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[1] The problem addressed in this article is how

sedimentary formations like turbidites in a foreland
basin, which include layers with apparently great
competence contrast, can be tightly folded in a regular
manner under very low temperature and pressure. This
raises two major issues: the rheological behavior of
the rocks at the time of folding and the role played
by fluids. In order to understand very low temperature
folding and the structural evolution of a submarine
foreland basin, we carried out detailed structural work
in turbidites with alternating sandstone and shale, for
which estimated peak temperature conditions were
top diagenetic to very low grade metamorphism. Folds
are tight to isoclinal, with local collapsed hinges,
which implies that the incompetent shale was mobile
enough to flow away from strongly flattened areas.
We did not find evidence for cataclastic flow or crystal
plasticity at mesoscopic and microscopic scales. Other
structures (mostly boudins, foliations, conjugate brittle
faults, and quartz veins) associated with folds denote
anisotropic compaction by fluid extraction during
regional shortening. This is possible if the folded rocks
were unconsolidated, fluid‐saturated sediments. The
estimated low peak temperature is consistent with the
shale being unlithified. Poorly cemented grains are free
to slide past one another under shallow burial or high
pore pressure conditions. Following this line of thought,
we consider independent particulate flow assisted by
fluids under very low confining pressure (bean bag
analogy) as the rock deformation mechanism active
during the described intense folding. Similar deformation
is likely occurring (and has occurred) in other submarine
accretionary wedges. Citation: Marques, F. O., J.‐P. Burg,
S. M. Lechmann, and S. M. Schmalholz (2010), Fluid‐assisted
particulate flow of turbidites at very low temperature: A key to
tight folding in a submarine Variscan foreland basin of SW
Europe, Tectonics, 29, TC2005, doi:10.1029/2008TC002439.
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1. Introduction
[2] The study area in the SW Portugal Domain (SWD,
Figure 1) comprises a fold‐and‐thrust belt deformed under
conditions below top diagenetic to very low grade metamorphism [Schermerhorn, 1971; Munhá, 1983, 1990; Abad
et al., 2001]. Considering the general tightness of folds, one
would conclude that the rocks were intensely strained. This
is however deceiving. Folds tend to grow by amplification
of instabilities by three main processes: tangential longitudinal strain, flexural flow, and flexural slip [e.g., Chapple
and Spang, 1974]. These may operate simultaneously and
in varying amounts, and there may be folding without significant strain of the rocks in the limbs (1) by flexural slip
(phonebook analogy) of thinly bedded rhythmic sequences,
where most strain is taken up by slip along discrete bedding
surfaces, and little by strain at the very small and acute
hinges, (2) by failure of hinges by radial fracturing, which
greatly facilitates rotation about the hinges, and (3) by
moderate folding by tangential longitudinal strain (very tight
folding implies high strain of the limbs or other mechanisms
[e.g., Bayly, 1974; Bhattacharya, 1992]). We document
evidence for considerable strain within individual beds,
especially in incompetent shale beds. Structural observations
further show that shales were mobile and sheared without
microscopic or macroscopic brittle failure.
[3] These observations set the main question addressed in
this article: how can sedimentary formations that include
layers with apparently great competence contrast be folded
into a tight/very tight fold‐and‐thrust belt under very low
temperature (at most top diagenetic/very low grade peak
metamorphism)? This question leads to another one: what
was the influence of fluids and compaction in the development of the observed structures? Both shale and sandstone display no microscopic evidence for crystal plastic
deformation and fracturing is limited to discrete veining and
fault planes (Figure 2). We conclude that deformation was
largely controlled by fluid content and migration.
[4] As argued by Marques et al. [2002], the compression
field in the Iberian Variscides does not seem to have significantly changed orientation with time. Although some
structures in the SWD indicate polyphase deformation with
rotation of the stress field by 90° twice (maximum compressive stress NE–SW to NW–SE, and back to NE–SW),
the local evidence does not seem compatible with any short‐
term, plate tectonics event younger than 306 Ma. We argue
that, as elsewhere in the Iberian Variscides, the stress field
did not change orientation appreciably in the SWD. We use
new data from this region to complement the knowledge of

TC2005

1 of 18

TC2005

MARQUES ET AL.: LOW‐T FOLDING SW VARISCAN FORELAND

Figure 1
2 of 18

TC2005

TC2005

MARQUES ET AL.: LOW‐T FOLDING SW VARISCAN FORELAND

TC2005

Figure 2. Micrograph images of thin sections cut normal to cleavage and fold hinge to show microscopic
features of shale (Figures 2a, 2c, and 2d) and quartzwacke (Figure 2b). Figures 2b, 2c, and 2d are from the
highly deformed, collapsed hinge shown in Figure 3. (a) Continuous cleavage made of considerable
mineral alignment, and spaced cleavage made of dark lamellae interpreted as residue left from pressure
solution (pressure solution cleavage). (b) Quartzwacke showing some signs of indentation by pressure
solution but no signs of fracturing or crystal plastic strain. (c) Highly flattened/sheared shale showing a
clearly dominant, highly penetrative continuous cleavage made of aligned minerals. (d) Same as Figure 2c
except rotated by 45° clockwise to better show mineral alignment. Although most minerals are light, at
this orientation, dark lamellae are still visible, especially in the darker top right corner of image, showing
that pressure solution most likely played a role in the development of cleavage. Figures 2c and 2d are in
crossed nicols.
the history of the southwesternmost European Variscan
foreland basin.

2. Geological Setting
[5] The South Portuguese Zone (SPZ) has been divided
into three terranes [Quesada, 1991], from NE to SW: the

Southern Ophiolitic Terrane (SOT), the Pulo do Lobo Terrane
(PLT) and the South Portuguese Terrane (SPT), all separated
from one another by major NE dipping tectonic contacts
(Figure 1). The SPT is the SW Europe expression of similar
terranes in SW England (Cornwall) and Germany (Rheinische
Schiefergebirge). Oliveira [1990], Silva et al. [1990], and

Figure 1. (a) Terrane distribution in SW Portugal (data adapted from Oliveira [1990] and Quesada [1991]. (b) Interpreted
cross section along X‐Y marked in Figure 1a (constructed using data from Silva et al. [1990], Rosas et al. [2008], and present
data). Arrows mark compressional kinematics only. (c) Stereographic projection, lower hemisphere, of axial planar cleavage.
(d) Stereographic projection, lower hemisphere, of regional folding hinges. Contours are at 1.7% in Figure 1c and at 1.1% in
Figure 1d. BIC, Beja Igneous complex (mostly gabbros and diorites); SWD, SW Portugal Domain; SPT, South Portuguese
Terrane; PBD, Pyrite Belt Domain; PLT, Pulo do Lobo Terrane; SOT, Southern Ophiolitic Terrane; OMZ, Ossa‐Morena Zone.
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Figure 3. Sand dike stemming from quartzwacke and injecting the adjacent shale in a collapsed hinge.
The dike was later deflected by flexural flow folding in the sheared incompetent shale. Thin sections
shown in Figures 2b, 2c, and 2d were made from samples collected in this highly flattened and
sheared fold.
Quesada [1991] further subdivided the SPT into three
domains, from NE to SW: the Pyrite Belt Domain (PBD), the
Baixo Alentejo Domain, and the SW Portugal Domain
(SWD). Here we simplify this division to PBD and SWD.
[6] The SPT comprises, from bottom to top [e.g., Pruvost,
1912; Mac Gillavry, 1961; van den Boogaard, 1963;
Schermerhorn, 1971; Oliveira, 1990; Pereira, 1999; Oliveira
et al., 2004, and references therein], (1) shallow platform
sediments, interlayered shales and quartzites with limestones on the top comprising the Phyllite‐Quartzite Formation of the PBD, with top limestones dated circa
365 Ma (middle Famennian) and unknown base (a similar
formation with similar age occurs in the SWD, although
much thinner); (2) volcano‐sedimentary deposits, bimodal
volcanics and interfingering siliciclastic sediments comprising
the Volcano‐Sedimentary Complex of the PBD, ranging in age
between circa 365 and 335 Ma (mostly Tournaisian) (in the
SWD, sediments of similar age represent a shallow platform
(Carrapateira Group [Oliveira, 1990]) without volcanics);
and (3) turbidite deposits, thick sequences with age ranging
between circa 330 and 315 Ma (Visean to Namurian) in the
PBD, thinning (considerably) and younging toward the SW
end of the SWD (youngest age circa 310 Ma, Westphalian).
Remobilized palynomorph fossils from the youngest turbidites in the SWD vary in age between Cambrian and Lower
Devonian (circa 540 to 410 Ma [Pereira, 1999]), which
suggests, together with other evidence [Oliveira, 1990, and
references therein], that they came from outside the SPT
because rocks of those ages are not known to crop out in this

Terrane. Mac Gillavry [1961] and Schermerhorn [1971,
1975] did not find any unconformity between the three main
formations. From the above, it seems clear that (1) there was
a shallow, quartz‐rich basin around 360 Ma ago in the SPT,
which means that there was no significant relief or tectonic
activity outside the basin to perturb the system; (2) the platform in NE SPT evolved progressively into a lithospheric‐
scale rift recorded by bimodal volcanism in the PBD, with
the development of crustal‐scale basins/grabens where
the Volcano‐Sedimentary Complex was deposited [e.g.,
Oliveira, 1990]; and (3) these were subsequently covered by
turbidites. Mac Gillavry [1961] and Schermerhorn [1971]
have concluded that the origin of the detritus feeding the
turbidites had to be to the north, in the Ossa‐Morena Zone
(OMZ, which they called the Beja Geanticline). Therefore,
topographic relief built up outside and to the north of the
SPT during inversion.
[7] The SPT is a fold‐and‐thrust belt with a bulk
southwestward transport direction [Mac Gillavry, 1961;
Schermerhorn and Stanton, 1969; Ribeiro, 1981; Silva et
al., 1990; Quesada, 1991, 1997]. The relationship between
folding and thrusting is complex, with precleavage thrusts
and (mostly) postcleavage high‐angle reverse faults. Early
thrusts were folded by the main folding event. Regional
cleavage strikes SE–NW and commonly dips steeply to the
NE, but rotates toward parallelism with major thrust faults.
It is axial planar to folds in the SWD, but transection is more
common toward the hinterland [e.g., Ribeiro, 1983; Silva et
al., 1990]. Dextral, NNE–SSW strike‐slip faults formed late
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Figure 4. (a) Low‐angle normal fault with rollover in thicker sandstone layer and en echelon quartz
veins marking shearing in the shales. Inset shows zoom of marked area, where breccia made of pieces
of thick sandstone layer mark part of the displacement. (b) Image taken to the left and bottom of
Figure 4a to show inversion of the normal fault, which was made in three main ways: (1) indentation of
the soft shale by the harder sandstone in the steeply dipping ramp, with preservation of the earlier normal
kinematics (open white arrows); (2) inversion of the flats by thrusting (full white arrows); and (3) flat thrusting following bedding with generation of detachment folds, where most movement is realized.
during the major folding event [Schermerhorn and Stanton,
1969; Schermerhorn et al., 1978; Marques et al., 2002].
Based on the observation that the oldest rocks are always
Late Devonian and occur in the core of major anticlines,
Ribeiro [1981] inferred a major décollement at the base of

the fold‐and‐thrust belt, thrust over an almost undeformed
basement. The geodynamic setting of the SPZ has been
differently interpreted: (1) accretionary wedge related to
northward subduction [Bard, 1971; Bard et al., 1973]; (2) back‐
arc basin related to southward subduction (see Soler [1973];
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Figure 5. Typical profile of chevron folds in SWD, with straight limbs and acute hinges. Long limb
detachments are also visible. Note ramp‐flat thrusting, where flats tend to follow low‐angle normal limbs.
Shortening is taken up by both folding and thrusting, possibly because of the lack of incompetent shale to
accommodate flattening and allow tightening of folds (which here are not as tight as observed in shale‐
rich turbidites, e.g., Figures 3 and 13).

see also comment by Schermerhorn [1975]); (3) oblique‐slip
mobile belt [Badham, 1982]; and (4) volcanic arc and
accretionary wedge related to double northward subduction
beneath the SPZ and the Iberian Terrane [Onézime et al.,
2003].
[8] The SWD is the object of the present study. Five
lithostratigraphic units have been distinguished [e.g., Oliveira,
1990; Pereira, 1999]. From bottom to top, (1) alternating
shales and quartzites (365–355 Ma) evolving upward to
(2) intercalated laminated siltites and nodules rich in carbonates (355 to 345 Ma), followed by (3) alternating dolomite limestones and marls, limestone beds with intercalated
black shales (345 to 330 Ma), (4) black shales with intercalations of carbonates and phosphate nodules (330 to 315 Ma),
and (5) alternating shales and graywackes with greatly variable frequency and bed thickness (320–308 Ma). According
to Schermerhorn [1970a, 1097b] and Abad et al. [2001], the
SWD rocks underwent peak diagenetic conditions close to the
lower limit of metamorphism, at temperature <100°C–150°C.
The age of the youngest folded sediments (Westphalian D,
circa 308 Ma) sets a lower limit for the age of deformation,
which in this domain is Stephanian (306 to 299 Ma) or younger,
i.e., late Carboniferous to Permian. Few data on the structural/
tectonic evolution of this domain have been published [Feio
and Lombard, 1958; Ribeiro, 1983; Silva et al., 1990].

[9] We collected detailed structural data in the SWD
along a coastal section where outcrops are of outstanding
quality and continuity.

3. Structural Data
3.1. Synsedimentary Structures
[10] The main primary planar structures are bedding and
diagenetic compaction foliation in shale. Internal laminations and graded bedding are observed in graywackes,
quartzites and limestones. Bedding was folded during sedimentation into slumps at scales from centimeters (very
common intralayer folds) to hundreds of meters, without the
generation of cleavage, but cut by the subsequent tectonic,
fold‐related cleavage. Graywacke dikes inject into the adjacent shales both up and down the stratigraphic direction.
These dikes are synsedimentary because they are systematically and consistently deflected/folded by the younger tectonic structures (Figure 3). Normal faults (Figure 4), with
clear signs of inversion as discussed below, may have formed
during turbidite deposition.
3.2. Tectonic Structures
[11] We use the qualitative terms competent to refer to
rocks that are strong and yield by brittle failure with a small
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Figure 6. Image to show variations in hinge geometry and pervasive veining during folding. Collapsed
isoclinal hinges most likely formed by migration of shale, which induced great variation of hinge plunge
and axial surface strike. On the fold in the top right corner, veins are parallel to hinge (radial fracturing),
or orthogonal to hinge (mode 1 tensile fractures), or conjugate oblique to hinge; almost all vanish away
from the hinge zone.
tendency to creep, and incompetent for weak and ductile
rocks with greater tendency to yield by creep [Ramberg,
1955].
[12] Quartz veins vary greatly in shape, arrangement,
structural position and age. They are isolated or arranged en
echelon, or form conjugate sets. They occur along and
across bedding, along cleavage in shales and along fold
hinges and at boudin necks in competent beds. Along hinges, quartz veins fill radial fractures and form parallel arrays
normal to the hinge line; alternatively, they form conjugate
en echelon sets with the acute bisector normal to the fold
hinge. The en echelon vein arrays have the geometry of
shear zones, in which the displacement parallel to the array
boundary rotated the veins to a sigmoidal shape, sometimes
with large rotation. According to Nicholson and Pollard
[1985], this should imply large strain in the host rock
between the veins. In the study area, small folds locally
represent such a strain. However, in most cases, no structure
is observed; hence, we infer that great volume reduction
may have accommodated the shear displacement, and fluid
migration has transported silica into the quartz‐filled veins.
The veins are often fiber filled, with fibers normal to the
vein walls in most cases. Early veins are folded and late
veins fill late tectonic brittle faults.
[13] Folds are commonly tight to very tight and show a
great variety of shapes, from concentric to chevron (e.g.,
Figure 5) through isoclinal and box. In sequences of thick
sandstone beds intercalated with shales of similar thickness,

the hinges are thickened in the shale (contrary to the limbs
that are highly thinned) or collapsed in the sandstone beds
(e.g., Figures 3 and 6) as observed in places where the axial
surface is subvertical. This indicates flattening following a
buckling stage [e.g., Bhattacharya, 1992]. In sequences of
thick sandstone beds intercalated with very thin shales, the
folds tend to be of chevron type with overturned axial surfaces. Chevrons are commonly associated with thrust faults
(e.g., Figure 5), which indicates that early shortening was
accommodated by buckling that later chocked, with further
shortening mostly accommodated by thrust faulting. The
hinges of the regional folding event are markedly curved
both in plunge and strike (e.g., Figures 6, 1c, and 1d),
trending NW–SE in average and plunging mostly to the NW
(Figure 1d). The axial surfaces are mildly to moderately
curved along both strike and dip (Figures 6, 1c, and 7). In
average they strike NW–SE and variably dip to the NE. In
places, axial surfaces are vertical, and both axial surfaces
and fold hinges strike closer to N–S (Figure 8). Here, steeply
plunging to vertical hinges are associated with dextral
transcurrent movement (Figure 9). Small‐scale folds with
vertical hinge and crenulation cleavage are mostly kinks in
shale‐dominated, thinly layered sequences.
[14] Folds are commonly accompanied by a penetrative,
axial planar, slightly fanning cleavage in shales, and by a
widely spaced cleavage in graywackes, quartzites and
limestones, typically at high angle to the cleavage in shales.
The closely spaced cleavage in shales (Figure 2) is mostly
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Figure 7. The great spatial variation of fold geometry and noncylindricity. Despite keeping an average
NW–SE direction, two antiforms and two synforms in the foreground pass into one synform and one antiform in the background, in <100 m. The tight, acute, antiform in the foreground left passes along hinge
into a box fold antiform and then into a box fold synform.
continuous [e.g., Passchier and Trouw, 2005]; the minerals
(mostly phyllosilicates) show a very strong preferential
alignment defining the continuous cleavage. In places, the
cleavage looks disjunctive due to cleavage parallel dark
lamellae that represent the insoluble residue of pressure
solution [e.g., Plessmann, 1964]. Therefore, the cleavage is
in part also a pressure solution cleavage. The highly penetrative, continuous cleavage formed most likely by mineral
rotation and oriented mineral growth [e.g., Sorby, 1853], as
found in highly flattened folds (Figure 3). In less tight folds,
cleavage is mostly restricted to the hinge zone. We thus
conclude that the cleavage formed mostly during the flat-

tening stage of folding. Locally, a crenulation cleavage
results from transcurrent movements associated with folding
(Figure 9).
[15] Boudins are one of the most spectacular structures in
the SWD. They formed in competent greywacke layers and
are generally barrel‐shaped in cross section but can occasionally be rectangular with sharp corners. Their dimensions
vary significantly, with a general trend for long boudins
being thick and short boudins being thin. In many cases,
their width is constant along length, as a one dimensionally
stretched boudin should be. In places, especially where
bedding dips steeply, chocolate tablet boudinage is observed.

8 of 18

TC2005

MARQUES ET AL.: LOW‐T FOLDING SW VARISCAN FORELAND

Figure 8. Folded en échelon quartz veins and dextral transcurrent movement associated with shortening
in folds trending more northerly.

Figure 9. Horizontal view of inverted boudins with formation of folds with vertical hinges and
crenulation.
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Figure 10. Low‐angle thrust cutting through earlier fold and cleavage. Inset at top left is a zoom of the
area marked by dashed rectangle; it shows a load cast that indicates reverse limb. Insert at bottom left
comprises the interpretation of the macrostructure. S0, bedding; S1, cleavage.
Here, quartz veins isolating boudins are normal to bedding,
and horizontal veins systematically cut the vertical veins,
meaning that hinge parallel extension preceded hinge
orthogonal extension. Inverted boudins with a second
cleavage crenulating the main cleavage are also observed
(Figure 9). Ramberg [1955] argued that boudins form in
competent layers by high‐angle compression and layer
parallel extension (one dimensional extension). The long
slender boudins are typically orthogonal to fold hinges and
separated by mode 1 tensile fractures, meaning that they
reflect hinge‐parallel “extension.” However, extension may
be relative, as the result of anisotropic rock shrinking due to
voluminous fluid extraction [e.g., Ramsay and Wood, 1973].
These long, rod‐shaped bodies indicate one‐dimensional
“extension,” which cannot produce chocolate tablet boudinage [Ramberg, 1955]. However, Ghosh [1988] showed
that two successive events of one‐dimensional extension can
generate chocolate tablet boudinage. This seems to be the
case for the observed structures.
[16] Main faults comprise low‐angle normal faults
(Figure 4), thrust faults with variable dip (Figures 10 and 11)
and subvertical strike‐slip faults. The normal faults show
flat/ramp geometry, with antithetic block tilting and roll‐
overs. Striations are dip slip in most observed fault surfaces.
Precleavage, low‐angle thrusts may exist but have not been
identified in the studied sections. Observed reverse faults
can be low angle or high angle at outcrop scale. At the
hundreds of meters scale, they correspond to flats and
ramps, respectively (Figure 11). The high‐angle reverse
faults and ramps are commonly subparallel to the main

cleavage of earlier folds. They seem to have formed where
folds and axial planar cleavage gradually overturned, and
easy slip surfaces (bedding in reverse limbs or axial planar
cleavage) became favorably oriented to slip. Low‐angle
thrusts tend to occur along thin shale beds in flat lying
normal limbs. Striations are dip slip in most observed thrust
surfaces. Strike‐slip faults cut through all previously
described structures. They are subvertical and strike in
average N020 and N070. The bisector is therefore perpendicular to the average fold hinge (NW–SE). The N020
system is dextral and the N070 is sinistral.
3.3. Deformation Timing
[17] The evolution of the observed structures in the SWD
is illustrated in Figure 12. The early structures to form,
slumps, some quartz veins and normal faults, were deformed
and tilted by the main folding event. Veins were subsequently folded either as a whole or individually. The age of
the normal faults is not clear. However, inversion of these
faults (Figure 4) shows that they predate shortening. We
conclude that they formed during the deepening of the basin
while the turbidites were deposited or as slope instabilities
shortly after deposition. Figure 4 shows that inversion of the
normal faults happened in three main ways: (1) indentation
of the soft shale by the harder sandstone in the steeply
dipping ramps, with preservation of the earlier normal
kinematics [e.g., Coke et al., 2003] (this is consistent with
the fact that high‐angle (the ramp in this case) normal faults
cannot be inverted in normal conditions of stress and friction
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Figure 11. Flat‐ramp thrusting in turbidites dominated by thick sandstone beds. The thin shales separating sandstone beds promoted early flexural slip folding, but the scarce amount of incompetent shale
hampered subsequent flattening. We infer that buckling was blocked and further shortening was accommodated by thrusting.
[e.g., Sibson, 1985; Marques and Nogueira, 2008]); (2) inversion of the flats by thrusting; and (3) flat thrusting
following bedding with generation of detachment folds,
where most movement is realized. The relative timing
between folding and boudinage is not straightforward.
Well‐developed, long boudins and chocolate tablet boudinage were observed mostly in steeply dipping (>70°)
competent beds. Boudinage seems therefore to be mostly
related to stages when fold limbs had already rotated significantly. Therefore, boudinage is mostly ascribed to the
flattening stage of folding, as the regional, penetrative
cleavage formation. Inverted boudins with local crenulation
cleavage denote continuing shortening during late folding
stages. Dense veining occurs along hinges and is for that
reason associated with the main regional folding. Thrust
faults typically cut through folds and cleavage (Figure 10),
showing their late character with respect to folding. The
strike‐slip faults cut through all structures and are therefore
considered late to post folding, the so‐called late Variscan
wrench faulting [e.g., Arthaud and Matte, 1975; Marques
et al., 2002].

4. Discussion
[18] In this section we discuss the mechanisms that we
believe were responsible for the production of the described
structures, and we try to answer the questions raised in the
introduction. We pay special attention to the role of fluids.
We argue that independent particulate flow assisted by
fluids controlled deformation of the fold‐and‐thrust belt in
the marine sedimentary wedge of the SWD.
[19] Estimates of initial porosity (volume fraction of interstitial fluid) of clays and fine silts are in the range of
0.60–0.80 [Baker et al., 1993] and final porosity <0.05.
Therefore, in order to discuss the mechanisms responsible
for the studied structures, we follow Baker et al. [1993] in

their conclusion that the study of deformation in shales and
slates should take into account large volume reduction. On
the other hand, porosity of sandstones depends on cement,
but compaction at low confining pressure is typically low
[e.g., Borg and Maxwell, 1956; Borg et al., 1960;
Maxwell, 1960]. The compaction rate of sediment is a
function of its permeability hence rapid expulsion of pore
water from mudstones is not possible due to the low
permeability and slow mechanical and chemical compaction rates [e.g., Bjørlykke and Høeg, 1997]. In contrast,
sandstones can be highly porous and highly permeable;
however, they are capped by highly porous but impermeable shale that hamper fluid drainage from sandstones. The
porosity and permeability contrast between graywackes
and shales leads to heterogeneous fluid drainage. Sandstones are fractured and boudinaged (with fractures later
healed with quartz), while shales seldom show fracturing
and subsequent quartz veining across bedding. Therefore,
fluids easily drained from the porous and permeable
sandstone could not as easily circulate through the capping
impermeable shale, and away from the system. Under such
conditions, fluid overpressure can build up and drive fluid
circulation mostly through pores and fractures in sandstone, and along the interface between sandstone and shale.
This can be one reason why it is so common to observe
fibers in quartz precipitated along bedding, which show
that this interface was slipping, thus greatly facilitating
flexural slip folding [e.g., Hubbert and Rubey, 1959; Price
and Cosgrove, 1990; Cosgrove, 1993]. The present data
also show that the mobile shale was expelled from highly
compressed areas, either from limbs in the case of thickened hinges or from hinges in the case of collapsed folds.
Shales behaved fluid‐like when the graywackes were
competent, which could be the result of slow drainage due
to their low permeability. We conclude that differential
draining controlled bulk rheology and, eventually, folding
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Figure 12. Cartoon showing deformation timing with evolution of main observed structures (from older,
1, to younger, 5). The structural associations shown in steps 4a and 4b are contemporaneous and may occur
in continuity because they depend on lithological distribution, thickness and frequency and on distance to
main thrust faults.
and fracturing processes. Rheological contrast must have
existed to make both folds and boudins; however, if this
contrast were too high, folds would have formed but
boudins probably not because layer‐parallel viscous drag
would be insufficient to break strong layers apart. If viscosity contrast were too low, folds would not have formed
or would have formed with shapes unfitting those observed
in the study area.
[20] Knowing that the solubility of silica in water is very
low below 150°C [Fournier and Potter, 1982] and that we

can observe only a small part of the precipitated silica (a lot
of dissolved silica may have been drained out of the system),
we conclude that the amount of fluids necessary to precipitate the quartz in the SWD veins was very high. In other
words, a large amount of fluids was present during deformation and assisted independent particulate flow while
tectonic fluid drainage was accompanied by large volume
reduction. From the layered character of the rocks, and the
geometry and areal distribution of quartz veins, it is clear
that rock shrinking was markedly anisotropic; fracturing and
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fluid migration were controlled by bedding, tectonic stresses,
lithostatic load and fluid pressure. The important volume
reduction undergone during deformation can explain many of
the observed structures, because anisotropic shrinking can
simulate extension: (1) early conjugate planar quartz veins
require “extension” along the obtuse bisector, which can be
the result of volume reduction and migration of fluids to
precipitate quartz in the tensile fractures (pressure gradient).
(2) Barrel‐shaped boudins separated by quartz veins may be
explained by differential removal of material by pressure
solution [e.g., Mullenax and Gray, 1984]. (3) Long, rod
shaped boudins may be explained by one‐dimensional rock
shrinking, which simulates one‐dimensional hinge parallel
extension. (4) Conjugate strike‐slip faulting requires some
“extension” along the obtuse bisector, which can be simulated by compaction. From great volume reduction and its
effects on deformation, we conclude that true tectonic
extension along structural strike may have not existed.
4.1. Rock Flow
[21] Typically, rocks flow by crystal plasticity and diffusive processes at high temperature and pressure. For that
reason, rocks deformed at high temperature show a fluid‐
like behavior that explains very tight and isoclinal folds. In
contrast, the folds studied in the SWD turbidites developed
at very low temperature, which requires that other mechanisms were active. Two hypotheses are possible: (1) cataclastic
flow, as proposed by Ismat and Mitra [2001] or (2) particulate
flow in fluid saturated, unconsolidated rock [e.g., Borradaile,
1981] (bean‐bag analogy of Ismat and Mitra [2001, 2005]).
As defined by Sibson [1977] and Paterson [1978]), cataclastic flow comprises pervasive fragmentation, fragment
rotation, frictional sliding and dilatancy. We looked for but
could not find such evidence at any scale in the studied rocks.
Borradaile [1981] reviewed the information pertinent to
particulate flow and suggested that it occurs differently
depending on the degree of coupling between granular and
intergranular deformation: independent, dependent, and
controlled particulate flows. We have not observed appreciable intragranular deformation (brittle or plastic), and
therefore conclude that the studied rocks flowed by independent particulate flow. This type of flow can be achieved
in uncemented or poorly cemented rocks, where grains are
free to slide past one another without internal strain, and
under shallow burial or high pore fluid pressure conditions
[Groshong, 1988].
[22] Although pressure solution can accommodate a lot of
shortening, we have to distinguish between this ability to
accommodate flattening and the ability to accommodate
material migration over many meters normal to shortening.
In this latter case, pressure solution can facilitate the
movement of grains past one another without recourse to
fracturing or mineral plastic strain. However, the signs of
pressure solution in the sandstones are very mild, which
means that independent particulate flow is still the best
option. In the shales, pressure solution seems more relevant,
although clearly not as important as mineral rotation, which
might have significantly intervened in the cleavage formation. Pressure solution shows that the grains interacted, but
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did not strain internally or fracture. This is one reason why
we argue in favor of independent particulate flow. At most,
the flow could be controlled particulate flow, if control were
assumed to be by pressure solution. However, by definition
[Borradaile, 1981] there must be intragranular deformation
in controlled flow, which we did not observe.
4.2. Folding and Cleavage
[23] The discussion concerning folding mechanisms must
be consistent with the following lines of evidence: (1) the
studied rocks have deposited under water, and it is an open
question whether dehydration and compaction took place
prior to, during, and/or after folding; (2) the abundant quartz
veins document great fluid content and pervasive fluid circulation; and (3) shales have flowed without visible brittle
failure.
[24] Flexural slip folding is inferred from slickensides on
bedding surfaces, which seems to be the dominant mechanism during folding. Flexural flow folding is inferred from
deflected sand injectites and internal en echelon tension
gashes, which indicate that ductile shearing of incompetent
layers and mixed ductile/brittle shearing of competent layers
took place.
[25] Two mechanisms have been evoked to explain
moderately tight multilayer folding: tangential, within bed
longitudinal strain and flexural slip along bedding surfaces.
However, other mechanisms must be active for very tight to
isoclinal folding. Bhattacharya [1992] concluded from the
study of natural folds that when interlimb angles are <130°
(and especially <70°) folding is accommodated by flattening, as deduced from thickened hinges and thinned limbs.
Bayly [1974] concluded, from an energy calculation, that at
limb dips >60° (small interlimb angles) it is the incompetent
material that almost exclusively controls the rate at which
the fold continues to close. This is consistent with our
observation that the shales have migrated (1) away from
hinges to allow sandstone hinges to collapse and (2) from
limbs toward hinges (thickened) to allow fold tightening
during postbuckling flattening. Shale migration at the
flattening stage indicates that shale was not lithified during
folding. In the study area, two situations were encountered:
shale‐rich and shale‐poor sequences. Shale‐rich multilayer
sequences comprise thick shales interlayered with thick
sandstones that commonly show fracturing concentrated
along hinges. Quartz‐filled radial veins indicate that the
hinges yielded by brittle fracture sometime during folding.
If this happened early, the competent sandstone became
weak along hinges and limb rotation about the hinges was
greatly facilitated. Yet, despite radial fracturing, the hinges
essentially keep their continuity. This means that the interlayered incompetent shale had to accommodate most of
the shortening in the postbuckling, flattening stage. That
shale behaved like a relatively low viscosity fluid until
very late in the folding history is consistent with independent particulate flow. Shale‐poor sequences comprise
thick sandstone beds separated by thin shales. Buckling
was facilitated by slip along soft and thin shales, but the
postbuckling flattening was hampered and folds locked up.
In order for the rock to accommodate continued shorten-
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Figure 13. Image to show details of collapsed hinges and shale mobility. White arrows mark shale flow.
Note that (1) shale was completely squeezed out of the synform and antiform folds most to the west; (2) in
contrast, shale was squeezed out of limbs toward the hinge in the antiform in the center of the image,
which pushed the hinge up and tilted the hinge line significantly to the north (compare with horizontal
hinge immediately below at the bottom center of the image); (3) the hinges are strongly fractured, with
tensile gashes filled with quartz; and (4) the fracture in the hinge at the bottom center was first filled with
quartz and later with down squeezed shale.
ing, thrusts formed and folds overturned toward the transport
direction.
[26] Curved hinges and axial surfaces may also result
from synfolding shale migration (Figure 13). Additionally,
volume reduction during shortening can also account for
significant variations in hinge plunge [Ramsay and Wood,
1973]. Seemingly hinge‐parallel extension (e.g., veins
opened parallel to fold hinges) can be the result of volume
reduction. The folds that strike closer to N–S and record
dextral transpression may result from drag against a major
N020 dextral strike‐slip fault (Figure 14), which could have
acted as a lateral ramp. This can be one reason why the most
common hinge plunge in the SWD is to the NW. Clockwise

rotation of fold hinges turned them oblique to the regional
compression.
[27] It has been long shown [Sorby, 1853] that there is
typically one way of making a cleavage at very low temperature–fluid‐assisted rotation of phyllosilicates to a statistical preferred orientation, commonly approximately
normal to maximum shortening. Means and Paterson
[1966] also concluded that rotation can be a predominant
orienting mechanism in the formation of cleavage, and
Oertel and Curtis [1972] demonstrated that compaction can
be a cause of preferred orientation in shales. For mineral
rotation to happen, a rock volume must change shape, or
significantly decrease volume, or both; this seems to be the
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Figure 14. Interpretative sketch to explain late stage vertical folding and dextral detachment, crenulation cleavage and boudin inversion. Folds become arcuate (rotate) close to major N20 dextral strike‐slip
fault, which acts as lateral ramp, and a transcurrent component increases gradually. In the area where
NNW folds pass into NW folds the transcurrent component dies out, and this induces compression parallel to NW axial surfaces. Therefore, previous “extensional” structures are inverted, the already very
steep bedding (S0) is folded with subvertical hinges, and early cleavage (S1) is crenulated and a new
cleavage forms locally (S2). Ax, Axial trace.
case in the SWD. In the absence of an alternative plausible
explanation, and given the very low peak temperature, we
infer that mineral alignment in the studied shales (Figure 2)
mostly results from rigid rotation of sedimentary phyllosilicates. The oriented crystallization of new phyllosilicates
added to the observed mineral alignment. This does not
preclude pressure solution as one of the cleavage‐forming
factors. In fact, it can explain in part the numerous quartz
veins in the SWD.

5. Regional Significance of Latest
Carboniferous Shortening
[28] Current data from the SPT indicate that (1) the oldest
sediments in the SPT set an age limit to the initiation of
extension, and hence a limit between early compressional
and subsequent extensional tectonics, around 365 Ma
(Figure 15) (early compression can be recognized in the
OMZ, as shown by Rosas et al. [2008] for west OMZ but

not in the SPT because rocks older than circa 370 Ma are
unknown in this terrane); (2) extension took place between
circa 365 Ma and 335 Ma, which is the age of the volcano‐
sedimentary complex deposited in the SPT trough bordering
the OMZ to the south; and (3) the postvolcanic turbidites
filling the SPT trough were mainly eroded from an uplifting
OMZ, thus indicating their postrift deposition in a foreland
basin in front of the inverted previous rift. Deepening of the
foreland might be indicated in the SWD by the normal faults
inverted by later compression. Denudation of the OMZ was
important in order to account for the enormous amount of
detritus deposited in the SPT trough. The continuous supply
of OMZ‐derived detritus to the SPT turbidites shows that
exhumation and denudation in the OMZ was very active
between circa 335 to 310 Ma. Putting together extension,
origin of detritus, uplift, and age of deformation in the two
neighboring terranes, Rosas et al. [2008] concluded that
extension and subsequent inversion were contemporaneous
in both terranes. Uplift and denudation of the OMZ seems to
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Figure 15. Interpretative sketch of the SPT geodynamic evolution.

have continued until circa 310 Ma, the age of the youngest
turbidites in the SWD.
[29] The youngest turbidites set a circa 310 Ma limit to the
tectonic shortening in the SWD. The age and thickness of
turbidites and their metamorphic grade increase toward the
NE, i.e., the internal domains of the SPT where initiation of
compressive deformation is late Visean (circa 325 Ma
[Oliveira, 1990; Silva et al., 1990]). Inversion of the turbiditic basin may have resulted from roll‐forth subduction
following some roll‐back. This interpretation implies that
subduction of the Rheic Ocean below Central Iberia was
continuous throughout the Variscan orogeny. This is also
consistent with the 350–330 Ma subduction‐related magmatism [Pereira et al., 2006] recorded as tholeiitic, calc‐
alkaline and shoshonitic bodies in SW OMZ [Santos et al.,

1987, 1990]. If, as inferred in the present study, the deformed SWD rocks were still soft, then a gravity‐driven
component was likely combined with the regional tectonic
stresses. A present‐day analog is a submarine wedge like
that in NW Borneo [e.g., Morley, 2009].
[30] Cleavage transection is absent or very weak in the
SWD and becomes more important toward the internal domains of the SPT [Simancas, 1983; Ribeiro, 1983; Silva et
al., 1990; Quesada, 1997; this study]. The interpretation is
that the transcurrent effects of a strong back‐stop (the OMZ)
vanished toward the SWD.

6. Conclusions
[31] The late Carboniferous turbidites of the SWD have
been intensely shortened in a foreland fold‐and‐thrust belt
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of latest Carboniferous age, possibly as the response to roll
forth subduction at the end of the Variscan orogeny. Tight
folding of unlithified rocks was possible by independent
particulate flow. This deformation mechanism inferred for
the SWD may only have operated early in the internal domains of the SPT, especially in the deeper seated units
where a higher metamorphic grade subsequently allowed
other deformation mechanisms for the deformation of lithified sediments. By reference to the studied example, we
propose that independent particulate flow is an essential
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deformation mechanism in submarine accretionary wedges,
thus solving a rheological question relating apparent competence of rocks and regional folding intensity.
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