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Abstract

Analysis of symmetrical folds developed in competent layers yields a kinematic folding model based on the study of the geometric charac-
teristics of the folded layer, finite strain measurements and c-axis preferred orientation of detrital quartz. The meter-scale folds that we studied
were formed during the first phase of Variscan deformation in the northwestern Iberian Massif. The strain sequence of the proposed model begins
with initial layer shortening (ILSH) followed by tangential longitudinal strain (TLS), flexural flow (FF) and, finally, flattening (FL). In each fold,
the intensity of each strain pattern has a small variation. FF is much less important than TLS and usually occurs after the latter due to the geo-
metric incompatibilities developed during TLS. Neutral surface migration cannot completely explain the misfit between the strain measurements
of the natural folds and the strain values predicted by the combination of the different strain patterns. This problem may be solved by considering
a heterogeneous distribution of ILSH and FF, together with a modified tangential longitudinal strain. Heterogeneous area change across the fold
profile could have also had an influence.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The final strain distribution within folded layers results
from the accumulation of deformations affecting the layers.
The study of the different strain patterns provides insight
into the kinematic evolution of the folds from their initial un-
deformed stage to the final stage, which represents an essential
basis for the restoration/balancing of structures.

The first studies for understanding strain patterns were by
Kuenen and de Sitter (1938), Billings (1954, pp. 82e92),
Ramberg (1961), Carey (1962), Donath (1962), Ramsay
(1962), De Sitter (1964), Donath and Parker (1964) and
Mukhopadhyay (1965). Subsequently, Ramsay (1967, pp.
391e436) analysed the kinematic models of tangential lon-
gitudinal strain (TLS), flexural flow (FF) and homogeneous
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deformation (HD). According to this author, for TLS the axes
of the finite strain ellipses are arranged tangentially and per-
pendicularly to the layering. The layer is divided in two zones
by a surface, known as the neutral surface, with no longitudinal
strain (Fig. 1a). Strain magnitude increases with curvature and
distance from the neutral surface. In this paper, we will use the
term ‘‘neutral line’’, since the study has been made based on
fold profiles (2D). FF is a layer-parallel simple shear, in which
shear magnitude increases with greater layer dip change
(Fig. 1b). HD, geometrically, represents an affine transforma-
tion of the layer points. It is called layer shortening if it occurs
at the beginning of the folding, and flattening if it operates at
the end (Fig. 1c,d). The geometrical effects on the folded layer
are different in both cases. Ramsay and Huber (1987, pp. 445e
473) studied the combination of FF with HD, and defined in-
verse tangential longitudinal strain as a deformation pattern
characteristic of incompetent materials. Later, Bobillo-Ares
et al. (2000) analysed TLS and the problems related to this
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Fig. 1. Strain distribution of the different strain patterns on fold profiles. a) Pure tangential longitudinal strain; b) pure flexural flow (g is shear strain); c) homo-

geneous deformation before buckling (initial layer shortening); and d) homogeneous deformation after buckling (flattening). In c) and d) the buckling stage is

produce by tangential longitudinal strain.
strain pattern in detail. From the analysis of associated struc-
tures in the folds, secondary structures or strain in folds (i.e.
Hudleston and Holst, 1984; Gutiérrez-Alonso and Gross,
1999; Ormand and Hudleston, 2003), an approximation to
the strain patterns involved in the folding process has been ob-
tained. Aspects such as the area decrease or the migration of the
neutral line, which relate to strain accommodation during fold-
ing, have been treated by several authors (Gairola, 1978;
Hudleston and Holst, 1984; Hudleston and Tabor, 1988;
Ramsay and Huber, 1987, pp. 460e461; Hudleston and Lan,
1993; Lan and Hudleston, 1995, among others). Recently strain
patterns have been modelled geometrically to investigate fold
kinematic evolution (Bastida et al., 2003; Bobillo-Ares et al.,
2004).

In this paper, we make a systematic and quantitative approx-
imation to the different strain patterns: initial layer shortening
(ILSH), TLS, FF and flattening (FL), responsible for the kine-
matic evolution in natural symmetric folds, for the case of com-
petent layers. We analysed meter-scale folds developed during
the first phase of the Variscan deformation in the northwestern
Iberian Massif. We gathered geometric information about the
shape of the folded surfaces, layer thicknesses, amplitudes,
relationships between cleavage and layering, strain mea-
surements, and c-axis preferred orientations of quartz. With
these data, and using the computer program ‘‘FoldModeler’’
(Bobillo-Ares et al., 2004), we modelled the strain increment
sequence and determined the relative importance of each strain
pattern. Those factors that might have influenced the strain ac-
commodation in certain zones of the folds, such as heteroge-
neous area change, neutral line migration and heterogeneous
distribution of the strain patterns across the fold, are discussed.

2. Geological setting and characteristics of the folds

The analysed folds are located in the Cantabrian Zone
(CZ), the West-Asturian Leonese Zone (WALZ) and the Cen-
tro-Iberian Zone (CIZ) of the northwest of the Iberian Massif
(Lotze, 1945; Julivert et al., 1972) (Fig. 2). The Cantabrian
Zone is characterized by the general lack of regional metamor-
phism and the presence of thin-skinned tectonics. The West-
Asturian Leonese Zone is affected by greenschist facies
regional metamorphism that generally increases westward, as
does the deformation. The Centro-Iberian Zone is character-
ized by the abundance of granitoids and a metamorphism
that, in general, is of higher grade than that of the WALZ.
In the northwestern part of the Iberian Massif, three deforma-
tion phases can be distinguished during the Variscan orogeny
(Matte, 1968; Marcos, 1973). The first phase produced kilo-
metric scale folds with eastward vergence and associated mi-
nor folds. S1 cleavage originated during this phase. The second
deformation phase generated thrusts and shear zones, and the
third phase produced a generalized crenulation and Ramsay’s
type III interference patterns.

Twenty-one folds of metric scale that formed during the
first phase of Variscan deformation were analysed. They are
located in four sectors: Lluanco e El Cabu Peñes (CZ), San
Esteban e Cuideiru (WALZ), Tapia (WALZ) and La Cabrera
(CIZ) (Fig. 2). From each sector, we gathered field data of
folds developed in sandstone competent layers. In general, tec-
tonic foliation S1 is well developed in the four sectors, as slaty
cleavage in pelitic levels and as spaced cleavage in sandstones
and quartzites. For the present paper, we selected a collection
of natural folds suitable for their treatment with FoldModeler,
and which have to fulfil certain characteristics. Firstly, they
must be approximately symmetric. In addition, the shape of
the folded surface and layer and the relationships between
layering and cleavage have to be measurable. Secondly, the
folds selected must have developed in lithologies suitable for
strain measurements.

All the folds analysed are developed in sandstones whose
detrital grains are mainly formed by quartz, and to a lesser ex-
tent by feldspar (in some of the folds), with grain sizes ranging
from very fine to medium sand (Fig. 3). Detrital grains are im-
bedded in a very fine matrix formed by small phyllosilicates
(not visible to the naked eye) and microcrystalline quartz. Gen-
erally, rocks present a matrix-supported texture and develop
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Fig. 2. Situation of the sectors where the analysed folds are located and situation of one of the folds that was analysed more in detail. a) Iberian Massif based on

Julivert et al., 1972. b) NW of Iberian Massif based on Lotze (1945), Farias et al. (1987) y Martı́nez-Catalán et al. (1992).
rudimentary slaty cleavage. This microstructure is developed
by intracrystalline plastic deformation (shown by elongated de-
trital grains and undulose extinction) and pressure solution (in-
dicated by the presence of bands of insoluble material, irregular
contacts among grains and beard structures). Cleavage is de-
fined by matrix phyllosilicate orientation, detritic grain elonga-
tion and pressure solution bands.

3. Methodology

The computer program used to determine the strain pattern
sequence responsible for strain accommodation in the folds
analysed was FoldModeler (Bobillo-Ares et al., 2004). By
the combination of TLS, FF and HD, this program makes it
is possible to obtain theoretical folds whose geometric charac-
teristics of surface and folded layer morphology, amplitude,
strain distribution and intensity, are similar to those of the nat-
ural folds that are being analysed. Thus, it can be supposed
that the sequence of strain patterns used to build the theoretical
fold is similar to the sequence that has operated in nature to
accommodate deformation in the natural fold. The study
with FoldModeler is in 2D, on profiles of the folded layer (sec-
tions perpendicular to the fold axis), therefore, folds were
treated as having a deformation history that involved plane
straining. This is a simplification of the reality since there
may be deformation along fold axis that is not taken into ac-
count. For the analysis, we start from an initial layer formed
by a grid of quadrilaterals defined by points of known coordi-
nates. On this grid, the strain patterns operate in a sequential
manner modifying point positions according to geometric
laws of each strain pattern. Once the sequence has been run,
the final grid with the new positions of the quadrilaterals is ob-
tained. The analysis of the final configuration allows us to find
the geometric data of the folded layer, and by comparing the
positions of the initial quadrilateral with their deformed po-
sitions, Cauchy’s tensor can be calculated, from which the
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Fig. 3. Thin section photographs of a fold from San Esteban-Cuideiru sector. a) Inner arc, plane-polarized light; b) inner arc, crossed polars; c) outer arc, plane-

polarized light; and d) outer arc, crossed polars. Cleavage is approximately parallel to the bottom of the photographs. Evidences of intracrystalline plastic defor-

mation (undulose extinction) (1) and evidences of pressure solution (beard structures (2) and bands of insoluble material (3)) are indicated on the photographs.
principal finite strain values and directions are obtained for ev-
ery point within the folded layer. Moreover, with FoldModeler
it is also possible to simulate incremental neutral line migra-
tion (INL) (Ramsay and Huber, 1987, Fig. 21.21, Lan and
Hudleston, 1995).

The establishment of the initial layer dimensions is neces-
sary in order to estimate accurately the sequence of strain pat-
terns. Depending on the initial thickness/length relationship of
the layer, different amounts of ILSH must be applied to obtain
the final geometry of the fold. The variation of ILSH implies
a modification of the final R values (finite strain axial ratio).
Given that we have strain data, we can determine the initial
relation between thickness and length. This has been done
following a trial and error process. That is to say, we modify
the layer thickness and the amount of ILSH until we obtain
the initial layer dimensions and ILSH value that, after folding,
best match the final characteristics of the natural fold.

Once the initial layer is defined, sequences of strain pat-
terns are run until one is found that best fits the data of the nat-
ural fold. The inputs are the different strain increments that
form the sequence. Each increment is formed by one strain
pattern (HD, TLS or FF). It is also necessary to specify the in-
tensity of each strain pattern in each increment. To quantify
the intensities of TLS and FF operating in the models, we
used the variation of normalized amplitude (Dh) that the layer
undergoes when the corresponding strain pattern takes place.
In homogeneous deformation, the intensity has been measured
as |e2|; that is, as the absolute value of the extension (Ramsay
and Huber, 1983, p. 281) measured in the direction of the short
axis of the associated strain ellipse.

The basic outputs are (Fig. 4): a) geometry of folded sur-
face, determined by a conic section (Aller et al., 2004), and
its normalized amplitude (h ¼ y0/x0); b) Ramsay’s classifica-
tion of the folded layer; c) variation in the inner and outer
arc of the strain intensity with respect to layer dip (R-a);
and d) variation in the orientation of the long axis of the finite
strain ellipse (X) in the fold profile with respect to layer dip
(f-a).The outputs of the theoretical fold are compared with
the geometric characteristics of natural fold to determine the
goodness of the fit.
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Fig. 4. a) Sections A and B of a fold and geometric meaning of normalized amplitude (h ¼ y0=x0) and f and a angles. Location of inner arc (IA), outer arc (OA)

and incremental neutral line (INL). b) Diagrams of f-a and R-a relationships.
To fit a fold, it is necessary to try (using a trial-and-error pro-
cess) a large number of different combinations of the kinematic
models until obtaining those sequences that best fit the data of
the natural fold. The combinations differ in the different strain
patterns involved in the sequence, in the intensity of each strain
pattern, in the order of each one within the sequence, and in the
number of times that they appear in the sequence. The process
is repeated until reaching the sequences that best fit the data of
the analysed fold. After that it is possible to constrain the strain
patterns involved in the sequence, their order and intensities. In
this paper, the whole process was repeated considering INL mi-
gration. This analysis yields predictions consistent with the
measured finite strains and fold geometries. However, the
lack of data related to the variation, with folding evolution,
of strain values and their distribution within the layer, precludes
that the models are uniquely correct. The same finite strain and
geometry can result, in principle, from potentially a variety of
deformation histories. However, the predictions are internally
consistent for the sampled population of folded layers, and
on that basis, we assume the predictions to be representative
of the actual deformation histories.

Twenty-one folds profiles have been analysed in which at
least four samples in each were taken to measure the strain:
two in the hinge zone (inner and outer arc) and two in the
limb (inner and outer arc). To do that, we have applied the ‘‘De-
launay Triangulation Nearest Neighbour Method (DTNNM)’’
(Mulchrone, 2002, 2005) on the quartz grains of the frame-
work, measuring between 200 and 550 grains in each sample.
In DTNNM, the nearest neighbours are determined by using
Delaunay triangulation and the centre-to-centre distances are
processed by normalisation (Erslev, 1988) and enhancement
(Erslev and Ge, 1990) of the Fry method (Fry, 1979). The strain
is estimated from the displacement of the grains after the defor-
mation, and the final strain ellipse is calculated using a multiple
linear least-squares regression method. In order to check and
compare these results, we also used a shape marker method
(Rf�f) (Ramsay, 1967, pp. 202e216) on the quartz grains of
the framework, measuring once again between 200 and 550
grains in each sample. The calculation of the strain in this
case was determined by fitting the data to the Q-curves and
the goodness of the fit was checked with the c2 method (Lisle,
1977; Lisle, 1985, pp. 15e17). The necessary parameters to use
DTNNM and Rf�f technique have been obtained with a GIS-
Arcinfo V7.2.

Locally in folds where strain data are absent, strain geom-
etry was approximated by assuming that the intersection of the
cleavage plane with the fold profile is parallel to the orienta-
tion of the long semi-axis of the finite strain ellipse (

ffiffiffiffiffi

l1

p
).

In other words, we have supposed that the cleavage in every
point of the layer is perpendicular to the shortening direction
in that point.

In one of the folds of the San Esteban-Cuideiru sector (from
now on fold 155) (Fig. 2b), deformation values in section B (per-
pendicular to cleavage and parallel to fold axis) have also been
determined in order to obtain the 3D morphology of the strain
ellipsoid. In this fold, we have also worked out the c-axis quartz
fabrics in sections parallel to the fold profile (sections A) by op-
tical means (U-stage) considering only the detrital grains of the
framework, and excluding from the analysis the small grains of
the matrix and microcrystalline quartz. We have studied the c-
axis fabrics both to obtain an approximately 3D shape of the
strain ellipsoid, and to detect possible asymmetries in the fabrics
of the fold limbs, related to simple shear, and therefore to FF.
The lack of more evidence of asymmetry in the texture has ham-
pered the comparison of our results with those obtained by
Williams and Jiang (1999) and Jiang (2001) who estimated
the importance of different strain patterns by observing the rota-
tion of porphyroblasts within the fold limb.
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4. Results

Every fold was analysed and fitted using the methodology
stated above. The sequences that fit the folds are different re-
garding the intensities of the different strain patterns involved,
but it has been found that the order of the strain pattern is the
same in all of them. Thus, we can define a standard sequence
of the strain patterns that is the same for all the folds studied.
This sequence starts with ILSH followed by TLS. Later defor-
mation tends to be accommodated by FF and finally flattening
(FL) takes place (Fig. 5). Moreover, for an individual fold, the
intensities of each strain pattern involved in the fit present, in
general, a small range of variation (Fig. 6). The smallest inten-
sity variation for ILSH is 0.01, for TLS 0.04, for FF 0.04 and
for FL 0.01. The largest variation for ILSH, TLS, FF and FL
are respectively 0.1, 0.5, 0.42 and 0.11. No good fits were
found outside the intervals shown in Fig. 6: 0.07e0.56
(ILSH), 0.2e1.50 (TLS), 0e1.12 (FF) and 0.02e0.40 (FL).
On the other hand, we did not observe regional variations in
the sequence of strain patterns or in their relative intensities.

All the folds need ILSH that can act simultaneously with
TLS and/or FF. Good fits are obtained regardless of whether
ILSH operates before TLS and/or FF or it takes place simulta-
neously with these two strain patterns. TLS is also essential in
all the fits, whereas FF is only necessary in some cases and al-
ways to a lesser extent than TLS (Fig. 6). Generally, to reach
good fits, FF must follow TLS. That is to say, although it is pos-
sible to have small intensities of FF before TLS, most of FF has
to take place after TLS, which shows that as folding progresses
there is a tendency for TLS to decrease and for FF to increase
(Fig. 5). A homogeneous deformation stage (FL) at the end of
folding is also necessary in all the cases. Most of the time, TLS

Fig. 5. Relationships between strain patterns and folding evolution. ILSH (ini-

tial layer shortening), TLS (tangential longitudinal strain), FF (flexural flow)

and FL (flattening).
simultaneous with FL is not possible, while FF is perfectly
compatible with FL. Nevertheless, this simultaneity is usually
incomplete; not all the FL can be applied together with the
other strain patterns, but there is almost always a FL stage
that acts alone at the end of the folding process.

The strain values (R) obtained using DTNNM and Rf-f
technique are very similar. In DTNNM, to work out the R
values, we have chosen the ‘‘selection factor’’ for each sample
that minimized the error. The errors range between �0.1 (min-
imum) and �0.4 (maximum). Regarding the Rf-f technique,
the c2 method (applied to check the goodness of the Q-curves
fits) provides values always lower than 9, which means that the
Q-curves fit the data very well (Lisle, 1985, pp. 15e17).

In most of the folds R < 2 and there are no strong differ-
ences from the inner to the outer arc, or from the hinge to
the limbs (Figs. 7 and 8). In general, there are no sequences
in which, by combining the strain patterns considered in this
paper, it is possible to fit all the fold data and at the same
time to obtain strain values similar to those determined by
DTNNM or Rf-f method. Theoretical R-a relationships given
by FoldModeler show a variation from the limbs to the hinge,
and from the outer to the inner arc. Additionally, R values, es-
pecially in the inner arc, are much larger than natural values.
This happens even taking into account the fact that to define
the initial layer in each fold, we selected the layer whose ini-
tial proportions had the largest thickness/length relationship
possible in each case. That is to say, we selected the one
that needed the least amount of ILSH, and that therefore pro-
vided the minimum values of finite strain. The fit with INL mi-
gration (Figs. 7 and 8) gives lower R values in the hinge zone,
coming a little closer to the strain values calculated, but in
most cases it yields a worse Ramsay’s classification and
a worse fit of the f-a curves (Fig. 7).

The sequence of strain pattern obtained with FoldModeler
does not imply area change within the fold. We estimated
the area decrease that would be necessary to match the strain
values of the natural folds with those obtained theoretically
(Fig. 9). In each quadrilateral of the theoretical fold developed
with FoldModeler there is a strain ellipse, where R,

ffiffiffiffiffi

l1

p
and

ffiffiffiffiffi

l2

p
are known. We supposed that the semi-axis

ffiffiffiffiffi

l2

p
in that

quadrilateral has the same value as the equivalent zone in
the natural fold. Therefore, it is possible to know the area de-
crease (D) in this zone of the natural fold: D ¼

ffiffiffiffiffi

l1

p ffiffiffiffiffi

l2

p
, where

ffiffiffiffiffi

l2

p
is known, since it is considered to be the same as in Fold-

Modeler, and
ffiffiffiffiffi

l1

p
¼ Rm

ffiffiffiffiffi

l2

p
, Rm being the mean value of the

finite strain obtained with DTNNM and Rf-f technique. We
obtained a mean value of area decrease for all the folds in
the inner arc of 65% and in the outer arc of 26%. This way
of accommodating the deformation is comparable to the ‘‘in-
ner arc collapse’’ described by Hudleston and Holst (1984).

In order to understand the 3D strain and the deformation re-
gime within the folded layer, we measured the R values of sec-
tions A and B in fold 155 (Figs. 10 and 11), and we observed
that the relationships between the axes of finite strain in the
two sections were very similar. The ellipsoid in every point
sampled was plotted in a Flinn diagram (Fig. 12). All the
points lie within the field of flattening ellipsoids in the case
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Fig. 6. Intensity variation range of the different strain patterns in all the analysed folds. ILSH and FL intensities are measured as |e2| and TLS and FF intensities as

Dh (see text). A (Lluanco-El Cabu Peñes sector), B (San Esteban-Cuideiru sector), C (Tapia sector) and D (La Cabrera sector).
of no volume change, and most of them are located close to
the origin of the coordinates, below the limit of the necessary
deformation for cleavage development according to Ramsay
and Wood (1973) and Wood (1974). The calculated ellipsoids
have X/Y and Y/Z relationships lower than the results obtained
by other authors in slates with cleavage that formed in greens-
chist facies metamorphic conditions similar to those of the an-
alysed folds. The existence of deformation along the fold axis
indicates that there is certain amount of strain which cannot be
detected by studying folds with FoldModeler, since this pro-
gram analyse profiles of folds.

Quartz fabrics along the fold shows a c-axis pattern charac-
terized by a symmetric cross girdle normal to b with a large
half opening angle (Fig. 10). This corresponds to a constrictive
regime (e.g., Lister and Hobbs, 1980) and shows stretching
parallel to the fold axis. It is difficult to explain the inconsis-
tence between the ellipsoid obtained using strain data and the
one using c-axis. The study of the thin sections of the samples
did not provide any evidence that indicated that the stretching
in b direction is substantially larger than in a. If there was no
volume change, according to the strain data, there would be
stretching parallel to the fold axis (b direction) as well as per-
pendicular to it (a direction). On the other hand, the symmet-
rical pattern of the fabric suggests that FF was not operative,
which agrees with the results of the fits achieved with Fold-
Modeler (Fig. 7c).

5. Discussion

The model of strain pattern sequence by which the analysed
folds accommodate deformation is similar in all of them.
However, the relative intensity of the strain patterns varies de-
pending on the different bulk shortening produced, the mechan-
ical properties of the layer, and the specific characteristics of the
multilayer where the fold is located. On the other hand, we
found that the largest intensity of FF must take place after
TLS. This is due to the geometric incompatibilities of the later
strain pattern, since when the fold presents a marked amplifica-
tion with high curvature in the hinge zone (advanced folding
stages), strain accommodation by TLS produces high deforma-
tions in this zone, especially in the inner arc. These large strain
values are not observed in the studied folds.

Homogeneous deformation can act simultaneously with
TLS and/or FF, either at the beginning of folding evolution
(ILSH) or at the end (FL). It is difficult to guess with the meth-
odology used in this paper whether this simultaneity occurs or
not, since both cases provide good fits of the data. In the case of
ILSH, buckling theory states that this strain pattern takes place
simultaneously with TLS and/or FF, and that these two strain
patterns increase their importance as the fold progresses (i.e.,
Ramberg, 1964). Regarding FL, usually simultaneous combi-
nation of FL with TLS is impossible since in advanced stages
of folding evolution, the fold is usually fairly amplified and
shows a relatively high curvature in the hinge zone, causing
large deformations in the inner arc of this area that do not agree
with strain measurements. In contrast, FF does not present this
geometric incompatibility, and therefore it can operate simulta-
neously with FL, which explains why FF increases its impor-
tance with respect to TLS as folding progresses. However, FF
cannot combine completely with FL. A single FL stage at the
end of folding is almost always required to reach a good fit
of the data, which can be due to that, from a mechanical point
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Fig. 7. Results of two fits carried out on fold 155, with and without INL migration. a) Natural fold with two superimposed theoretical folds obtained with Fold-

Modeler. b) Comparison between real h and theoretical h. c) Sequence of strain patterns. d) Fit of the Ramsay’s classification. e) Fit of the f-q and R-a relationships

in the inner arc and f) Fit of the f-q and R-a relationships in the outer arc.
of view, in marked 1C folds, simple shear parallel to layer
boundaries is hampered, since these limits are not parallel.
These results suggest that in final stages of folding evolution,
pure FL becomes progressively more important with respect
to the other strain patterns that can take place simultaneously
with it. Therefore, this interpretation constitutes an intermedi-
ate situation between pure flattening in advance stages of fold-
ing (Ramsay, 1962, 1967, pp. 411e415), and simultaneity
between buckling and flattening (Hudleston, 1973).
The misfit of the strain data (R), especially in the inner arc,
was the main problem found in the analysis of natural folds. In
principle, this fact can be explained by different causes:

5.1. Migration of incremental neutral line (INL)

The displacement of the INL towards the inner arc during
folding could decrease the strain enough in this zone to solve
the problem. However, in the cases under study here, the



475N.C. Toimil, F.J. Fernández / Journal of Structural Geology 29 (2007) 467e480
Fig. 8. Misfit of the R data in the inner arcs of three analysed folds. Results obtained with and without INL migration.
migration of the INL did not give good fits for the R-f curves and
for other geometric parameters of the fold (Figs. 7 and 8), al-
though it did reduce the differences between the R values of
the natural folds and the theoretical values given by the program.

5.2. The methods used to calculate R are not suitable

The R values stated in this paper must reflect quite accurate
the real bulk strain that the rocks underwent, since using
different methods we have reached approximately the same re-
sults. However, under several conditions these methods can
underestimate the strain. Fig. 12 might represent an indication
in this regard, because all the values obtained are lower than
the results reached by other authors. In the DTNNM, underes-
timation of strain may happen when the original grain distribu-
tion is not anticluster and random, while in Rf-f method it
occurs when all the strain does not result in a change of the
grain shape. Besides, it is also possible that deformation
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Fig. 9. Area variation on the fold profile that is necessary to fit the R strain values in the inner and the outer arcs of the analysed fold. A (Lluanco-El Cabu Peñes

sector), B (San Esteban-Cuideiru sector), C (Tapia sector) and D (La Cabrera sector).
mechanisms such as grain-boundary sliding occur, which is
very difficult to detect in detrital textures such as those studied
in this paper (Narahara and Wiltschko, 1986).

5.3. Heterogeneous area change

If we suppose that the values obtained by the application of
the methods used are approximately correct, another possibil-
ity to explain the misfit is that there is a heterogeneous area
change. The result would be an area decrease in the inner
arc, generating less deformation than expected. If this is the
case, an average area decrease of 65% in the inner arc and
26% in the outer arc would be necessary. These data, although
a little higher in the inner arc, are not very different from those
obtained from the analysis of folded quartz veins by Druguet
and Griera (1998), who gave values of area decrease of be-
tween 30 and 50%. In the analysed natural folds there is evi-
dence of pressure solution associated with cleavage
development. Area change can, therefore, be possible, al-
though apparently there is nothing that indicates a larger de-
crease in the inner arc than in the outer one, since the two
arcs show the same microstructural characteristics (Fig. 3).
Huldeston and Tabor (1988) studied the strain accommodation
in a buckled calcite vein and found that all the features ob-
served matched a sequence of ILSH þ TLS together with an
area decrease in the inner arc originated by pressure solution.

5.4. Variation of the strain pattern
intensities across the layer

If the calculated strain values are close to real ones, another
possibility is that the deformation is not accommodated accord-
ing to the strain patterns considered in FoldModeler. Toimil
(2005), studying experimental and numerical folds, observed
strain problems similar to those found in this paper. They
solved them by considering that ILSH and FF have a variable
intensity across the layer, the former presenting a slightly var-
iation, while FF is much more intense in the central parts of the
layer than near the boundaries. The deformation produced by
TLS is less intense than was established for this strain pattern
in the classical model, which results in less shortening parallel
to the layer in the inner arc and less stretching in the outer arc.
However, this possibility could not be checked reliably in the
natural folds analysed, since in order to do that it would have
been necessary to define multiple rows within the folded layer
so as to determine very precise geometric and strain data. This
task is very difficult in the study of natural folds.

6. Conclusions

The geometric analysis carried out on metric scale symmet-
ric folds developed in competent layers during the first phase
of the Variscan deformation of the northwest of the Iberian
Massif has enabled the definition of a kinematic model for
the evolution of these folds, which is consistent with earlier
work. Thus, we have obtained a standard sequence of strain
patterns, valid for all the folds, formed by an ILSH stage, fol-
lowed by TLS, subsequently FF (not always), and finally FL.
The geometric methodology is therefore a suitable way of
knowing the evolution of the folds. Although the sequence is
the same in all the folds analysed, in each one the intensity
of the strain patterns that take part is different, which is related
to the different mechanical properties of the layers, the bulk
shortening undergone and the characteristics of the multilayer.

The fact that TLS is much more important than FF in the
middle stages of folding may be due to the fact that in single
competent layers low anisotropy is expected. When these two
strain patterns operate in a fold, the deformation tends to be
accommodated first by TLS and then by FF, owing to the geo-
metric incompatibilities of the former. Therefore, FF intensity
increases, in general, as the folding progresses.

Regarding the homogeneous deformation, ILSH can take
place as a single stage or combined with TLS and/or FF, while
FL, even though it can operate simultaneously with TLS and/
or FF, generally takes place alone in the most advanced stages
of folding evolution.

The low intensity of the strain cannot be completely ex-
plained only with the traditional strain patterns stated above.
The finite strain data obtained with DTNNM and Rf-f tech-
nique are much lower, especially in the inner arc of the folds,
than the theoretical values expected. This might be explained
by considering a heterogeneous distribution of ILSH and FF,
together with a modified model of TLS. Nevertheless, area de-
crease in the inner arc and INL migration could have also been
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Fig. 10. Strain values achieved with the DTNNM in two perpendicular sections of the fold 155, and c-axis preferred orientation of quartz grains (equal area pro-

jection, lower hemisphere).
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Fig. 11. Strain values achieved with the Rf-f technique in two perpendicular sections of the fold 155. Values of c2 and number of data (n) used are also indicated.
of importance. Deformation mechanisms such as grain-bound-
ary sliding can produce an underestimation in the measured fi-
nite strain, which would generate strain values closer to those
theoretically expected.
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Farias, P., Gallastegui, G., González Lodeiro, F., Marquı́nez, J., Martı́n-

Parra, L.M., Martı́nez Catalán, J.R., Pablo Maciá, J.G., Rodrı́guez-
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