Formations) on top of the Eocene platform has not been
modeled according to the folding ages (they are post-folding). Thus, the top surface of
the model represents a first order approximation of the top of the Guara formation and
the bottom surface the base of the Ypresian limestones. The geometric scaling of the
model has considered some key features: 1) the real variation in the fold axis trend
(stereoplots in Figure 3), 2) the wavelength of the anticline (= 6 km), 3) the thickness of
the modeled stratigraphic pile (= 300 m), and 4) the differential vertical axis rotation
between the northern and southern sectors (27°). The model was designed as a “static”
reproduction of the geometry of the anticline (we apply the finite deformation at once,
without considering any kinematic constraint) and thus, rheological scaling not been
taken into account. The fold was created pushing the northern edge of the model and
considering the location of the undeformed foreland (southern edge of the model) that
was fixed to the basement of the model (pin-line). Generating this oblique structure
based on Balzes Anticline, we see how a secondary fold is formed in the inner part,
which could correspond to the Boltafia Anticline southern termination near Paules de

Sarsa.

The model was built with two EVA sheets of 58 x 38 x 0.5 cm glued together, giving a
total thickness of 1 cm. The EVA sheets were screen-printed with a squared grid of 1 x
1 cm and line widths of 1 and 1.5 mm. One sheet was screen-printed on only one side
and the other on both sides, thus we model three surfaces that represent the base, the top
and the middle surface of the stratigraphic pile under study. First of all, we scanned the
EVA sheets in an undeformed state (horizontal) to set up the reference system.
Subsequently, we deformed the sheets following the aforementioned procedure and
scanned it again (Fig. 4). We then reconstructed the model from the DICOM cross-
sections in gOcad. To double-check the reconstruction from the CT images, we also
checked the model against the reconstruction of the upper surface obtained using

photogrammetry.

3.3. Lineation analysis

12



As aforementioned, the advantage of these models is that thanks to the reference system
we can calculate the orientation of any grid line passively folded. Our primary interest is
to understand the 3D patterns of paleomagnetic vectors of complexly folded structures,
but, it is worth mentioning that this technique is valid for studing any passive geological
lineation like sedimentary structures (paleocurrents), locked stress (slickensides) and

strain indicators (mineral stretching), etc...

Here, we compare one set of parallel grid lines of the model with the real paleomagnetic
data. The direction of paleomagnetic vectors (their local vertical projection on the
model surface) can be seen as a type of lineation (Sellés, 1988; Stewart, 1995; Pueyo et
al., 2003) and are unique structural markers that can be clearly established for both the
pre-and post-deformation states. In our case, the paleomagnetic data are pre-folding (the
stability tests guarantee the primary character of the magnetization) and thus, the model
was generated under this evidence. First of all, we need to rotate the entire model to
converge to the real axes of the structure. As the orientation of the grid lines in the
model was arbitrary and had no inclination, we need to apply a smooth rotation to our

“paleomagnetic” record (one of the sets of lines) to converge with the real dataset.

Now, we consider lineation patterns separately in the northern and in the southern flank
of the anticline. We select specific sites on the model simulating an outcrop on each side
of the anticline. These data are approximately in the same structural location as the real
dataset. Inclination has been modeled to fit the real data (=40°) rather than the Eocene
reference expected in the Pyrenees (53°). We project paleomagnetic vectors before and
after bedding correction (Fig. 5A). Paleomagnetic data before any correction are
clustered in two groups corresponding to the western and eastern limbs of the anticline.
As expected, data is grouped after the bedding correction (ABC), and the clustering is
better than that seen with the real noisy paleomagnetic data (Fig. 5B).

Given the secondary origin of the fold curvature (that we applied to the model), there is
a 22° difference between the mean paleomagnetic direction in the northern and southern
sectors, this difference is slightly smaller (4°) than detected in the real dataset. These
small errors in the lineation, as well as those highlighted by the bedding poles, are not
unreasonable. They are likely caused by the analog model, which does not perfectly

reproduce the natural geometry. The fold axes of the sectors are similar though again

13



not exactly equal to those calculated for the real structure. The advantage of the model
Is its ability to forecast the expected paleomagnetic information on locations that were

not sampled in the field.

It is worth underlining that to analyze the uppermost surface we do not need CT
imaging and simple photogrammetric techniques could be used alone. In contrast,
however, lineation analysis of the internal surfaces will need the CT model as
photogrammetry does not provide any information concerning the inside of the

structure.

3.4. Surface analysis

Before considering the internal deformation, we analyze the results of the uppermost
surface, comparing the results obtained from the reconstruction of the CT images with
those from the complementary technique for surface reconstruction: photogrammetry.
Our aim with this was to validate the 3D reconstruction based on the CT images. First
of all, we compare the distribution of dilation (=[Areasoigec—Arearestored]/Ar€arestored)
across the entire surface. The photogrammetric technique is more accurate for the upper
surface reconstruction and gives clearer results but they are equivalent in meaning (Fig.
6A). This is basically due to the greater accuracy of the photogrammetric method in
reconstructing the exact location of the nodes (intersections between the two sets of
lines).

If we now analyze all the three surfaces derived from the CT modeling (Fig. 6B), we
observe tangential-longitudinal strain in line with Ramsay (1977) and Gairola (1978),
extension in the anticlines outer hinges of the upper surface (positive dilation),
conservation of area in the middle neutral surface and compression (negative dilation)
of the inner hinges in the lower one. We observe consistent senses of dilation in the
synclines: positive on the outer arc and negative on the inner one. It is worth noticing
that the areas with clear dilation are significantly different at the two surfaces (upper
and lower): in the lower surface the maximum dilation is concentrated in a much
smaller area and is more intense than in the upper one. This observation fully agrees
with the expected differences in arc lengths between outer and inner hinges.
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The most deformed areas are precisely the ones of maximum mean curvature (mean
between the two principal normal curvatures: M=(k1+k2)/2). Since we are unable to
derive the anisotropy from the curvature, we plot the strain ellipses in terms of the ratio
of the axes and the orientation of the main axis. In the CT model, the areas of higher
anisotropy (ratio between major and minor axis) correspond with areas of compression:
the syncline between Balzes and Boltafia anticline in the upper surface (synclastic
synform according to Lisle and Toimil, 2007) and both anticlines in the lower surface
(synclastic antiform). This observation is in agreement with the distribution of dilation
across the upper and lower surfaces. As suggested above, this may be caused by the
concentration of deformation in the inner-arc zones, which have to accommodate an
equal amount of volume change in a smaller deformed volume. On the other hand, the
Gaussian curvature (G=k1-k2; Gauss, 1827) is concentrated in the area of superposed
folding (Boltafa-Balzes) and there are no significant differences between the three

surfaces.

The strain ellipse gives us extra information about anisotropy. As observed before,
upper and lower surfaces display opposite results. The same applies for the orientation
patterns. The directions of the major axis of the ellipse are perpendicular for upper and
lower surfaces. In the middle (neutral) surface there is no clear preferential orientation
of deformation (and, in any case, the magnitude is very small). Focusing on the upper
surface, we observe that the main axis orientation is perpendicular to the fold axis in
both anticlines (Boltafia and Balzes) and parallel to the fold axis in the middle syncline.
On the other hand, for the lower surface, the main axes of the ellipses follow the fold

axis orientation, being located in the inner part of the anticline.

3.5. Volume analysis

The volume analysis is carried out for the upper and lower volumes separately (Figs. 7
and 8). The main problem of the model is the low strain ratio (major axis/minor), caused

by the small ratio between the modeled thickness and the fold wavelength.

The low anisotropy (mostly less than 2) is attested by the P’ vs. T diagram (Jelinek,
1981). To explore the deformation, we decided to use these magnetic fabric parameters

since they are more sensitive to small variations in the tensor geometry than the simple
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axial ratio (i.e., Flinn diagram, 1962). Here, P’ is proportional to the strain ratio of the
ellipsoid and T ranges between 1 (pure oblate) and -1 (pure prolate). In this graph (Fig.
7A), the points are widely scattered reflecting the low strain ratio of the ellipsoid.
Similar evidence is obtained from the mean normal curvature vs. dilation diagram (Fig.
7A). Apart from the narrow ranges of variation (-0.03 to 0.03 and -0.6 to 0.6
respectively), most of the data fall close to the origin (non-deformation zone), although
some data points on the upper surface with negative dilations spread towards negative
curvatures (synclinal hinges), and some points on the lower surface with negative

dilations tend to positive curvatures (anticlinal hinges).

Due to the considerable noise caused by the low anisotropy and the large number of
tensors, we tried classifying the data according to some simple variables (Fig. 7B). First,
mean curvature (M) readily allows localization of the hinges, both anticlines (positive
values) and synclines (negative ones). Second, the bedding dip constrains the boundary
between flanks and hinges. Dips < 30° can be unambiguously classified as fold hinges.
Finally, small dips (< 30°) and low curvature values (< |10|) represent the flat and
undeformed portions of the model. Therefore a clear distinction can be established
between all these model zones (besides the classification of Lisle and Toimil [2007] that

also considers the Gaussian curvature).

The mean curvature allows a quick (and coarse) segregation of anticlines and synclines
hinges. The distribution of the shape of the ellipsoid (T) is very noisy (Fig. 7C) when
we plot all the data together. If, however, we concentrate only on the hinges (flat and
flanks zones are not considered) some patterns can be seen: curvature varies over a
narrower range (between 10 and 20) in the anticlines than in the synclines (between —10
to -30). This must be related to the relatively large non-coaxial deformation in the
curved syncline (Fig. 7B), compared to in the anticline, which corresponds to the
minimum Gaussian curvature. The volume tensors seem to be slightly more oblate, and

this could be related to the tangential-longitudinal deformation in hinge zones.

Despite the generally low anisotropy (strain ratio), this parameter is related to map view
location (Fig. 7D). Selecting the ellipsoids with P’ > 1.5, we can see that they tend to be
localized in specific zones, namely, the fold hinges. Consistent with the model design

(the sheets were fixed), most deformation has been accommodated in the hinges and
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very little in the flanks (tangential-longitudinal strain). Further, there is more
deformation in the northern sector (relatively closely spaced points with P* > 1.5) than
the southern one (more scattered points). Finally, we plotted on the map the shape of the
tensor (T) of the hinge zones alone (only those with significant anisotropies: P’ > 1.3).
Despite the remaining noise, oblate ellipsoids seem to be localized in the outer hinges
(Balzes anticline and the curved syncline).

Interesting results to understand the distribution of deformation across the model can be
also derived from exploring key variables in map view. This example in Figure 8 shows
a general compression of the structure especially in the inner arc of the synclastic
antiform (lower volume). The expected preservation of volume is not completely
respected because there is no clear extension in the upper volume. This can be
attributed, according to the surface analysis, to the values of compression in the lower
surface (inner arc) being higher than those of extension in the upper surface (outer arc).
Moreover, deformation is concentrated in a smaller volume in the lower sheet than the
upper one. As observed before, the normalized anisotropy (P’ parameter ~ strain ratio)
is higher in areas of compression where more deformation is concentrated in less space
(again where the maximum Gaussian curvature in absolute value is located). This is
consistent with the surface analysis: the anticline hinge anisotropy seems to be smaller

and more diffuse in the upper volume than in the lower one.

Since anisotropy is quite small (close to 1) there is no clear shape factor distribution.
Nevertheless, strongly oblate ellipsoids® tend to concentrate in the anticline. We could
expect to find oblate ellipsoids in the upper volume and prolate ellipsoids in the lower
volume but in this case layers are not thick enough for that pattern to be observed. The
orientation of the minor axis is, however, coherent with the expected values: vertical in
the upper volume and horizontal in the lower volume. The major axis is not that clear

because it is very similar to the intermediate axis in oblate ellipsoids.

In future models, use of greater thicknesses will help to produce larger anisotropies in
tangential-longitudinal strain folds for an equivalent wavelength. This can be expected
to strengthen the results, confirming the usefulness of the models to predict any

T = 1, major axis = intermediate > minor
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deformation pattern and to double-check restoration results.

4. Conclusions

In this paper, we show that CT scanning of analog models is a powerful tool for
exploring and understanding complexly folded structures in 3D. Deformation
mechanisms can be reproduced depending on the scaling and the rheology of the
materials used in the model, and the model resolution can be adapted as required by

changing the density of an orthogonal reference system.

Sheets of EVA were selected to build the analog models because this material gives
enough radiological contrast and presents an appropriate rheology to simulate active
folds. The screen-printing of lines with different thicknesses of minium paint allows a
suitable orthogonal reference system to be set up. The model is built from a series of CT
slices treated as seismic sections using geological software (gOcad). Deformation is
quantified with the calculation of dilation as change of volume (or area in 2D) and the

strain ellipsoid to assess anisotropy.

The model is well known in both the pre- and post-deformation states because the initial
and final volume, areas and lengths are monitored in detail. Given this, CT scanning of
analog models is a useful tool:
1) To calculate the expected orientation of any linear element, being particularly
interesting for understanding paleomagnetic vectors
2) To determine deformation patterns of surfaces

3) To obtain the distribution of the strain tensors in 3D.

We have produced an idealistic simple model of a complex anticline to test the
capabilities of the method. The model was inspired in the Balzes Anticline, a curved
and non-coaxial fold from the Southern Pyrenees. We successfully compared one of the
set of parallel grid lines of the model with real paleomagnetic data in the northern and
southern portions of the anticline. The deformation analysis identifies dilation of
opposite senses in upper and lower surfaces, with higher magnitudes in areas of
compression. Surface anisotropy reflects a perpendicular orientation of the main axis

with respect to the fold axis in the anticlines. Volume anisotropy is smaller, although it
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is possible to distinguish horizontal ellipsoids in the upper volume and vertical ones in

the lower one.

Further, CT scan models have additional applications. They can be used to check the
reliability of automatic reconstruction methods and programs because they can be
designed to achieve a high level of accuracy (e.g., by closely spacing the radiological
slices). They can also be used to leverage partial or biased information, but in this case
the geometrical and geomechanical properties must be properly scaled to identify the
materials, model stratigraphic volumes and reproduce the mechanical properties of
rocks. In the same way, CT scan models also allow the validity of any 3D restoration
methods and software to be checked since the geometry and kinematics of the model is
perfectly known and the geometry of the undeformed state is also fixed. Finally, the
techniques proposed in this paper could also be adapted and applied to sandbox and
centrifuge analog models to monitor the strain pattern in 4D.
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Table 1

Site Pos | N n pec | Ine Ogs k |Str SO Dip | Dec | Ine Olgs k
BAC |BAC SO |ABC|ABC
BGO1 | NW | 16 | 14 | 241 | -18 | 15 6 | 284 | 54 | 204 | -48 | 15 7
BG02 | NW | 17 | 16 | 254 | -10 | 11 | 13 | 285 | 57 | 228 | -53 | 11 | 12
DAOL |NW | 63 | 63 | 249 | -20 | 5 15 | 290 | 40 | 228 | 45 | 5 15
RAD1 | SW 19 | 26 | 36 | 12 8 | 160 | 23 6 50 | 13 7
SI02 | SE | 27 | 14 | 24 | 57 8 29 | 294 | 26 | 24 | 31 6 47
SI04 | SE | 36 6 21 | 59 | 10 | 25 | 341 | 28 | 41 | 36 5 | 223
SI05 | SE | 29 | 18 | 22 | 50 8 35 | 325 | 26 | 38 | 32 6 32
SS01 | NE | 10 7 | 170 | 50 | 12 | 33 | 97 | 40 | 216 | 45 | 11 | 33
SS02 | NE | 11 5 | 146 | -33 | 8 | 104 | 102 | 81 | 235 | 41| 9 86
SS03 | NE | 12 | 11 | 192 | -63 | 6 58 | 103 | 51 | 249 | -34 | 7 54
SS04 | NE | 11 | 11 | 208 | -73 | 5 | 114 | 95 | 43 | 253 | -38 | 5 97
SS05 | NE | 21 7 | 227 | 61| 10 | 14 | 89 | 36 | 247 | -31 | 10 | 14
SS06 | NE | 17 | 17 | 207 | -59 | 6 35 | 82 | 41 | 234 | -27 | 6 35
VVOl | SW | 19 | 18 | 231 | -31 | 10 | 12 | 192 | 21 | 218 | -43 | 10 | 12
VV02 | SW | 12 | 12 | 209 | -27 | 4 49 | 188 | 24 | 198 | -27 | 4 49
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Highlights

1. The precise knowledge of a structure before and after deformation allows calculating
deformation tensors.

2. The CT scanning of an analogue model with a reference system provides this knowledge.
3. A particular example shows this potentiality to understand complexly folded lineations and

expected deformation patterns.
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