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Abstract

The Torre de Moncorvo region (NE Portugal) is a key-sector of the Autochthon Domain of the Iberian Terrane. The region experienced
Variscan deformation in the southern branch of the Ibero-Armorican Arc wherein the early structures (of Upper Devonian age—D1) denotes
the establishment of a heterogeneous sinistral transpressive regime. This regime was also responsible for the development of large-scale
left-lateral shear zones whose direction is subparallel to major folds. Finite strains analyses were carried out in the Torre de Moncorvo region
using the normalised Fry method on different strain markers: (1) distribution of detrital quartz grains in quartzite rocks of Arenigian–
Lanvirnian age; (2) arrangement of oolites in discontinuous Ordovician–Silurian ironstone horizons; (3) the rotation experienced by Skolithos
preserved in Lower Ordovician metasedimentary clastic rocks. The results obtained indicate the predominance of slightly prolate strain
ellipsoids. Nevertheless, the variation of their orientation around mesoscopic folds emphasises the role of strain partitioning in a transpressive
regime, suggesting that different folding mechanisms were active in the course of the same deformation phase. For the studied cases, tangential
longitudinal strain and flexural shear combined with regional sinistral shear seem to be the most common mechanisms of folding. Some of
these three-dimensional theoretical models for strain patterns in folds could be used in other regions, where a transpressive regime is inferred.
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1. Introduction

Since the pioneering work of Harland [17], transpression
has been recognised as a widespread deformation regime in
fold belts. From homogeneous transpression [40], field data
soon led to more elaborate theoretical models where the
strain partitioning proved to be a common situation (e.g.
[5,21,42,44]). Although these models allow for a good pre-
diction of the bulk strain related with these regimes, little
work has been produced in order to understand the highly
heterogeneous strain that should be induced by the folding in
such regimes [20,46].

In northern Portugal the main autochthonous Variscan
structures have been produced by a heterogeneous transpres-
sive regime [9,10,37]. Comprehensive geometrical and kine-
matical analyses of these structures were performed in Or-

dovician and Silurian metasediments in two sectors near
Torre de Moncorvo. These studies were combined with finite
strain estimations, since the knowledge of the strain pattern is
fundamental to the understanding of any deformed regime
[19,32].

The obtained data enable a better understanding of the D1

sinistral transpressive regime, emphasising both the impor-
tance of strain partitioning and of distinct folding mecha-
nisms in the course of the first phase of Variscan deformation.
This will also contribute to the knowledge of the geodynamic
evolution of the Ibero-Armorican Arc.

2. Geological setting

Previous works [6,36,37] have shown that the Torre de
Moncorvo region (Fig. 1) is fundamental to the understand-
ing of the early Variscan deformation in the Autochthon
Domain of the Iberian Terrane in Portugal. Here, the most
conspicuous structures are attributed to the first Variscan
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tectonic event (D1) of the Upper Devonian age, although
specific features created by local tectonic overprinting can be
recognised, both near the tectonic contacts with the Alloch-
thonous Units of NW Iberian and with the adjoining post-
collisional granitic batholiths. Away from these particular
areas, large-scale shear zones subparallel to major D1 folds
are well preserved [6,7,37], recording a sinistral transpres-
sive regime induced by the development of the Ibero-
Armorican Arc [9,10,38].

Like in most of the northern Portugal autochthon, the
major framework of the two studied sectors (Souto da Velha
and Torre de Moncorvo syncline) are due to the D1 Variscan
deformation phase. The related structures are well preserved
in the metasedimentary sequence of Ordovician age, which is
considered the stratigraphic equivalent of the Armorican
Quartzites identified in the northern branch of the Ibero-
Armorican Arc [37]. The D1 cylindrical folds, with an ap-
proximate E–W trend (Fig. 2A), always contain a pervasive
S1 cleavage (Fig. 2B) that can transpose the bedding planes
when the slaty component becomes predominant. Fre-
quently, this transposition generates quartzitic mullion struc-
tures (Fig. 2E) subparallel to the fold axes.

Most of the times, the bedding–cleavage intersection (L1;
Fig. 2C) presents a low dip (less than 20°), being subparallel
to the D1 fold axes; this relation suggests that there is no
transection at a regional scale. Nevertheless, the quartzitic
layers of some mesoscopic folds of the Souto da Velha sector
(Fig. 2) present a slightly clockwise-rotated cleavage that is
spatially related to smaller folds with an axial plane cleavage
(Fig. 3), which is a common situation in transection geom-
etry [31]. This transection is only found locally in the quartz-

ites, whereas in the interbeded slaty horizons the intersection
lineation is always parallel to the fold axes [6]. Similar
features were already described for Silurian pelitic rocks in
New Brunswick, Canada [1], and provide several lines of
evidence for the prevailing (inter- or intragranular) mecha-
nisms of strain accommodation at grain-scale. Given the
mineralogical and textural characteristics of the deformed
metasedimentary sequence, it is plausible to consider that
cleavage development in the slaty layers are always coeval
with the beginning of the folding processes, while in the
quartzitic layer it could represent a slightly later time. Under
a non-coaxial regime, the cleavage in the quartzites could be
oblique to the axial plane, because it was overprinted in
slightly older folds [31]. The relative importance of this
sinistral shear component during the first Variscan deforma-
tion phase was already distinguished in other regions of
northern Portugal [7,9,37]. In the Souto da Velha sector three
steeply dipping major sinistral shear zones have been
mapped, with a general command almost parallel to the main
D1 folds. These zones are usually underlined by discontinu-
ous metric-thick quartz veins, whose boudinage is fully co-
herent with the X1 sub-horizontal stretching lineation
(Fig. 2D).

Any attempt to integrate all the above characteristics indi-
cates a sinistral transpressive regime. The close parallelism
between the D1 axial planes and the shear zones implies
either an infinite simple shear or a transpressive regime [41].
This problem is very similar to the one characterised by
Sanderson [40] in Brittany. It was recently pointed out by
several authors studying transpressive wrench tectonics, that
there was a crucial role for partitioning the fault motions,
with the purely shortening structures largely decoupled from
the strike–slip faults [2,13,15,16,21,23,28,39,42,43]. This
explains the parallelism between the D1 folds and shear
zones at the Souto da Velha sector, where the sinistral simple
shear component is concentrated along the major steeply
dipping structural corridors.

3. Finite strain analysis

In order to estimate the finite strain, we used different
strain markers in Ordovician and Silurian rocks. As we have
obtained strain ellipsoids using different rocks and methods,
some conclusions can be drawn concerning strain partition-
ing of the Variscan deformation in the Centro-Iberian autoch-
thon.

3.1. Strain markers

In autochthonous northern Portugal, the most suitable
material for strain studies are the Armorican Quartzites [7] of
Lower Ordovician age [35]. The quartzites are widely dis-
tributed and are very pure, consisting almost entirely of
quartz grains, in which the undulose extinction is frequent
but the subgranulation and the recrystallisation phenomena
have only a localised development. In these rocks, we were

Fig. 1. The study areas and the NW Iberian allochthonous terranes (adapted
from [34]); the location of Figs. 2 and 6 are shown.
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able to estimate the strain using two kinds of strain markers:
the detrital quartz grains and the worm burrows Skolithos.

We have also estimated the strain using well-sorted oolitic
ironstones of Upper Ordovician/Lower Silurian age [35].
In the low strained samples, the oolites are isolated and

pressure-solution is very weakly developed; at higher strains
the oolites begin to touch each other along pressure-solution
surfaces. Nevertheless, it was always possible to identify the
particle centres because of the concentric nature of most
oolites. In most of the samples, the pressure-solution surfaces
are closely spaced and the local precipitation phenomena are
rare. According to Onasch [29] classification, the deforma-
tion of this material is described as homogeneous pressure-
solution with volume loss.

3.2. Methodologies

We have used two methods to estimate the three-
dimensional strain. For the Skolithos, we have applied the
method proposed by Dias and Ribeiro [8], which combines
the rotation of the worm tubes, with their intersections in the
bedding plane. This method is an improvement of Paulis’
[30], which only uses the deflection of the tubes, and can be
used where there is no rheological contrast between the
material inside and outside the tubes.

When studying the detrital quartz grains or the oolitic
particles, in order to estimate the strain ellipsoid, we used

Fig. 2. Geological map of Souto da Velha sector and contoured equal area lower hemisphere stereographic projection of some related D1 structures. (A) S0 (1%,
8%, 12%); (B) S1 (1%, 7%, 11%); (C) L1 (2%, 20%, 40%); (D) X1 (2%, 20%, 40%); (E) Mullions (squares) and boudins (triangles); (F) Skolithos (1%, 22%,
30%).

Fig. 3. Geometrical relation between major and minor D1 Variscan folds and
related cleavage.
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three subperpendicular thin sections for each sample. In
these sections, we applied the normalised Fry method [12] as
a measure of the strain magnitude. In the Armorican Quartz-
ites of the Centro-Iberian autochthon, this method proved to
be more suitable than the Rf/Ø method or the classical Fry
method, to estimate the overall rock deformation [14]. The
two-dimensional strain data of the three subperpendicular
thin sections were combined using the method proposed by
De Paor [4].

3.3. Strain ellipsoid data

3.3.1. Strain ellipsoid shape
Using the Skolithos field data (Table 1), we have been able

to estimate the strain ellipsoids at six locations (Table 2),
which can be visualised (Fig. 5) in a Ramsay logarithmic plot
[33]. Here the mean strain ellipsoid for these data is also
shown, which has been estimated using the weighted mean
centre technique [11].

The mean ellipsoid has a slightly prolate shape, falling not
very far from the plane strain line; this situation has already
been described as typical for the northern Portugal autoch-
thon [9]. Only two oblate ellipsoids were found in the short
limb of a second order antiform. In the Torre de Moncorvo
region, this tendency towards less constriction in local sec-
ond order short limbs has already been found [9].

The Armorican Quartzites have also been sampled to
estimate the strain using Fry on detrital quartz grains, which
allows us to have a more pervasive distribution of the strain
data. We have sampled both limbs of the Torre de Moncorvo
syncline (Fig. 5, samples Mv1–Mv7) as well as two mesos-
copic folds in the Souto da Velha region (Fig. 6, samples
Mv8–Mv11).

The strain ellipsoids estimated using the quartz grains
(Table 3 and Fig. 7) are similar to those obtained by the
Skolithos method. We usually get constrictional forms, with
rare slightly oblate ellipsoids. For the Souto da Velha data,
the mean strain ellipsoid is slightly more prolate than the one

of the Torre de Moncorvo syncline (K parameter of 2.14 vs.
1.33). Comparing the D parameter for these ellipsoids (re-
spectively, 0.25 and 0.16), we get higher values for the Souto
da Velha area. As both ellipsoids have comparable K values,
the D parameter could be used as a measure of strain intensity
[33], which seems to indicate that the samples of the Torre de
Moncorvo syncline are slightly less deformed than the oth-
ers.

When comparing the strain intensities obtained using the
Skolithos and the detrital quartz grains, some discrepancies
become evident. As both mean ellipsoids present similar
mean K values (1.15 and 1.33), we can also use the D
parameter as a measure of the strain intensity; the Skolithos
value (0.77) indicates a much higher strain intensity than the
quartz grains one (0.16). This difference is related to the fact
that either the deflection of the worm tubes, or the distortion
of their intersections with the bedding plane are sensitive,
both to intragranular and intergranular deformation mecha-
nisms. The Fry methodology mainly reflects the intragranu-
lar processes, being insensitive to most of the rearrangements
along the grain boundaries [33]. Thus, the Skolithos values

Table 1
Skolithos field data

Sample S0 S1 L1(S0^S1) X1 Skolithos a/b
Msk1 N59°E,39°E N65°W,81°N 32°,S68°E 32°,S68°E 27°,N54°W 2.3
Msk2 N47°E,38°E N81°W,81°S 34°,S75°E 34°,S75°E 26°,N66°W 2.1
Msk3 N80°W,86°N N85°W,57°S 19°,S79°E 35°,S61°E 47°,S32°E 1.7
Msk4 N82°W,81°S N84°W,54°S 1°,S80°E 20°,S68°E 32°,S30°E –
Msk8 N75°W,62°N N77°W,33°S 4°,S81°E 11°,S66°E 30°,S20°E 2.0
Msk13 N57°E,37°N N86°W,51°S 15°,S88°E 3°,S84°E 28°,S55°E 2.2

Table 2
Skolithos strain ellipsoid parameters

Sample X/Y X/Z Y/Z Ellipsoid K b D
Msk1 1.6 2.3 1.5 1.6:1:0.7 1.18 49° 0.62
Msk2 1.7 2.2 1.3 1.7:1:0.8 2.04 64° 0.59
Msk3 1.9 5.2 3.0 1.9:1:0.3 0.58 30° 1.27
Msk4 1.9 4.3 2.2 1.9:1:0.4 0.82 39° 1.02
Msk8 2.0 – 1.1 2.0:1:0.9 7.27 82° 0.70
Msk13 1.6 – 1.5 1.6:1:0.7 1.16 49° 0.62

Fig. 4. Ramsay logarithmic plot for the finite strain ellipsoids obtained using
Skolithos of Torre de Moncorvo syncline; the inset shows the strain parame-
ters used in this work (according to [30]). The square represents the mean
strain ellipsoids for these data.
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are closer to the bulk strain intensity of the deformed quartz-
ites. Nevertheless, the estimated K parameters for both mean
ellipsoids are similar, consequently different deformation
mechanisms give rise to different measured finite strain mag-
nitudes. The shape of the estimated strain ellipsoids is also
similar (e.g. [22]).

In the core of the Moncorvo syncline, Lower Silurian
rocks are preserved in second order synclines. The transition
from the Ordovician to the Silurian is underlined by discon-
tinuous oolitic ironstones and limestone layers [35]. Out-
crops where the oolites are best preserved have been sampled
for strain studies (Fig. 8) using the same method as for the
detrital quartz grains.

The strain ellipsoids of the oolitic ironstones (Table 4 and
Fig. 9) fall close to the plane strain line. Nevertheless the
oblate forms are predominant. This tendency towards appar-
ent flattening contradicts what is known for this region
(Figs. 4 and 7), dominated by constriction regime [7,9].
However, this discrepancy disappears when the pressure-
solution phenomena are taken into account [34]. As was
previously mentioned, the oolitic ironstones show a perva-

Fig. 5. Simplified Torre de Moncorvo syncline mapping with the finite strain ellipsoids orientations and the location of Fig. 14.

Fig. 6. Simplified Souto da Velha mapping with the finite strain ellipsoids
orientations.

Table 3
Strain ellipsoid parameters obtained using detrital quartz grains

Sample k1 k2 k3 Ellipsoid K b D
Mv1 1.3 1.0 0.8 1.3:1:0.8 1.18 50° 0.17
Mv2 1.2 1.0 0.8 1.2:1:0.8 0.82 39° 0.14
Mv3 1.2 1.0 0.8 1.2:1:0.8 0.82 39° 0.14
Mv4 1.4 0.9 0.8 1.6:1:0.9 3.75 75° 0.23
Mv5 1.3 1.0 0.8 1.3:1:0.8 1.18 50° 0.17
Mv6 1.2 1.0 0.9 1.2:1:0.9 1.73 60° 0.11
Mv7 1.3 1.0 0.8 1.3:1:0.8 1.18 50° 0.17
Mv8 1.8 0.9 0.6 2.0:1:0.7 1.73 60° 0.40
Mv9 1.6 0.8 0.8 2.0:1:1.0 +∞ 90° 0.35
Mv10 1.2 1.0 0.9 1.2:1:0.9 1.73 60° 0.11
Mv11 1.3 1.0 0.7 1.3:1:0.7 0.74 36° 0.22
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sive and intense pressure-solution effect. So, if one considers
that during the Variscan deformation a 10–20% of diagenic
volume loss occurred, most of the strain ellipsoids are indeed
constrictional (Fig. 9), similar to the ones in the Armorican
Quartzites.

Fig. 7. Ramsay logarithmic plot for the finite strain ellipsoids obtained using
detrital quartz grains of Torre de Moncorvo syncline and Souto da Velha
sectors.

Fig. 8. Simplified geological mapping of the southwest area of the Torre de Moncorvo syncline core, showing the strain ellipsoids orientations obtained using
oolithes as strain markers.

Table 4
Strain ellipsoid parameters obtained using oolithic ironstones

Sample k1 k2 k3 Ellipsoid K b D
2028 1.6 1.0 0.6 1.6:1:0.6 0.92 43° 0.35
2029 1.8 1.4 0.4 1.3:1:0.3 0.20 11° 0.64
3076 2.0 1.0 0.5 2.1:1:0.5 1.00 45° 0.49
3123 1.2 1.0 0.8 1.2:1:0.8 0.82 39° 0.14
3136 1.7 0.9 0.6 1.9:1:0.7 1.57 58° 0.38
3137 1.5 1.0 0.6 1.5:1:0.6 0.79 38° 0.33
3176 1.5 0.9 0.7 1.7:1:0.8 2.03 64° 0.28
3177 1.4 1.1 0.6 1.3:1:0.6 0.40 22° 0.33
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3.3.2. Strain ellipsoid orientation

Concerning the strain ellipsoid orientation, we are mainly
discussing the data obtained using the Fry method because
the Skolithos method gives no independent way to estimate
the orientation of the strain ellipsoid [8,30].

From the strain ellipsoid orientations (Tables 5 and 6;
Figs. 6 and 7) and their geometrical relation with the Variscan
D1 folds, some aspects can be emphasised. Concerning the
minor axis (k3) attitude, its direction is often subperpendicu-
lar to the E–W structural trend, or presents a frequent clock-

wise rotation. The previous geometrical relations agree, ei-
ther with strong strain partitioning, or with the transection
locally found in this region. The transection can be easily
explained if we admit that the observed intergranular fracture
mechanism is predominant during the earlier stages of the
deformation. The layers began to develop en echelon folds
(Fig. 10A) but the shape of the detrital quartz did not change.
The Fry method is unable to estimate the finite strain in such
cases [33]. With the increasing deformation (Fig. 10B), the
previously developed folds rotate towards the shear zone
boundaries. In this intermediate stage, the intragranular de-
formation mechanisms become active, developing strain el-
lipses from the shape of the detrital quartz grains, which do
not reflect the bulk strain of the rock. As the folds suffer most
of the progressive deformation, while the strain ellipse is
only sensitive to part of it, an obliquity between both was
developed. With the increase of the deformation (Fig. 10C),
not only the folds but also the strain ellipse major axis rotate
towards the boundaries of the shear zone [45].

In a homogeneous transpressive regime, the obliquity be-
tween the folds, the strain ellipsoid minor axes and the shear
zone boundary greatly depends on the relative role of the
simple shear and pure shear components [41,42,45]. How-
ever, in more complex heterogeneous transpressive regimes,
the previous geometrical relations are greatly dependent on
the degree of partitioning between these shear components
[13,21,28,39,42,43]. In a wrench dominated transpressive
regime [13], with lateral escape, as was proposed to this
region [9], all the structures tend to become subparallel.

Concerning the major axes of the finite strain ellipsoids,
their geometrical relation with the fold axes is not a simple
one. When comparing their attitudes, a complex pattern be-
comes evident. Indeed, if in some cases they are subparallel,
a high obliquity is also frequent, which easily attains values
close to 90°. These different geometrical relations could be
explained by differences in the folding mechanisms, as it has
been found in other places of the Centro-Iberian autochthon
[7]. The strain pattern in a fold generated in a transpressive
regime may be highly heterogeneous, due to the factorisation
of the transpression into two nearly independent compo-
nents. Some domains can be mainly affected by contraction
subperpendicular to the structures, while in others, the re-
gional strike–slip component could predominate. A similar

Fig. 9. Ramsay logarithmic plot for the strain ellipsoids obtained using
oolithic ironstones of Torre de Moncorvo region.

Table 5
Strain ellipsoid orientations using detrital quartz grains

Sample k1 k2 k3

Mv1 36°,S86°E 52°,S76°W 10°,N3°W
Mv2 71°,S37°W 12°,N81°E 48°,N25°W
Mv3 16°,S47°E 57°,N19°E 31°,S43°W
Mv4 4°,S24°E 30°,S69°W 60°,N60°E
Mv5 57°,S62°E 32°,N74°W 20°,N28°E
Mv6 42°,N30°W 2°,N62°E 80°,S7°E
Mv7 8°,N13°W 6°,N77°E 81°,S31°W
Mv8 6°,N52°W 56°,N49°E 34°,S31°W
Mv9 11°,N8°W 52°,S82°E 34°,S60°W
Mv10 15°,S71°E 55°,S42°W 27°,N2°W
Mv11 1°,E 66°,N1°E 25°,S3°W

Table 6
Strain ellipsoid orientations using oolithic ironstones

Sample k1 k2 k3

2028 60°,S70°E 26°,S81°W 14°,N3°W
2029 20°,S35°W 23°,N12°E 17°,S60°W
3076 22°,N85°W 44°,S18°E 39°,N24°E
3123 34°,S68°E 49°,S73°W 20°,N8°E
3136 11°,N82°W 79°,S82°E 0°,N10°E
3137 55°,N11°E 14°,S60°E 33°,S40°W
3176 22°,S32°E 55°,N22°E 26°,S67°W
3177 16°,S20°E 14°,S75°W 60°,N20°E

Fig. 10. Sketch of a sinistral transpressive shear zone affected by progres-
sive deformation: (A) earlier stage where the intergranular deformation
mechanisms predominate, giving rise to oblique fold axes; (B) intermediate
stage where the intergranular phenomena began to be active; (C) final stage,
where both the fold axis and the strain ellipse have been rotated towards the
shear zone boundary.
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behaviour has been proposed based either on field evidence
in the San Andreas region [28,42] or on experimental work
[39].

4. Folding mechanisms

The existence of Skolithos in strained materials gives
useful indications for the understanding of the deformation
mechanisms that have been active [8]. Although in the Ar-
morican Quartzites of Torre de Moncorvo these worm tubes
are not frequent, their study proves to be a powerful tool not
only in estimating the finite strain but also as an indication of
the shear movement. When combining this shear sense data
with the three-dimensional finite strain pattern some con-
strains can be put in the folding mechanisms that have been
active.

In the undeformed state the Skolithos are straight, cylin-
drical to subcylindrical tubes that lie more or less perpen-
dicular to the bedding surface [3,27]. Thus, the deflection of
these worm tubes away from the perpendicularity to the
bedding plane can give useful indication about the shear
movements occurred [8]. However, McLeish [26] noted that
Skolithos are not always perpendicular to the layers in their
undeformed state; in some less deformed outcrops he found
tubes lying at a variety of angles to the bedding. In the Torre
de Moncorvo region, we also found some outcrops where the
worm tubes present a reasonable dispersion. Nevertheless,
this is not a problem in their use in kinematic studies, because
when working with the median of the population, the shear
sense becomes clear [8].

Along the Torre de Moncorvo syncline, the geometrical
relations between the Skolithos and the bedding plane are
strongly different from limb to limb. When the layers dip to
south, the worm tubes are deflected towards northwest. In
contrast, when the beds are subvertical or have a northern
dip, the Skolithos were deflected towards southeast (Table 1).
As pointed out by Dias and Ribeiro [8], this behaviour is
impossible to explain if one considers that only tangential
longitudinal strain or flexural flow generated the folds. How-
ever, if we consider a sinistral transpressive regime [6,37],
the geometries of the Skolithos can be explained by a combi-
nation of flexural flow and the regional wrench component
(Fig. 11) typical of the south branch of the Ibero-Armorican
Arc [10,25].

In the Souto da Velha sector, these worm tubes have only
been found in the centimetric alternation of light quartzites
and dark slaty layers that made the transition to the Upper
Ordovician schists. There they appear as quartzitic tubes in a
more pelitic matrix. However, due to extreme ductility con-
trast problems, they have been strongly deflected away from
the perpendicular onto the bedding plane, becoming subpar-
allel to the X1 stretching lineation. Although there are no
strain values for this transition formation, the above geo-
metrical relations show that it was much more deformed
during the Variscan orogeny than the Armorican Quartzites.

The Skolithos observations allow the improvement of the
three-dimensional theoretical models for strain pattern in
folds due to different folding mechanisms. Previous models
[18,47] are rare (Fig. 12A,B) and inadequate to explain
transpressive-generated folds. For folds developed by
transpression, we can infer a possible strain pattern combin-
ing flexural shear, due to the folding process, with sinistral
shear induced by the regional tectonic setting (Fig. 12C). The
reason for choosing a flexural shear component is because
previous works [6,7] have shown that flexural shear must be
an active mechanism in the Ordovician quartzitic layers of
the Torre de Moncorvo region during the formation of the D1

Variscan folds. Several lines of evidence suggest that:
• the Skolithos in the fold limbs are deflected from the

perpendicular to the bedding [8];
• in the bedding plane it is frequent to find slickensides

lineations;
• in some layers the S1 cleavage is distorted sigmoidally,

showing that the bedding plane has been kinematically
active during folding process.

The predicted model is only one of the possible combina-
tions and does not mean that in folded multilayers several of
the previous mechanisms could not coexist along the same
fold [24]. So, a wide range of major strain axes orientation
could be expected. The diversity depends on the:

• folding mechanisms that were active;
• exact position of the sample in the folded layer (e.g.

below or above the neutral surface, if this exist;
Fig. 12A);

• degree of partitioning between the simple shear and the
pure shear components.

In the Torre de Moncorvo region, we have sampled both
limbs of several hectometric D1 folds in order to have an idea
of how the deformations have been accommodated during
Variscan folding. With only one sample in each limb, it is not
possible to reach only one solution. Nevertheless, the ob-
tained data allows us to constrain the possible solutions.

In the first case we have studied a fold located 3 km
southwest of Moncorvo (Fig. 5). On both limbs, we have
estimated the orientation of major strain axes using a norma-
lised Fry method in detrital quartz grains (samples Mv2 and
Mv3). Moreover, we also have been able to identify a sinis-

Fig. 11. Skolithos behaviour in parallel folds induced by flexural flow and
regional sinistral shear (adapted from [7]).
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tral shear sense along each limb using the Skolithos attitudes
(Msk1, Msk2, Msk3 and Msk4). All these geometrical fea-
tures are sketched in Fig. 11. Comparing these data with the
developed theoretical models (Fig. 13), we see that they are
compatible with flexural shear combined with a regional
sinistral shear.

The second fold studied (Mv8 and Mv9) and is located
near the Souto da Velha (Fig. 6). The relation between the
major strain axes and the fold is completely different here
(Fig. 14). In the short limb the major axis is subparallel to the
fold axis, while in the long limb it is almost perpendicular.
These orientations are unexpected if we use the flexural shear
plus sinistral shear model. However, this strain geometry is
compatible with a fold developed by orthogonal flexure; the

Mv8 should be a sample taken below the neutral surface,
while the Mv9 was taken above the neutral surface.

When trying to make the pervasive regional sinistral
transpressive regime compatible with folds developed by an
almost pure orthogonal flexure mechanism, an important
strain-partitioning component is inescapable. In such a situ-
ation, the sinistral shear component is strongly concentrated
along the wrench faults, while the pure shear component was
related to coeval folds [13,28,42,43]. In our case, close to the
studied fold, a major D1 sinistral strike–slip fault (the Souto
da Velha one; Fig. 6) was put in evidence [6,7].

The third fold that was studied (Mv10 and Mv11) is also
located near the Souto da Velha (Fig. 6). In both limbs, the
major strain axes are subparallel to the fold axis (Fig. 15).
This geometrical relation is compatible with the orthogonal
flexure if the two samples were taken below the neutral
surface. In this example, the strain partitioning must also
have been important, which should be related to the vicinity
of the important Ribeira do Inferno sinistral strike–slip shear
zone (Figs. 6 and 15; [6]).

The available data indicate that in the Souto da Velha
region the strain partitioning was very important during
Variscan times. This important strain partitioning explains

Fig. 12. Three-dimensional strain pattern in a fold due to: (A) orthogonal
flexure (adapted from [16]); (B) flexural shear (adapt. from [16]); (C)
flexural shear plus sinistral shear.

Fig. 13. Sketch of the geometrical relations between Skolithos (in grey) and
major strain axes (shown by the black ellipses) around a mesoscopic fold
near Torre de Moncorvo.

Fig. 14. Sketch of the behaviour of major strain axes (shown by the black
ellipses) around a mesoscopic fold near the Souto da Velha wrench fault.
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why the fold trends are subparallel to the major faults in the
northern part of the Centro-Iberian Variscan autochthon. In-
side the domains bounded by the major wrench faults a pure
shear dominated transpression predominates. It changes into
a simple shear dominated transpression along the major sin-
istral shears.

Concerning the orientation of the strain ellipsoids esti-
mated for the oolitic ironstone samples (Fig. 8 and Table 6),
we get results similar to those obtained for the quartz grains.

The geometrical behaviour of the major strain axes is
easily understood using the theoretical structural models
previously outlined. Moreover, with the oolitic data, these
axes are shown to be either subparallel, oblique or subper-
pendicular to the fold axes. In most cases, we are dealing
with samples of the reverse limb in which the major strain
axes plunge towards southeast (samples 2028, 2029, 3123,
3176 and 3177). As already mentioned, this is what should be
expected using a model combining flexural shear induced by
the folding mechanism, with sinistral shear due to the re-
gional tectonic setting (Fig. 16A). The same model may
explain the behaviour of sample 3076; indeed, now we are in
a long limb situation and the major strain axis slightly
plunges in a northwest heading.

Concerning the samples 3136 and 3137, the pattern of
the major axes of the strain ellipsoid around the fold is
explained if the orthogonal flexure has been the predominant
folding mechanism. In this situation the long limb sample
(3137) should be located below the neutral surface, while the
reverse limb sample (3136) must be above the same surface
(Fig. 16B).

5. Conclusions

In the Torre de Moncorvo region several methods of finite
strain measurements show that slightly prolate strain ellip-
soids are predominant. The fact that the Variscan deforma-
tion in this region was transpressive [6,37] confirms the
association of such a deformation regime with the constric-
tion strain ellipsoids [9].

Strain studies in this region also show that the strain
partitioning may be very important in regions where the
transpression deformation is predominant. The decoupling of
two components (a simple shear and a pure shear) induced

the coexistence of different folding mechanisms in the same
area. As nearly identical fold profiles can be achieved by
different deformation mechanisms [18,19,47], geometrical
studies alone are incomplete for the understanding of the
tectonic evolution. However, when combined with quantita-
tive strain estimations, we get a powerful tool for the study of
the regions deformed by transpression.
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