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ABSTRACT

Simulation of deformation in sections across tectonic structures can provide important information
about the present-day state of such structures. A technique for simulation of deformation, based on
cross-section restoration, is presented. The deformation parameters are calculated through a model that
provides information in numerical format and the results are illustrated overlapping gridded images and
diagrams on top of the sections across the structures in order to visualize their geological significance.
The validity of this method has been proved through its application to a structure formed in a contrac-
tional regime. The structure analyzed is located in the Cantabrian Mountains, NW Iberian Peninsula, and
consists of a fault-propagation fold made up of Carboniferous limestones. The excellent outcrop of this
structure allowed a complete geological cross-section reconstruction, and a detailed structural and
kinematic analysis in order to obtain an accurate restoration. The results furnished by the restoration
technique about the deformation values and patterns are in agreement with small-scale structures

Cantabrian fold and thrust belt
Small-scale structures

observed in the field as well as with the geometry and kinematics of the structure.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Knowing the deformation undergone by beds involved in
tectonic structures is an important aim for structural geologists
from the purely scientific point of view but also from the economic
point of view since a large number of disciplines are interested in
understanding the distribution and evolution of deformation in
rocks (hydrocarbon, mining and ground water exploration, engi-
neering geology, sub-surface storage of fluids, seismicity, etc.).
Direct methods to measure deformation employ strain markers
present in the rocks (fossils, fossil traces or different types of
particles) such as those methods which construct strain ellipses
using geometrical parameters measured from several lines on
a plane (Ramsay, 1967; Ragan, 1985; Ramsay and Huber, 1987), the
R/p method (Ramsay, 1967; Dunnet, 1969), the “all-object-separa-
tion” plot (Fry, 1979a,b) and analysis of fibrous mineral overgrowths
(Durney and Ramsay, 1973; Hedlund et al., 1994) amongst others.
Unfortunately, in many folded/faulted regions it is not always
possible to obtain deformation data since strain markers are absent,
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they are poorly distributed or they are not accessible (bad quality
outcrops, sub-surface or offshore structures). One way to overcome
this drawback consists of using techniques to simulate deformation
which may be employed as predictive tools of deformation archi-
tecture in natural geological structures. These methods do not
require collecting rock samples from the geological bodies analyzed
because they deal with geological maps, cross-sections and/or 3D
geological surfaces. Some of these techniques are curvature analysis
of folded surfaces (e.g., Lisle, 1994; Samson and Mallet, 1997; Rob-
erts, 2001), forward modelling (e.g., Thorbjornsen and Dunne, 1997;
Bastida et al., 2003; Ormand and Hudleston, 2003; Allmendinger
et al., 2004), restoration (e.g., Erickson et al., 2000; Hennings et al.,
2000; Rouby et al., 2000; Dunbar and Cook, 2003; Moretti et al.,
2007), restoration plus forward modelling (e.g., Allmendinger, 1998;
Sanders et al., 2004; Poblet and Bulnes, 2007), etc.

Here we present a method similar to that of Erickson et al.
(2000), Hennings et al. (2000), Rouby et al. (2000), Dunbar and
Cook (2003), and Moretti et al. (2007), since they employ resto-
ration to quantify different parameters that characterise the
deformation undergone by rocks in folded/faulted regions. The
strategy consists of introducing circular strain markers in
a deformed cross-section, subsequently restoring the section
together with the strain markers, and finally obtaining the strain
ellipses (one for each strain marker) through application of
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a mathematical model. The strain parameters are calculated in
numerical format and the results are illustrated through graphical
outputs displayed on top of the sections across the geological
structures, which may be compared with the orientation and
distribution of tectonic features such as minor-scale folds and
fractures, structural fabrics, etc.

The predictive capabilities of the method are shown through its
application to a fault-propagation fold developed over a thrust fault
in the Bodon Structural Unit (Cantabrian Zone, NW Iberian Penin-
sula) affecting Carboniferous limestones. This fault-related fold is
an example of a contractional tectonic structure, where geological
data quality, and the excellent outcrop and accessibility allowed us
to carry out a complete structural analysis in order to verify the
method presented here. The fact that the stratigraphic sequence is
well-known and that the structure is tilted, so that almost the
whole structure is exposed and only a small amount of data
extrapolation is needed to complete the geometry of the structure,
makes it an excellent candidate to be studied in detail. In addition,
the analysis of this natural example furnished information on the
deformation undergone by different portions of fault-propagation
folds related to thrusts.

The main goals pursued here are (a) show a practical application
of the method using 2D sections across geological structures and
(b) provide additional insight about deformation in fault-related
folds developed over thrust faults.

2. Methodology

The methodology presented in this paper is based on the
following procedure:

(a) construction of a retro-deformable geological cross-section
parallel to the tectonic transport direction using all the avail-
able surface and sub-surface data;

introduction of strain markers along the geological section, so

that the size, density and distribution of the markers are

a function of the features of the structure or region to be

analyzed, the precision of the results one would like to obtain

and the occurrence of specific areas in which high deformation
amounts are suspected or have a particular geological
significance;

(c) partial or total restoration of the geological section including
strain markers;

(d) application of a mathematical transformation to the restored
strain markers in order to calculate the orientation of the semi-
axes and lines of no finite deformation of the deformation
ellipses, and the magnitudes of ellipse ellipticity and layer-
parallel strain derived from each strain marker;

(e) data contouring in order to interpolate deformation parame-
ters in between strain markers;

(f) results display (contour/colour images of amount of ellipticity,

diagrams showing orientations of ellipse semi-axes, etc.) onto

the present-day, deformed geological cross-section;
comparison of the cross-section including the deformation
simulation with the deformed, geological cross-section
including second-order structures to check whether the
deformation parameters and patterns simulated are in accor-
dance with the type, orientation and motion along the small-
scale structures, and therefore, the deformation simulation is
geologically reasonable; and

use of the geological cross-section including the deformation

simulation as a predictive tool for those regions in which not

enough data are available, e.g., hidden portions of the struc-
tures in the sub-surface or offshore, poor seismic imaging or
bad quality outcrops of some parts of the structure.

(b

~

~

(g

G

If the deformation simulation does not agree with the second-
order structures present in the region and/or some anomalies or
artefacts are detected in the deformation simulation, the following
parameters must be checked and the procedure must be totally or
partially repeated depending on the error encountered (Bulnes and
Poblet, 1999): quality of the (a) geological data collected in the
outcrop, sub-surface and/or offshore; (b) structural interpretation
and (c) cross-section construction; (d) orientation of the section
line; (e) position and dip of the pin and loose lines; (f) restoration
algorithm(s) employed; (g) plane strain assumption; (h) size,
density and/or position of the strain markers; (i) data interpolation
algorithm(s) used; and/or (j) influence of parameters not consid-
ered such as vertical/horizontal compaction amongst others.

The method described above may be applied to different types
of structures developed in contractional, extensional, inversion
tectonics, etc., settings in which the distribution of strain along the
folded/faulted layers may occur through different mechanisms
such as layer-parallel shear, vertical/inclined shear, etc. In the
natural example analyzed here, layer-parallel shear was the main
mechanism, a common mode of distribution of deformation in
sedimentary sequences involved in different types of structures
formed under contractional conditions in upper crustal domains.
This is the reason why the mathematical model developed below is
in accordance with the geometrical properties of layer-parallel
shear. The mathematical strategy is based on solving an equation
system represented by 2 x 2 matrixes. In the departure state, that is
the present-day, geological cross-section, circular strain markers
are included and symbolized by circles with unit radius (Fig. 1).
Each strain marker is defined by a local coordinate system with
origin in the centre of the circle and is constrained by four points P,
P,, P3 and P4 defining a square with coordinates P1:(0,1), P2:(1,1),
P3:(1,0) and P4:(0,0). When the present-day, geological cross-
section, including circular strain markers, is restored each circle
becomes an ellipse and the original coordinates of the points that
constrain the circles change. The ellipses obtained in the restora-
tion are reciprocal strain ellipses.

Knowing the original and the final coordinates of at least two
points that define each strain marker, determining the parameters
of the strain ellipse produced in natural deformations requires the
application of an algebraic model (Fig. 1). For small portions of
a section across a structure, the deformation is assumed to be
homogeneous. Under these conditions, the eulerian equations of
transformation of points enable calculating the strain ellipses using
the departure state (present-day, geological cross-section) and the
final state (restored, geological cross-section):

(1)

{Xl = b11x1 +b12x;
Xo = by1x1 + bpxy’

where the deformed and the undeformed state are represented by
two coincident coordinate systems (x1, x2) (spatial coordinates) and
(X1, X2) (material coordinates). The coefficients bjj can be calculated
solving the equation system (1), which is constituted by the matrix
b (spatial deformation gradient) (see Malvern, 1969, pp. 156-157):

b b
b — 11 D12 )’ 2
(b21 bay 2)
Using the layer-parallel shear assumption, det b=1 (no area

variation) and the matrix of the Cauchy deformation tensor c is
given by (see Malvern, 1969, p. 158):

— brebh = (11 C12> 3
c—breb— (1 €2, 3)

where bt is the transposed matrix of b.
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Fig. 1. Schematic illustration of the deformation simulation using cross-section restoration. Undeformed circle markers are placed onto the deformed, present-day cross-section.
The initial circles are constrained by four points forming a unit square referred to a local coordinate system with origin in the centre of the circle. In the restored section the new
coordinates of these points are used to calculate the strain parameters and to simulate the deformation on the present-day cross-section.

The matrix c is symmetrical; its characteristic equation is:

V2 i +iy =0, (4)
where:

i1 =11+ (5)
and

i = 11 — C12 (6)

are the invariants of the tensor c.

The roots of Eq. (4) give the principal reciprocal quadratic
elongations, A’y and A',. From them the magnitudes of maximum
and minimum stretch of the strain ellipse (Fig. 1) are given by:

V= 7)

Vi = = (8)

To decipher the orientation of the strain ellipse the following
equation is needed:

!/

{ (Cn —/\/1)'“1 +Ci1a°ny =0 9)
Ci2°Nq + (C22 —X])'nz =0’

where n; and n, are the components of an eigen vector n that
provides the orientation of the maximum stretch. This equation
system has infinite solutions which correspond to vectors with the
same direction (principal direction of 4). If we assume that n; =1,
we can determine the angle 6, that supplies this direction (Fig. 1).
Making ny =1 in the first of Eq. (9), we can find the value of n;, using
the equation:

(1/1 *Cn)

n, = tan 0 =
€12

(10)

Finally, the orientation of the lines of no finite deformation
represented by the angle § (Fig. 1) is given by (Ramsay, 1967):

1- X
tanz 5 _ ( . 1)
(22— 1)
Different formats may be used to display the numerical results.
To visualize the distribution and magnitude of deformation, the

(11)
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ellipticity (ratio between the minimum and maximum elongation)
obtained for each strain marker may be contoured using an inter-
polation algorithm such as kriging and the output should be
overlapped on top of the present-day, deformed geological cross-
section. This permits indentification, at a glance, zones of high
deformation, their shape, location and relationships with the
geological structure(s) analyzed. The orientation of the maximum
elongation, minimum elongation and lines of no finite deformation
may be displayed through lines properly oriented and positioned
on the centre of each strain marker superposed on top of the
present-day, deformed geological section across the structure(s)
investigated.

The potential applicability and procedure of the method
described is shown through its application to a section across
a forward model of fault-propagation fold constructed using the
classical Suppe and Medwedeff (1990) equations for constant
thickness folds (Fig. 2a and b). Unlike natural structures, in this
theoretical example there are no uncertainties related to the data
and procedure employed in the geological cross-section construc-
tion, restoration and strain simulation. The deformation predicted
across the structure is geologically reasonable and corresponds to
that expected in this type of folds (Fig. 2c and d).

The main advantages of the methodology proposed are (a) it is
not necessary to use specific software or particular equipment to

Maximum
elongation

Minimum
elongation

Lines of no
— finite
deformation

Fig. 2. Deformation simulation of a forward model of a parallel fault-propagation fold constructed using Suppe and Medwedeff (1990) equations. (a) Section across the fault-
propagation fold including strain markers; (b) restoration of the section shown in (a); (c) orientation of maximum and minimum elongation and lines of no finite deformation for
each strain marker; (d) magnitude of an ellipticity coefficient (minimum/maximum elongation ratio). The lengths of the elongation axes illustrated in (c) are the same for each strain
marker and are not proportional to their values. In figure (d), the maximum deformation is represented by red colours with values tending to zero, whereas the minimum

deformation is represented by blue colours with values close to one.
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simulate deformation, since it can be modelled using a combination
of conventional software to restore cross-sections and to perform
data contouring and drawing packages; (b) the only parameters
needed to perform the analysis are sections across structures and
the strain markers placed arbitrarily on them; (c) the possibility of
choosing the density, the size and the location of the strain markers
allows us to obtain accurate results at any scale and in any struc-
tural position in relationship with the type, dimensions and
geometry of the structure(s) analyzed; and (d) processing the
deformation data using a mathematical model provides quantita-
tive results and enables improving the technique at any time by
including empirical corrections and/or more complex algorithms
such as statistic filtering, etc.

3. Application of the method to a natural example

In order to test the validity of the method presented, it is applied
to a contractional structure called Los Fuejos described below.

3.1. Geological setting

Los Fuejos structure is situated in the Cantabrian Zone (Fig. 3).
The Cantabrian Zone is the external part of the Variscan orogen in
northwest Iberian Peninsula and consists of a fold and thrust belt,
developed during Carboniferous times. The structures exhibit
a tight arcuate geometry in map view known as Ibero-Armorican or
Asturian Arc, whereas in cross-sectional view they form an
orogenic wedge that thins towards the foreland. The thrusts and

related folds are consistent with a foreland-directed tectonic
transport vector, however, some structures are overturned, so that
they apparently moved towards the interior of the Cordillera
(e.g., Julivert, 1971, 1979, 1981, 1983; Savage, 1979, 1981; Pérez-
Estaiin et al., 1988; Pérez-Esta(in and Bastida, 1990; Aller et al., 2004
and references therein).

Los Fuejos structure is a several meters wide and high structure
located in the north limb of a kilometric-scale, tight and approxi-
mately upright anticline whose axial plane strikes E-W and is
called the Villasecino anticline (Fig. 3). This regional-scale anticline
is interpreted to be a Variscan feature that deforms a number of
Variscan folds and thrusts present in this region as can be observed
in various geological maps (e.g., De Sitter, 1962; Marcos, 1968;
Martinez-Alvarez et al., 1968; Alonso et al., 1989; Sudrez-Rodriguez
et al., 1990).

Los Fuejos structure is exposed in an approximately NNE-SSW
section along a local road and involves Carboniferous limestones,
radiolarites and shales (Fig. 4a and b). Only the central portion of
the photograph shown in Fig. 4a, corresponding to red, fossil
bearing, nodular limestones, has been studied. In particular, eight
geological horizons were interpreted within this stratigraphic
package. Overlying the limestones, to the north, there are red
radiolarites detached from the limestones. Both, the red limestones
and radiolarites belong to the Alba Formation. The lowermost
interpreted horizon, to the south, where the basal detachment of
Los Fuejos structure is located, consists of a thin level of black shales
(Vegamian Formation) and constitutes the boundary between this
formation and the white limestones of the underlying Baleas

MADRID

[ Variscan Belt in the
NW Iberian Peninsula

] 10 20 30 Km Unconformable Unconformable Westasiur-Leonese Zone
‘Stephanien rocks Mesozoic-Tertary rocks
PALAEOZOIC ROCKS IN THE MAJOR THRUST UNITS OF THE CANTABRIAN ZONE
CI PRECAMBRIAN [| PONGA, ARAMO & SOBIA- BODON PICOS DE PISUERGA- CENTRAL COAL
NARGEA ANTIFORM) | SOMIEDO-CORRECALA NI EUROPA UNIT GARRION UNIT BASIN UNIT
UNITS.
: N-S
Quaternary
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/ 50 / Valdeteja Fm. \
[ | Barcaliente Fm
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Fig. 3. (a) Structural sketch of the Cantabrian Zone (NW Iberian Peninsula) with location of the study area (southwest termination of the Boddn structural unit). (b) Geological map
of the study area (modified from Suarez-Rodriguez et al., 1990). (c) Section A-A’ across the Villasecino anticline showing the position of Los Fuejos structure.
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+——— ALBA FORMATION - CARBONIFERQUS —»
Limestones

Black Shales

Fig. 4. (a) Geological interpretation of a photograph of Los Fuejos structure. (b) Stratigraphic section of the sedimentary sequence involved in the structure. (c) Equal area projection
in the lower hemisphere of bedding (black lines) and fold axes (purple dots). (d) Equal area projection in the lower hemisphere of foliation (blue lines) and intersection lineations
between foliation and bedding (black dots). (e) Equal area projection in the lower hemisphere of fault planes and slickensides. (f) Shear veins parallel to bedding and sigmoidal-
shape foliation surfaces confined within them. (g) En-echelon tension gashes defining a band sub-parallel to bedding and shear vein slightly oblique to bedding compatible with the

shear veins that bound a sigmoidal-shape foliation.

Formation of Upper Devonian-Carboniferous age (Alonso et al.,
2008).

Los Fuejos structure is made up of folds and several faults. In
outline, beds and structures strike in WNW-ESE direction and
beds dip steeply towards the NNE (Fig. 4a and c). Folds have metric
or smaller sizes, rounded hinges, approximately parallel geometry,
interlimb angles around 90° and axial surfaces terminating against
faults (Fig. 4a). Fold axes plunge sub-horizontally to gentle (Fig. 4c)
and axial planes dip moderately to steeply towards the SSW.
Styloliltic foliation surfaces dip moderately towards the SSW,
however, they show occasional ENE-WSW strikes and moderate

SSE dips (Fig. 4d). The variable orientation of the foliation surfaces
is due to refraction and to the irregular foliation development in
some limestone beds. The intersection lineations between bedding
and foliation plunge gently to moderately towards the E and ESE
(Fig. 4d). Except for the basal detachment, located between the
Alba and Vegamian formations, faults are a few meters in length
and this is also the maximum displacement along them, they are
mainly oblique to bedding and constitute an imbricate fault
system. They have a sub-vertical dip to both NNE and SSW (Fig. 4a
and 4e), and, in cross-sectional view, exhibit normal and reverse
movements.
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Apart from folds and faults, several small-scale structures were
observed: (a) bedding surfaces filled in by different generations of
calcite parallel to the vein edges and elongated striations approxi-
mately perpendicular to the fold axis indicating that these bedding
surfaces behaved as shear veins (Fig. 4f and g) (another generation
of shear veins appears characterized by a sense of movement
equivalent to that of the shear veins described above and slightly
oblique to them); (b) a sigmoidal-shape foliation confined within
the shear veins described above (Fig. 4f); (c) shear veins sub-
perpendicular to bedding; (d) en-echelon tension gashes that
define bands sub-parallel to bedding (Fig. 4g), and much less
developed and less common conjugate bands of en-echelon tension
gashes; and (e) a system of open fractures sub-perpendicular to
bedding. In outline, most of the small-scale structures appear all
over Los Fuejos structure, however, their development is much less
intense in the outer part of the largest anticline hinge except for the
open fractures restricted to this region. Single systems of en-
echelon tension gashes occur in many places, however, conjugate
systems mainly occur in the unfolded but tilted part of the structure
located towards the south.

3.2. Construction of a cross-section

Los Fuejos structure is very well exposed enabling an accurate
geological interpretation (Fig. 4a). The outcrop orientation is
approximately parallel to the tectonic transport vector and
approximately perpendicular to the strike of the structures.
However, a proper visualization of the structure, a construction of
a correct present-day cross-section and a subsequent cross-section
restoration require modifications of the image shown in Fig. 4a
described below.

(1) The geological interpretation of the photograph was corrected
due to photographic distortions using a grid and accurate
measurements of distances between grid nodes taken in the
field.

(2) Los Fuejos structure is located in the north limb of the large-
scale Villasecino anticline (Fig. 3), however, the temporal
relationships between both structures are unknown; Los Fue-
jos structure could be developed: (a) before the initiation of the
Villasecino anticline as a south-directed structure, or (b) during
the Villasecino anticline amplification as a flexural-slip
accommodation structure in its north limb. In any case, to
better understand the relationships between beds, folds and
faults, the geological interpretation of Los Fuejos structure was
rotated 70° in a clockwise sense looking ESE around a hori-
zontal ESE-WNW axis, until the detachment and the tilted
black shales and light-coloured limestones, situated in the
south side of Los Fuejos structure, became horizontal (Fig. 5a).
The rotation performed consists of rotating the north limb of
the Villasecino anticline as a rigid body. In the rotated
geological section across Los Fuejos structure: (a) all the faults
become reverse, (b) the detachment becomes horizontal, (c)
the black shales and light-coloured limestones become the
undeformed, flat-lying rocks located in the footwall of the
structure, and (d) the geometrical relationships between folds
and faults can be easily interpreted in terms of thrust-related
folding in agreement with the structural style identified in
surrounding areas.

(3) The next step consisted of constructing the sub-surface portion
of the structure (Fig. 5a) using a technique called “projecting
faults to depth” (Roeder et al., 1978) which consists of extrap-
olating the surface geological interpretation into the sub-
surface using the available surface dip data, assuming that bed
thickness remains constant and knowing the stratigraphic

NNE SSW
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NNE SSW
- f c T
7 vh--—/\ ~~
6 7
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3
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2 h 2
=
1 1

0 2m
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Fig. 5. (a) Reconstruction of a present-day cross-section using a photograph inter-
pretation and outcrop measurements. The sub-surface portion is completed assuming
that the thrust displays a hangingwall flat over a footwall ramp and branches with
a basal detachment. (b) Final section across the Los Fuejos structure perpendicular to
the main fold axis after the trigonometric correction of the cross-section displayed in a.
In this section the fault “g” with strike-slip component was removed and this portion
of the section was redrawn accordingly.

position of the detachment surface (sole thrust). Two different
criteria were used to establish the stratigraphic position of the
detachment: (a) a detachment between the Alba Fm. and the
underlying Vegamian Fm. is observed in the outcrop at the base
of Los Fuejos structure, and (b) the base of the Alba Fm. is
a detachment surface in several portions of the Cantabrian
Mountains (e.g., Julivert, 1983; Alonso, 1987; Bulnes and Mar-
cos, 2001).

(4) The angle between the fold axis plunge and the outcrop surface
is around 63°, and therefore, to visualize the structure properly,
a fold profile perpendicular to the fold axis was obtained
through a trigonometric correction assuming a constant plunge
of the fold axis according to a procedure described by Ramsay
and Huber (1987) (Fig. 5b).

(5) In the section obtained across Los Fuejos structure, a sub-
horizontal, oblique to bedding fault occurs in the backlimb
of the anticline (fault “g” in Fig. 5a). The geometry of this fault
and its relationships with hangingwall and footwall beds
suggest that it could be a north-northeast directed backthrust
emanating from an anticline hinge. However, kinematic indicators,
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such as slickensides measured on the fault surface, point out
that a main E-W strike-slip component of displacement took
place along it. Since the cross-section obtained has to be
restored, this fault was removed from the cross-section
because it implies a certain amount of movement out of the
section, approximately perpendicular to the main tectonic
transport vector which will be described below. The beds in the
hangingwall of this fault were redrawn in order to display
a geologically reasonable reconstruction of the structure. The
final section across Los Fuejos structure is presented in Fig. 5b.

3.3. Fault-.fold relationships and distribution of deformation within
folded layers

In the profile across Los Fuejos structure, a thrust system formed
by imbricate fault surfaces and a duplex is observed (faults “a”, “b”,
“c”, “d” and “e” in Fig. 5); individual fault surfaces dip from gently
to moderately to the NNE, involve small amounts of displacement
and usually display hangingwall ramps over footwall ramps. These
minor thrusts emanate from a main thrust ramp that dips moder-
ately to the NNE, exhibits a hangingwall flat over a footwall ramp
and merges into a detachment surface that runs at the base of the
Alba Fm. (Fig. 5). A second-order detachment at the base of bed 4
runs from the backlimb to the forelimb of the major anticline and
becomes a small ramp segment in the hinge zone.

Folding is almost exclusively restricted to the hangingwall of
the main thrust ramp except for a small thrust ramp in the foot-
wall that dips moderately to the NNE, branches with the detach-
ment and affects the two lowermost beds giving rise to a fault-
related fold. The major fold is a metric-scale, open and asymmetric
anticline with a large backlimb that dips gently to the NNE, and
a shorter forelimb steeply dipping to the SSW. Decimetre-scale
folding associated with the major anticline is located in its fore-
limb (Fig. 5).

The fold asymmetry (south-verging folds), the hangingwall and
footwall thrust ramps and flats (Fig. 5), and some kinematic indi-
cators, such as slickensides measured on the fault planes and
asymmetric millimetre-scale folds developed in the black shales
close to the detachment, point out a south-directed sense of
tectonic transport.

The displacement along the imbricate thrust system decreases
up section because shortening is taken up by folding. This can be
observed in a displacement versus distance along a fault diagram
(Fig. 6) constructed for fault “a” in Fig. 5 (the fault that exhibits the
greatest displacement). Although the detailed interpretation of the
displacement versus distance function is difficult because it
depends on the rheology of the rocks (e.g., Muraoka and Kamata,
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Fig. 6. Displacement versus distance graph constructed for fault “a” in Fig. 4.

1983), type of fold (McConnell et al., 1997), occurrence of break-
throughs (Connors, pers. com.) and cut-off angles, the behaviour of
the displacement/distance function points out that, strati-
graphycally upwards, the displacement amount decreases. The loss
of displacement along the faults stratigraphically upwards together
with the following points: (a) asymmetric major anticline with
a long, gently dipping backlimb, with a dip similar to that of the
main thrust ramp, and a shorter, steeper forelimb, (b) relative small
interlimb angle, (¢) numerous second-order folds and imbricate
thrusts in the forelimb and frontal syncline, and (d) thrusts whose
tip point is located in the forelimb and frontal syncline indicates
that the Los Fuejos structure can be interpreted as a fold-propa-
gation fold related to an imbricate thrust system (Jamison, 1987;
Suppe and Medwedeff, 1990; Mitra, 1990; Poblet, 2004 amongst
others). The occurrence of fault-propagation folds in the Cantabrian
Mountains has been documented in previous studies (e.g., Alonso
and Marcos, 1992; Alonso and Teixell, 1992; Bulnes and Marcos,
2001; Bulnes and Aller, 2002).

The shear veins, the sigmoidal-shape foliation confined within
the shear veins and the en-echelon tension gashes point out that
layer-parallel shear occurred during fold amplification with
displacement of each single bed towards the major anticline hinge
relative to the underlying bed. Although there are evidences of
layer-parallel shear as the main mechanism of distribution of
deformation during Los Fuejos structure evolution, other mecha-
nisms cannot be discarded. Thus, foliation, possibly originated by
pressure/solution, and bed thickening in specific areas, for instance
bed 7 in the forelimb of the major anticline (Fig. 5), suggest that
layer-parallel shortening might have also occurred. The occurrence
of open fractures in the outer part of the anticline hinge suggests
that a component of tangential longitudinal extension might took
place to a certain extent.

3.4. Cross-section restoration

The profile of Los Fuejos structure, approximately parallel to the
tectonic transport and perpendicular to the fold axis (Fig. 7a), was
restored to a pre-deformational stage to validate the geological
interpretation, decipher the initial geometry of the structures and
estimate the amount of shortening underwent by the structure
(Fig. 7b). In order to restore the profile, a forward sequence of thrust
emplacement was assumed.

A correct restoration of the section across Los Fuejos structure
implies knowing the deformation mechanisms that operated in this
particular structure in order to use appropriate algorithms. The
small-scale structures described above indicate that layer-parallel
shear seems to be the most plausible mechanism of distribution of
deformation and explains the development of Los Fuejos structure.
This led us to restore the cross-section using layer-parallel shear
(software package Geosec 2D®). However, due to the complexity of
the geological structure, employing exclusively one algorithm was
not possible. It was necessary to integrate other algorithms in the
restoration procedure such as equal-area balancing in some specific
areas where evidence of layer-parallel strain exists. In particular, in
the footwall of the main thrust ramp, there is a small-scale fold
developed in beds number 1 and 2 linked to a thrust ramp (fault h
in Fig. 5) where a thickness variation occurs. Another thickness
variation involves beds number 5, 6 and 7.

The pin line (SSW end of the cross-section) was placed
perpendicular to bedding in the transported along the detachment
but unfolded footwall block, whereas the loose line (NNE end of the
cross-section) was placed perpendicular to bedding in the unfolded
but transported along the detachment hangingwall (Fig. 7a). The
shortening values measured between the pin and loose lines in the
restoration range from 3.18 to 4.53 m (19.1-25.2%) (Table 1).
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Fig. 7. (a) Balanced cross-section across the Los Fuejos structure and (b) restored section using the layer-parallel shear algorithm (and area restoration where local thickness
variation occurs). In both the balanced section and the restoration, strain markers used to simulate the deformation are displayed.

The geometry of the restored loose line is irregular, dipping
moderately to the NNE in the upper part of the stratigraphic
sequence and steeply to the SSW in the lower part (Fig. 7b). This
geometry may be the result of a certain amount of shear undergone
by the structure. Nevertheless, major irregularities of the loose line
occur within the beds affected by the fault with out-of-plane
movement (fault “g” in Fig. 5a). The change in dip sense of the
restored loose line takes place along the boundary between beds 2
and 3, where the tip of this fault is located. This suggests that, at
least part of the irregularities of the loose line geometry might be
the consequence of geometric modification of the Los Fuejos
structure introduced when removing this fault from the cross-
section.

The restoration achieved illustrates a detachment and an
imbricate thrust system with ramps that dip around 10-30°; it is
reasonable from the geological point of view, and therefore, it
validates the geological interpretation of the structure.

Table 1
Shortening (in meters and in percentage) obtained from comparing the restoration
of the profile across the Los Fuejos structure with the balanced profile.

Bed number Length (m) Shortening (m) Shortening (%)
Top bed 7 16.63 3.18 19.1
Top bed 6 16.86 3.41 20.2
Top bed 5 17.03 3.58 21.0
Top bed 4 17.62 4.17 23.7
Top bed 3 17.84 4.39 24.6
Top bed 2 17.98 4.53 25.2
Top bed 1 17.92 447 25.0
Base bed 1 17.70 4.25 24.0

3.5. Deformation simulation

The adequacy of layer-parallel shear to restore most of the
section across Los Fuejos structure allowed us to go on with the
method to simulate the deformation presented above. The strain
markers included in the section are the same size everywhere but
their distribution is not homogeneous (Fig. 7a). The density, spacing
and location of the markers were chosen to provide the best
information about the strain architecture of this particular struc-
ture. Thus, there are only a few markers in the undeformed foot-
wall, whereas the greatest density corresponds to the forelimb
around the imbricate thrust system where the structures suggest
a significant amount of deformation, and therefore, placing a large
number of strain markers there is more relevant for deformation
prediction. Nevertheless, part of bed 1, and beds 6 and 7 have no
strain markers as no information can be obtained from these beds
due to the algorithm employed to restore them, different from
layer-parallel shear.

Fig. 8a shows the orientation of the axes of maximum and
minimum elongation, and Fig. 8b displays the orientation of the
lines of no finite deformation calculated from each strain marker. In
the hangingwall block, close to the thrust ramp, the orientation of
the elongation axes and lines of no finite deformation is compatible
with small structures observed in the outcrop. The axes of
maximum elongation (moderately plunging to the SSW in the
anticline backlimb and moderately to steeply plunging to the SSW
in the anticline forelimb in beds 3, 4 and 5, and steeply plunging to
the NNE in beds 1 and 2) are sub-perpendicular to the tension
gashes measured in the field; thus, the orientation of the axes of
maximum elongation and the orientation of 61% of 18 tension
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Fig. 8. Deformation simulation of the Los Fuejos fault-propagation fold including: (a) orientation of maximum and minimum elongation for each strain marker; (b) orientation of
the lines of no finite deformation for each strain marker; (c) contours (obtained using the kriging interpolation algorithm) of an ellipticity coefficient (minimum/maximum
elongation ratio) with the contour interval 0.02. The lengths of the elongation axes illustrated in (a) are the same for each strain marker and are not proportional to their values. In
figure (c), the maximum deformation is represented by red colours with values tending to zero, whereas the minimum deformation is represented by blue colours with values close
to one. The fact that the contours are not offset by the faults does not necessarily mean that ductile deformation postdates faulting, but to the superposition of the contours on top of

the present-day cross-section.

gashes average from 80° to 90° apart, more than 33% of the tension
gashes average from 70° to 80° apart, and 5.5% of the tension
gashes average from 65° to 70° apart. The axes of minimum elon-
gation are sub-perpendicular to the foliation surfaces observed;
thus, the orientation of the axes of minimum elongation and the
orientation of 60% of 15 foliation surfaces average from 80° to 90°
apart, more than 13% of the foliation surfaces average from 70° to
80° apart, and more than 13% of the foliation surfaces average from
50° to 70° apart. In addition, the orientation of the axes of
maximum and minimum elongation is consistent with the move-
ment that occurred along bedding surfaces and bands defined by

en-echelon tension gashes. In beds number 3, 4 and 5, located in
the backlimb of the major anticline, the maximum and minimum
elongation axes plunge in opposite senses with respect to the dips
displayed in beds 1 and 2 (Fig. 8a). Such an anomaly, perhaps due to
the geometric modification of Los Fuejos structure induced when
the fault with out-of-plane movement was removed from the
cross-section (fault “g” in Fig. 5a) and/or to the irregular geometry
of the restored loose line (Fig. 7b), is not very important because of
the small amount of deformation undergone by this area (Fig. 8c).
However, such an anomaly would be consistent with the hypoth-
esis of shear induced by fault “g” due to its displacement as
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a backthrust. If correct, this would indicate that fault “g” was
probably a backthrust reactivated as a strike-slip fault, but only
strike-slip kinematic indicators were preserved.

One set of lines of no finite deformation is sub-parallel to bedding
and to the bands defined by the en-echelon tension gashes
measured in the field; thus, the average difference between the
orientation of the predicted set of lines of no finite deformation and
the orientation of 7 bands defined by en-echelon tension gashes
varies from 0° to 10°. The other set of lines of no deformation forms
a high angle with bedding and is sub-parallel to the conjugate bands
of en-echelon tension gashes observed; thus, the average difference
between the orientation of the predicted set of lines of no finite
deformation and the orientation of 4 out of 5 conjugate bands
defined by en-echelon tension gashes varies from 0° to 10°, and from
10° to 20° in the case of one of the conjugate bands. In the footwall
block of the main thrust ramp, the low amount of deformation that
affects this zone (Fig. 8c) does not permit a correct evaluation of the
strain orientation (Fig. 8a) and this explains the slight dispersion of
the elongation axes. The orientation of the maximum and minimum
elongation axes and lines of no finite deformation in beds not offset
by fault “g”, i.e. beds 1 and 2 (Fig. 8a and 8b), is relatively similar to
that observed in theoretical fault-propagation folds with constant
bed thickness (lower part of Fig. 2c).

Fig. 8c shows contours constructed by interpolation of an
ellipticity coefficient (minimum/maximum elongation ratio)
derived from each strain marker on the reconstructed cross-
section. The deformation distribution agrees with the field data
and with the geological interpretation of Los Fuejos structure as
a fault-propagation fold. Thus, the footwall block of the main
thrust ramp, where bedding is horizontal and is not involved in
the structure except for translation along a detachment, is
characterized by a very low amount of deformation. To the south
of the main thrust ramp, in the footwall block, there is an
increment of deformation due to the small fold linked to thrust
ramp “h”. The maximum deformation is concentrated in the
anticline forelimb, where beds dip steeply and an imbricate
system occurs. The maximum deformation zone is approximately
bounded by the forelimb-crest axial surface and the thrusts
(Fig. 8c) as in theoretical parallel fault-propagation folds (Fig. 2d)
and fault-propagation folds including combination of heteroge-
neous thrust-parallel simple shear and pure shear (Alonso and
Teixell, 1992), and exhibits a triangular shape typical of many
types of fault-propagation folds (Fig. 2d and e.g., Erslev, 1991;
Alonso and Teixell, 1992; Allmendinger, 1998). The backlimb of
the anticline, where beds dip gently and have been transported
along the main thrust ramp, is characterized by moderate
intensity of deformation that decreases towards the unfolded
beds away from the structure.

4. Conclusions

The modelling technique presented, based on cross-section
restoration, seems to successfully simulate deformation undergone
by tectonic structures in 2D sections. We are aware, however, that
to reach more solid conclusions this technique should be checked
using examples developed in different tectonic settings, at various
scales, with different amounts of shortening/extension, involving
different materials, etc. The example analyzed here is just a first
test.

The ability of this approach to simulate deformation makes it
valuable to choose the correct structural interpretation in those
situations in which several solutions are possible. Thus, applying
this technique to all the possible sections across the structures
and comparing the deformation simulations with second-order
structures observed in the field, in seismic images, etc. may help to

decide which is the best structural interpretation. This is particu-
larly important from the purely scientific point of view and also in
industry when the geometry and distribution of potential geolog-
ical resources, the emplacement of infrastructures, etc. depend on
structural controls.

Similarly to the methods described by De Paor (1990), Erickson
et al. (2000), Hennings et al. (2000), Rouby et al. (2000), Dunbar
and Cook (2003) and Poblet and Bulnes (2007), the technique
presented here proves that cross-section restoration is a useful tool
to predict the amount and distribution of deformation throughout
folded/faulted rocks in addition to validating interpretations of
structures by deciphering the original geometry and position of
beds and structures, and quantifying the amount of contraction/
extension.

The approach presented to simulate deformation patterns
across tectonic structures requires few input parameters, i.e.
a cross-section and the deformation mechanism, that are usually
available. More complex algorithms could be incorporated into the
technique to improve the results on the complex process of
deformation in folded/faulted regions. However, complex models
usually require more input parameters, which are difficult to obtain
in many cases, and the predictive capabilities of the methods may
become substantially reduced.

The structure analyzed in this paper, called Los Fuejos,
involves Carboniferous limestones and occurs in the north limb
of a regional-scale anticline in the Cantabrian fold and thrust belt
(NW Iberian Peninsula). Field observations and the function
obtained in a displacement versus distance diagram allowed us
to classify this structure as a fault-propagation fold. The Los
Fuejos structure developed during Variscan times prior to the
regional-scale anticline or as a flexural-slip accommodation
structure in the north limb of the regional-scale anticline during
its amplification. Field evidences suggest that layer-parallel shear
was the main mechanism that operated in Los Fuejos amplifica-
tion, and therefore, layer-parallel shear was the algorithm
employed to restore the section across the structure (plus equal-
area balancing locally). The restoration carried out validated the
geological interpretation and supplied shortening values
comprised between 3.18 and 4.53 m (19.1-25.2%). According to
the simulation of deformation performed, the maximum defor-
mation occurred in a triangular zone located in the forelimb
similar to many types of theoretical fault-propagation folds,
whereas moderate deformation was recorded by the backlimb
and almost negligible deformation in the almost undeformed
footwall. The orientation of the strain parameters simulated
(maximum and minimum elongation and lines of no finite
deformation) is compatible with the type and orientation of the
small-scale structures observed in the field (shear veins, en-
echelon tension gashes and foliation surfaces).

The method proposed in this paper deals with kinematics but
predicting accurately the features of different types of structures
responsible for strain accommodation, specially brittle
structures, demands a mechanical approach such as the geo-
mechanical based restoration of Maerten and Maerten (2006)
amongst others. However, a correspondence between outcrop
mesostructures and the orientation of the strain markers simu-
lated was found. This points out that the method presented
might be used to suggest a full range of different types of small
structures that accommodate strain in different portions of
geological structures.
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