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a b s t r a c t

This paper introduces a new restoration method (Pmag3Drest) designed for complex folded structures
(non-cylindrical, non-coaxial). It combines paleomagnetic vectors and bedding markers setting up
a reference system that allows deformed and undeformed surfaces to be related to one another. We
assume flexural conditions during the deformation. Consequently, the stratigraphic horizons are
considered to be globally developable surfaces with total area preservation except in specific deformation
areas. Using paleomagnetism in the proposed restoration process (Pmag3Drest) helps to locate these
areas with greater accuracy. It is similar to other approaches based on triangulations, but it forces the
available paleomagnetic data to converge with the paleomagnetic reference vector during the restoration
process. Our experiments use computer and analog models in which the deformed and undeformed
surfaces are perfectly known. This enables us to apply the restoration method to the deformed surface
and compare the parameters of the restored surface with those of the initial undeformed surface to
quantify the quality of the method. Paleomagnetic data anchor the surface leading to more accurate
results.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction: restoration of flexural folds

Three-dimensional reconstructions of the subsurface entail the
integration of discrete and heterogeneous datasets and are an
important field in Earth Sciences due to their considerable socio-
economic implications. Methodological and technological devel-
opments over the last two decades have resulted in a wide variety
of methods, tools and software packages (e.g., Move by Midland
Valley Exploration [Griffiths et al., 2002], gOcad and Kine3D
[Moretti et al., 2005] by Paradigm; and Dinel3D by iGeoss [Maerten
and Maerten, 2006]). They allow trustable georeferenced subsur-
face reconstructions to be performed with a reasonable level of
predictability, especially when abundant surface and subsurface
information is available. Problems arisewhen there are limited data
to build 3D models or when deformation processes are complex,
and for that reason, the aim of the first restoration methods, which
appeared in the 1970’s, was to validate subsurface reconstructions.
In addition, restoration tools may also be useful to predict defor-
mation patterns. Restoration techniques can be geometrical
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(as explained latter) or geomechanical (Moretti et al., 2005; Muron,
2005; Maerten and Maerten, 2006; Moretti, 2008; Durand-Riard
et al., 2010). We focus on geometrical approaches as geo-
mechanical methods require more assumptions and a better
knowledge of the subsurface geology (petrophysics, etc).

Geometrical restoration algorithms can be divided into different
approaches as a function of the number of dimensions considered:
cross-section or map-view (2D), surface (2.5D) and volume (3D)
restoration. At regional scales and crustal levels, we can assume that
deformation does not change the total rock volume, at least overall
(Goguel, 1952). These methods are, therefore, mostly based on the
preservation of lengths, angles, areas and/or volumes, as well as the
minimization of strain. These principles were first applied in 2D
leading to the techniques of cross-section balancing (Dalhstrom,
1969; Elliott, 1976; Hossack, 1979; Cooper, 1983) and map-view
restoration (Rouby et al., 1993; Arriagada et al., 2008). Over the
last twenty years, the original 2D restoration techniques have been
extended to 3D, starting with surface methods like that of Gratier
et al. (1991) usually considered to be 2.5D. Surface restoration
methods are based on the restoration of individual horizons to the
horizontal and are usually extended to multi-surface restoration by
assuming that the thickness of the layers is constant or varies in
a controlled way (Williams et al., 1997).
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For surface restoration, Rouby et al. (2000) break the process
down into two separate steps: unfolding and unfaulting. In turn,
unfolding algorithms are based on two deformation mechanisms:
simple shear (Kerr et al., 1993; Buddin et al., 1997) and flexural slip
(Gratier et al., 1991; Gratier and Guillier, 1993; Williams et al., 1997;
Léger et al., 1997; Griffiths et al., 2002; Thibert et al., 2005). Simple
shear assumes folds have internal deformation, whereas flexural
slip assumes surfaces are globally developable (area and length
preserved). The unfaulting step involves dividing the region into
rigid horizontal blocks bounded by faults (Audibert, 1991; Rouby
et al., 1993; Arriagada, 2004; Arriagada et al., 2008). Using finite
elements (Dunbar and Cook, 2003) or by parameterizing the
surface (Leger et al., 1997; Massot, 2002), 2.5D restoration can also
be performed in one step.

In all these methods, the bedding plane is the basic reference for
relating the deformed to the undeformed surfaces. The problem is
that the bedding plane cannot be used as a three-dimensional
reference system, because it is defined by a single vector and
additional constraints are required. This is particularly important
when dealing with complex structures, such as non-cylindrical
structures and the superposition of non-coaxial geometries,
which are responsible for the so-called out-of-plane motion in the
classic 2D approaches. In this context, paleomagnetism can
contribute to building a more complete reference system and
reducing the uncertainty in restoration processes. The deformed
and undeformed surfaces can be related by means of the basic
deformation mechanisms (Ramsay, 1967; Cobbold and Percevault,
1983; Ramsay and Hubbert, 1983): internal deformation, trans-
lation and rotation (Fig. 1). Since magnetization behaves as
a passive marker during the deformation processes, it provides us
with information on one of the variables, namely the rotation.

Accordingly, the combination of the paleomagnetic vector and
the bedding plane is a good reference that can be very useful in
restoration techniques, since both are known accurately in the
deformed and the undeformed surfaces. The use of paleomagnetism
in restoration tools was recommended in the early 1990’s (McCaig
and McClelland, 1992). So far, however, relatively few researchers
Fig. 1. Basic deformation mechanisms (internal deformation, translation and rotation) are a
sequence of processes is applied.
have tried using paleomagnetic information to double-check the
rotation inferred from restorationmethods (Bonhommet et al.,1981;
Bourgeois et al., 1997; Arriagada, 2004). Recently Arriagada et al.
(2008) have modified the map-view restoration method, devel-
oped by Audibert (1991) and Rouby et al. (1993), to include paleo-
magnetic data as primary information. Although their approach is
the first we are aware of that incorporates paleomagnetic data, it is
still a 2D restoration method, as are two map-view methods that
have been proposed involving paleomagnetic vectors (Millán, 1996,
2006; Pueyo, 2000, 2004). These map-view methods, which
correct shortening estimates from cross-sections and calculate
realistic shortening, have recently been applied in the Pyrenees
(Oliva and Pueyo, 2007) and in the RockyMountains (Sussman et al.,
2011).

In this paper, we introduce the first surface restoration method
that uses paleomagnetic vectors as a primary reference. The start-
ing point is the UNFOLD method developed by Gratier et al. (1991)
and by Gratier and Guillier (1993), as it is a simple geometric
approach into which paleomagnetic variables can be easily incor-
porated and it is valid for non-cylindrical structures. We assess the
accuracy of the restoration algorithm using computer and analog
models. These allow us to set up a known initial undeformed
surface (a horizontal horizon). We then perform a forward defor-
mation to obtain a controlled deformed surface. Subsequently, we
apply a restoration method to that deformed surface, and compare
the result from the restored state with the initial undeformed
surface. With an ideal restoration method the two states should
match perfectly and, therefore, we can quantify the quality of the
restoration by measuring the differences between them. This
approach is a valuable complement to other ways of assessing the
accuracy and results of a restoration, like those based on well data,
fracture distribution or kinematic models (Guzofski et al., 2009).

2. Restoration with paleomagnetism: the method

As in any restoration method, we need to establish some
reasonable initial assumptions. We assume that:
ble to relate the deformed and undeformed surfaces if the correct (non-commutative)



Fig. 2. The concept: paleomagnetism as an additional tool in restoration methods. The
surface is rotated to the horizontal with the bedding plane and then it is rotated
around its vertical axis to fit with its paleomagnetic reference vector.
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1. Layers are horizontal in the undeformed surface; horizontality
is the basic assumption in all restoration methods.

2. The folded surface is developable; it has been transformed by
preserving angles, lengths and areas, so the Gaussian curvature
is constant and zero. The method is also valid for globally
developable surfaces, like those derived from rock volumes that
have undergone flexural folding as described by Ramsay
(1967), i.e., flexural flow on the flanks or tangential-longitu-
dinal strain at the hinges.

3. An even distribution of paleomagnetic vectors characterizes
the folded surface. These vectors are primary (recorded at the
time of deposition) and behave as passive markers during the
deformation. Both the local and the paleomagnetic reference
vectors have to be reliable in the sense used by Van der Voo
(1990) and Pueyo (2010).

\The UNFOLD method, like most flexural restoration tools,
requires the first two of these assumptions, and the paleomagnetic
restrictions can be easily integrated. The horizon is defined as amesh
of triangular elements that are first laid flat, and then rearranged
(translated and rotated) to minimize distances between neighbors.
Themain change on adding paleomagnetic data is that the rotation is
not free when minimizing the distances, as it is constrained by the
paleomagnetic reference vector (Fig. 2). The software (Pmag3Drest)
has been developed using Matlab (www.mathworks.com).

The method involves the following sequence of eight steps
(Fig. 3):

1. Surface definition. A set of points with Cartesian coordinates
describes the folded surface and determines the nodes of the
rigid triangular elements of the mesh. To build the mesh,
Delaunay (1934) or regular triangulation (Hjelle and Dæhlen,
2006) can be used.

2. Incorporation of paleomagnetism. The method adds paleo-
magnetic vectors in triangular elements where paleomagnetic
data are available, only considering the magnetic declination
(the so-called “horizontal component”). The vector passes
through the barycentre of the triangle (Fig. 4). The accuracy of
the data, a95 (Fisher, 1953), can be related to the local paleo-
magnetic vector. In the case of sparse or poorly distributed
vectors, it is possible to extrapolate this paleomagnetic vector
using dip-azimuth domains (similar to the dip-domain concept
of Suppe, 1985 and Fernández et al., 2003), which effectively
means that all the triangles with similar stratigraphic orien-
tation (i.e., those in the same bedding plane) will have the same
paleomagnetic vector.

3. Flattening. Each triangle is automatically laid flat to form
a horizontal surface, by horizontal rotation about its strike axis.
In the case of overturned beds, we treat the stratigraphic
polarity as a vector in each element.
* Pin-line definition. The barycentre of these elements is in the
same position in the deformed and undeformed surfaces. As in
cross-section balancing, it is the point (or line) that anchors the
surface. Restoration is highly dependent on the pin-line, which
must therefore be carefully chosen with geological criteria
(i.e., undeformed foreland).
4. Vertical-axis rotation. The paleomagnetic vectors from the pin-

line elements must converge with the paleomagnetic reference
vector. Significant rotations are very unlikely since the pin-line
should be chosen in stable (undeformed) portions of the
horizon. If, however, there are substantial rotations, we apply
an equal rigid-body rotation to the horizon at this stage.

5. Translation and rotation. Each triangle is translated and rotated
in order to fit with its neighbors using the method of least-
squares. We minimize distances between shared vertices,
bearing in mind the paleomagnetic reference. This step starts at
the pin-line (or pin-point for single triangles). If an element has
paleomagnetic data, the related rotation is constrained by the
paleomagnetic vector (Fig. 4), with a number of degrees of
freedom that is determined by the a95 value. If the initial
(undeformed) surface were completely developable (without
any deformation), the restorationprocesswould end at this step.

6. Iterating. The translation and rotation process is iterated
a certain number of times, or for as long as the total distance
error remains below a threshold, e ¼ P

D=
P

M. In this
expression, e is the error, D the sum of distances between the
vertices of each triangle and the triangular hole defined by its
neighbors and M the sum of the medians of each triangle
(Fig. 4). This step is especially important in the original UNFOLD
method, where paleomagnetism is not considered (Gratier
et al., 1991) and rotation is free.

7. Welding. After the iterative translation and rotation, the
surface becomes discontinuous, with holes and overlaps,
assuming that the deformed surface that has been restored was
not completely developable. In order to obtain a continuous
surface, this step involves joining or “welding” the shared
vertices of neighboring triangles through an average value,
allowing internal deformation to take place.

8. Optimization process. This step is only performed when the
restoration uses paleomagnetic data. At this point of the
restoration process, the maximum paleomagnetic error
(the difference between the local and the reference paleo-
magnetic vectors) is less than the a95 angle, and we may want
to sacrifice accuracy in favor of preserving area. The vertices of
the triangles are randomly modified to minimize a potential
function (Eq. (1)), following the simulated annealing method
(Kirkpatrick et al., 1983; Press et al., 1992). The potential
function (U) includes the paleomagnetic error (1-cos[ref-
pmagi]) and the internal deformation (dilation in terms of
variation in area described by Eq. (2)) with specific weights for
each term (A and B).

U ¼ A
X
i

½1� cosðref � pmagiÞ� þ B
X
i

�
area0i � areai

areai

�
(1)

We have used three parameters to describe and quantify the
restoration results. The dilation and the deformation ellipse enable
us to compare the deformed and undeformed surfaces. Theoretical
or expected values are calculated comparing the initial undeformed
surface with the deformed surface, while estimated values are
calculated by comparing the restored surface with the deformed
surface. In an ideal case, theoretical and estimated parameters
should match. The shape coefficient relates the initial surface with
the restored surface.

http://www.mathworks.com
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1. Dilation. This is a measure of the variation in the area of the
triangles (Eq. (2)). Negative or positive dilation respectively
correspond to contraction or expansion of the folded surface
(deformed surface), with respect to the restored surface (which
ideally matches the initial undeformed surface).
Fig. 3. A) The method, step by step. B) Control parameters: shape coefficient and va
Dilation ¼ Areafolded � Arearestored
Arearestored

(2)
2. Deformation ellipse. This is a measure of the anisotropy of the
deformation. First,we compute the affine transformationmatrix
riance (percentage), dilation and ellipse of deformation (magnitude and angle).



Fig. 4. Rotation of an individual triangle with and without using the paleomagnetic vector. G is the barycentre of the triangle. Pmag is the paleomagnetic vector and ref its reference.
Di is the distance between common vertices.
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M that relates thepoints in the two states. Thematrixcoefficients
are determined using the coordinates of the vertices of the fol-
ded and restored surfaces. Second, we consider a circle centered
on thebarycentre of each triangle in the restored state, and apply
the transformationmatrixM to the canonicalmatrixof the circle.
The circles become deformation ellipses. The magnitude of the
deformation is then calculated as the ratio between the major
andminor axis of the deformation ellipse, while the orientation
of thedeformation is the angle betweenahorizontal axis and the
major axis of the ellipse (Eq. (3)).

Def magnitude ¼ majAxis=minAxis
Def angle ¼ amajAxis

(3)

3. Shape coefficient. This is a measure of the difference in shape
between the restored and the initial undeformed surfaces
reflecting the distance between all single points. The shape
coefficient is the mean value of the distances divided by the
maximum length of the surface (Eq. (4)). We also calculate its
variance (Eq. (5)).

shapeCoeff ¼
X

dist=N$length (4)

var ¼
X

ðdist�meanDistÞ2=N$length (5)

3. Discussion

To validate the restoration tool and to assess the goodness of fit
of the results we use computer and analog models. In contrast to
natural examples, for which information is usually sparse and
inhomogeneous, in these models the initial undeformed and
deformed surfaces are both known. A perfect restoration method
should yield the initial undeformed surface. Therefore, we can
quantify the accuracy of any restoration method by estimating how
much the restored state differs from the initial undeformed surface,
known from the outset.
3.1. Example of a computer model: deformed cone

We first define a preliminary deformed surface consisting of
a developable cone using Matlab. Since this deformed surface (the
developable cone) shows no deformation with respect to the initial
undeformed surface (a horizontal horizon), the cone can be
unfolded using the restoration method without adding strain. We
add the paleomagnetic reference to each triangular element in the
initial undeformed surface (horizontal) and calculate its position in
the preliminary deformed surface according to the proper
(forward) deformation that maps the horizontal horizon to the
developable cone. Second, we deform that preliminary deformed
surface (the developable cone with paleomagnetism) using
geological 3D reconstruction software (gOcad). To deform the cone,
the vertices of the triangles that form the hinge are moved up an
arbitrary distance. The paleomagnetic vectors are recalculated
accordingly; that is, they behave as passive markers recording the
deformation. Lastly, this final deformed surface (which is now
undevelopable) is restored with the new method (Pmag3Drest)
with and without using the paleomagnetic information (Fig. 5).

The theoretical (or expected) control parameters we use to
evaluate the restoration are calculated by comparing the initial
undeformed surface (which matches the surface we obtain by
restoring the developable cone) with the final deformed surface
(the undevelopable cone with hinge deformation) (Fig. 5B). The
developable cone was deformed randomly; that is, we deliberately
did not attempt to model a specific geological process, so that we
would not expect any preferential deformation orientation. As the
dilation and deformation ellipses provide similar information, we
only plot dilation to indicate the quality of further restorations.
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The estimated control parameters are calculated by comparing
the restored surface with the deformed cone (Fig. 5C). In this
example, the final shape of all the restored surfaces is fairly similar,
regardless of whether we use the paleomagnetic information. On
the other hand, the surface restored without paleomagnetic data
does not indicate any internal deformation (dilation) in the trian-
gular elements, while the surface restored with consideration of
paleomagnetism shows relatively large dilation values approxi-
mately along the hinge area, where that kind of deformation can be
expected. Unlike the UNFOLD method, the use of paleomagnetic
data in this case helps to properly anchor the restored surface and
locate the internal deformation.

At this point, we can apply an optimization process to the former
result. The optimization algorithm tends to distribute the error
across the entire surface. It is useful to obtain a smoother surface,
when we are able to ensure there is no deformation. On the other
hand, it is better to omit this last step whenwe are trying to identify
a possible deformation, as it causes the model to lose information,
the deformation always becoming weaker after the optimization.

In the former example, we assumed that the paleomagnetic
vectors were completely accurate. In a real case, the paleomagnetic
vectors will always have a degree of error, described by a 95%
confidence cone (a95). Now, we examine the result for the case
wherewe consider a realistic set of paleomagnetic vectors (Fig. 6A).
We have added a random angular deviation of �5� and �10� to the
definition of the paleomagnetic data to be used for the restoration.
As a result, the strain distribution in the corresponding restored
surfaces is less certain than in the first case (a95¼ 0�). Nevertheless,
when the angular deviation of paleomagnetic data is small
(a95 ¼ 5�), the restored surface still helps to locate areas of
maximum deformation.

In the examples considered so far, the paleomagnetic vectors
have been defined in all triangular elements of the surface. In
nature, the paleomagnetic field can only be measured in outcrops.
The next simulation approximates this situation (Fig. 6B). We
define paleomagnetic sites at the intersection of the cone with an
arbitrary topography (a horizontal plane). The paleomagnetic
vectors have been extrapolated in dip-azimuth domains, so that
regions with variation in the bedding plane of less than 5� have the
same orientation of paleomagnetic vector. In addition, we assume
that we know the paleomagnetic data in the pin-line to have
a coherent dataset. When the paleomagnetic vector is accurately
defined (a95 ¼ 0�), it is still possible to identify the expected
internal deformation at the hinge of the cone, in spite of the fact
that the accuracy is lower than in the other simulations. In contrast,
when there is a paleomagnetic error (a95 ¼ 5�) the model shows
greater inconsistencies. This underlines the fact that, although it is
a time-consuming and difficult task, it is very important to obtain
a large, reliable and evenly distributed set of paleomagnetic sites
along any structure to be studied.
3.2. Example of analog model: conical fold

Computer models give us absolute control over the deformation
process, and do enable us to analyze perfectly defined deformed
and undeformed surfaces. Nevertheless, our final target is to obtain
as close as possible an approximation to the initial undeformed
horizon of real folded geological structures, and this is totally
unknown. Analog geological models enable us to take the process
of validation of a restoration method one step further. They share
with real natural structures the inaccuracies introduced by digita-
lization, but, on the other hand, in these models we have consid-
erable control over the deformation process and we know both the
deformed and undeformed surfaces.
3.2.1. Natural example: geological setting
The analog model we describe here is based on a natural

complex-structure in the southwestern Pyrenees. The Santo Domi-
ngo anticline, in the western External Sierras (Fig. 7), strikesWNW-
ESE and is detached along the incompetent middle and upper
Triassic levels (Nichols,1984,1987;Turner,1990;Millán,1996, 2006).
Its geometry can be approximated as a conical fold with an elliptical
cross-section describing parallel near-vertical limbs (Millán et al.,
1995). The Santo Domingo anticline was active during the Late
Oligocene-Early Miocene, during the last stage of the structural
evolution of South Pyrenean sole thrust, as attested by syntectonic
sedimentation along the southern flank of the fold (Puigdefàbregas,
1975; Arenas et al., 2001). The pre-continental sequence involved in
the SantoDomingo anticline describes a pericline at itswesternmost
end (San Marzal) that runs NW and plunges an angle of 60e70�

(Nichols,1984; Pueyo,1994 and thiswork). The subsurface geometry
of the fold reflects a rapid decrease in the angle of the plunge of the
axis westwards (Oliva, 2000; Oliva et al., 1996, 2011).

The interest of this conical structure lies in the large rotations
believed to be responsible for its genesis, as originally proposed by
simple analog modeling (Millán et al., 1992). Pueyo (2000) and
Pueyo et al. (2003) explored this hypothesis by performing paleo-
magnetic analysis on both flanks of the anticline as well as on the
pericline. There is a significant clockwise rotation (CWz 45�) in the
northern flank and almost 20� of counter clockwise rotation (CCW)
in the southern flank that must gradually disappear in the non-
rotated foreland (Fig. 7). A gradual rotation magnitude is observed
around the fold hinge (SanMarzal area). This complex geometry has
arisen due to the combination of twomechanisms: 1) general along-
strike variations in themagnitude of shortening associatedwith the
diachronous emplacement of the External Sierras thrust system
(Nichols,1984;McElroy,1990;Millan,1996, 2006; Pueyo et al., 2004)
responsible forz30� CW rotation; and 2) the lateral disappearance
of the detachment level (Keuper facies) to theWest, as demonstrated
by the borehole records (Aoiz, Roncal and Sangüesa wells; Lanaja,
1987). This latter process would have produced a pinning effect
and the striking conical geometry of the fold.

3.2.2. Analog model: reconstruction
The model attempts to reproduce five main structural features:

1) the San Marzal orientation: trends 305� and plunges 67�; 2) an
approximately 50� clockwise rotation in the northern flank; 3)
pseudo-parallel flanks in the Sto. Domingo anticline; 4) synclines
trending 305� and horizontal; and 5) the southern flank is assumed
to be in structural continuity with the Ebro foreland basin and it
will be used as the pin-line.

The material selected to build the model was an EVA (ethylene
vinyl acetate) plate because it behaves like a globally developable
surface (mostly developable, which allows local deformations). The
thickness of the plate (0.3 cm) is proportional to the Guara
Formation (see cross-section at Fig. 7B). The air within the anticline
core represents the pre-Guara formations including the Triassic
evaporites. The paleomagnetic vectors (declination component) are
featured as lines printed on the EVA surface. A rectangular grid
screen-printed on the surface provides two possible references.
This 20� 20 grid is composed of rectangles of 1:5� 2 cm. The goal
of the reconstruction process is to digitalize the nodes of the mesh
defined by the two sets of lines printed on the EVA surface.

For this digitalization of the analog model we use photogram-
metry. This is a simple image-based modeling technique used in
many fields (for instance Fischer and Keating, 2004; among others).
Pictures are taken of the model from various different angles and
the software PhotoModeler (www.photomodeler.com) is then used
to carry out a 3D reconstruction (Fig. 8).

http://www.photomodeler.com
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Fig. 6. Undevelopable cone. A) Restoration when the paleomagnetic vectors are defined with variable confidence angles; a95 ¼ 5� and a95 ¼ 10� . B) Restoration when paleomagnetic
vectors are defined only in limited portions of the deformed surface. We have considered perfectly defined vectors (a95 ¼ 0�) and vectors with some degree of error (a95 ¼ 5�).
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3.2.3. Analog model: restoration
We have performed several restoration simulations using the

two paleomagnetic datasets (meridian and parallel), as well as
without considering paleomagnetism. We have also used different
pin-points and pin-lines during the restorations. The optimization
step was omitted to avoid the smoothing effect. We calculate the
theoretical (expected) deformation by comparing the initial unde-
formed surface (horizontal grid) with the deformed surface (folded
structure, Fig. 8). The curvature of the folded surface is obtained
from the gOcad software and is also used for comparisons. The
folded surface remains globally developable, and some extension is
expected at the fold hinge (Fig. 9A).

The expected deformation (dilatation) is very similar to the
simple curvature of the folded surface: since we are looking at the
uppermost surface of the deformed plate, we observe expansion in
the anticline hinge of the fold, and contraction in the synclines. This
is the expected distribution in a tangential-longitudinal model
Fig. 5. The computer model: undevelopable cone. A) Definition of the folded surface: und
Theoretical deformation (expected dilation and deformation ellipse) calculated by comparin
using paleomagnetic vectors (before and after the optimization process) and without cons
Guillier, 1993).
(Ramsay and Hubbert, 1983) where extension is related to outer
anticline hinges and contraction to the inner ones. However, the
restoration method gives us additional and independent informa-
tion with respect to curvature analysis. For example, the areas of
maximum deformation also show a preferential orientation,
namely the left syncline in the picture (northern flank in the real
structure) displays a relatively large maximum deformation with
a preferred orientation trending z140� (with respect to the hori-
zontal axis).

The restored surface using the meridian paleomagnetic refer-
ence data is almost perfect. Its rectangular shape nearly matches
the original (shape coefficient ¼ 1.6%), the spatial distribution of
dilation values is close to the theoretical one (although smaller),
and the trend of the deformation ellipse is similar in the regions of
maximum deformation. We are certainly able to predict the
deformation tendency by unfolding the surface with this paleo-
magnetic dataset. Unfortunately, however, this success is not
evelopable cone with paleomagnetic vectors (obtained from the developable one). B)
g the restored developable cone with the folded surface. C) Restoration of the surface
idering the paleomagnetic vector (equivalent to the UNFOLD method by Gratier and



Fig. 7. Geological setting of the Sto. Domingo anticline at the western end of the south Pyrenean sole thrust. A) Geological sketch map displaying the location of paleomagnetic data
and cross-sections (modified from Puigdefábregas, 1975, Millan, 1996, 2006 and Pueyo, 2000). B) Balanced cross sections; Isuerre (Oliva et al., 1996, 2011) and San Marzal (Millán,
1996, 2006). Note the effect of the fold axis plunge (cone generator trend) on the geometry of the pre-Campodarbe sequence. C) Stereographic projection of bedding poles; San
Marzal pericline and Sto Domingo anticline. A cylindrical best-fit (Bingham’s [1974] statistics) performed with the Stereonet program characterizes the fold trend and plunge.

Fig. 8. Analog modelling of the San Marzal pericline. A) Simple paper cut-out model of the San Marzal pericline (Millán et al., 1992). B) EVA foam model on which lines parallel and
perpendicular to the paleomagnetic reference vector have been screen-printed. D) Final 3D reconstruction of the model (gOcad) with the z coordinate displayed.
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Fig. 9. Analog model restoration. A) Simple curvature of the folded surface. Theoretical (expected) dilation and deformation ellipse. B) Restoration with pmag1 (meridian lineation):
restored surface after the translation/rotation and iterating steps and after the welding step (before optimization): dilation and deformation ellipse. The shape coefficient and its
variance are also calculated. The pin-line is located on the eastern side (red triangles) C) Restoration with pmag2 (parallel lineation). D) Restoration without paleomagnetic data. E)
Restoration using different pin-points (red triangles): with pmag1 and without pmag.
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generalized. The restored surface using the parallel reference leads
to similar deformation areas but with the opposite sign. In any case,
the restored surfaces fit the expected result much better when
paleomagnetic data are considered in the restoration than when
they are not. Specifically, when paleomagnetic data are not used,
the deformation propagates toward the opposite side of the pin-
line.

In this experiment, we selected the initial pin-line with
geological criteria. It is the fixed reference line used to anchor the
model and to start unfolding the surface. In the San Marzal analog
model, this line is located to the south of the structure and it
represents an undeformed and non-rotated portion of the Ebro
foreland Basin. We have also experimented with other starting
points to test the effect of this variable. The first simulation
(Fig. 9E) uses the pin-point in the lower right corner of the surface,
which still holds some physical meaning. The restoration with
paleomagnetism locates a deformation area close to the real one,
but slightly displaced upwards (eastwards) where there is no
anchor. In this case, the restoration without paleomagnetism does
not make geological sense: it is far from the expected rectangular
initial shape of the surface (shape coefficient ¼ 6.3%), and indicates
an inconsistent pattern of deformation. The second simulation
fixes the pin-point to an active part of the surface during the
deformation, the upper left corner (an absolutely meaningless
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choice). The shape of the restored surface converges reasonably
well with the expected one because the triangles can easily be
rearranged with fewer restrictions. On the other hand, the internal
deformation cannot be accurately located. Once again, in terms of
deformation, the restoration of the same example without using
paleomagnetic vectors leads to results which are geologically
meaningless.

4. Conclusions

In this paper, we present a new surface restoration method. It is
based on the combined use of the bedding plane and paleomag-
netic vector to relate deformed and undeformed surfaces in non-
cylindrical structures.

The method is applied to two examples: the computer model of
a deformed cone (undevelopable), and a 3D reconstruction of an
analog model inspired by the conical ending of the Santo Domingo
anticline (Southern Pyrenees). Accurate knowledge of the
deformed and undeformed surfaces is the main advantage of using
this type of analog model, and enables us to quantify the goodness
of fit of our restoration method.

The method using paleomagnetic data works better than the
equivalent that only considers the bedding plane as a reference in
several respects:

1. It may help locate the strain and its anisotropy. In the examples
studied, the restoration algorithm was more efficient in
delimiting regions of expected deformation.

2. Although in most cases the deformation areas are similar to the
surface curvature patterns, the restored surface gives more
information about anisotropy and preferential orientation of
the deformation than curvature analysis.

3. The paleomagnetism reference vector restricts rotation and
thus anchors the surface to more than one point (not just the
pin-line). This leads to the surface having a more coherent and
constant shape, not so dependent on the pin-line, which must
in any case be chosen by geological criteria.

The method also shows some weakness and flaws that should
be considered in future developments:

1. The distribution and quality of paleomagnetic vectors across
the folded surface influence the results. Therefore, the paleo-
magnetic dataset must be accurate and reliable, including
densely spaced measurements that are evenly distributed
across the studied structures.

2. Pinpointing the factors that determine the deformation path of
a restored surface is a challenging task and is not always
possible. There are two main reasons: a poor reconstruction (a
non-developable surface or inaccurate paleomagnetic data) or
actual surface strain. When deformation propagates to the
opposite side of the pin-line, we know that this is caused by
the restoration method itself. On the other hand, if the
deformation is coherent when unfolding the surface from
different sides, we should study the resulting deformation
carefully since this may contain relevant geological
information.

3. The optimization process does not help with the process of
identifying zones of deformation because it distributes errors
that are likely to contain information.
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