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Abstract

The Newfoundland-Iberia rift, which includes the Lusitanian Basin (LB), has been
considered the archetype of a magma-poor rift, but its main steps are still debated. The new data
reported here indicate that the LB’s eastern border comprises two contrasting types of contact
between continental sediments and Variscan basement: major angular unconformity and master
bounding fault. The unconformable contact could mean a pre-rift sag basin, or a syn-rift half-
graben with flexural boundary in the E. However, given that newly recognized master NW-SE to
NNW-SSE bounding faults displace the red continental deposits and basal unconformity by
hundreds of meters, we infer that the master bounding fault is Alpine and displaces the base of a
previous sag basin. In the case of unconformable contact and sag basin, the age of the red
continental deposits would be older than the currently attributed Late Triassic age, and represent
the missing Late Variscan denudation molasse. It seems therefore that the LB could be a rift basin
underlain by an older and smaller sag basin. Later, Pangaea rifting produced a full graben, the LB,
bounded to the east by a newly mapped master fault reactivating a major Variscan shear zone in
the northern half of the Lusitanian Basin. A similar development of composite basins can be found

in NE Brazil, where some Mesozoic intracontinental basins also show evidence of two-stage basin
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formation, an early sag (Palaeozoic) and a later rift (Mesozoic).

Keywords: Lusitanian Basin; composite basin; sag basin or half-graben; Triassic sediments;

debris-flow dominated fans; unconformable or fault basin-basement contact

1. Introduction

Intracontinental sedimentary basins may reflect the complex history of the basement where
they sit. For instance, the same basin can comprise sediments from two tectonic cycles: the older
sediments, deposited in a sag basin, can be the witness of denudation in the post-collisional,
waning stages of an orogen; the younger sediments can be deposited in a subsequent rifting episode
representing the beginning of a new tectonic cycle. This could be the case of the intracontinental
basins in NE Brazil, where Palaeozoic sag basin sediments precede Mesozoic rift-related
sediments. Here we propose a similar evolution for the Newfoundland-Iberia Rift, where Late
Variscan (Permian) sag basin sediments could precede Mesozoic rift-related sediments.

The Lusitanian Basin (LB) is the eastern expression of the Newfoundland-Iberia Rift (Fig.
1). The present-day LB shows an approximate NNE-SSW direction, concave to the WNW (Fig.
1). The northern half grossly follows the NNW-SSE to N-S Porto-Tomar Shear Zone (PTSZ), and
the southern half strikes approximately NNE-SSW, the direction of a well-known late-Variscan
fault system (e.g. Arthaud and Matte, 1977; Marques et al., 2002). This means that the LB’s eastern
boundary corresponds to reactivated major shear zones inherited from the Palaeozoic Variscan
orogeny. The LB was filled in the early stages by continental red conglomerates and sandstones
attributed to the Late Triassic (< 230 Ma), which were sub-divided by Palain (1976) into (from
bottom to top) sequences A, B and C (each sub-divided into Al and A2, B1 and B2, and C1 and
C2). Together, these sediments are known as the Silves Group. This Late Triassic sedimentation

was followed by the deposition of thick evaporites in the earliest Jurassic (ca. 200 Ma),
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concomitant with the CAMP magmatism (Central Atlantic Magmatic Province), then followed by
a thick Jurassic marine carbonate sequence (ca. 195 to 150 Ma), and finally by siliciclastic
continental deposits from the Late Kimmeridgian (ca. 150 Ma) to present-day, with a major
unconformity at the Jurassic-Cretaceous boundary (ca. 145 Ma) and intercalated marine deposits
in the Cenomanian-Turonian and Miocene.

Despite having been studied since the late nineteenth century, the LB is yet not well
understood regarding onshore boundary master faults, continental rifting characteristics, and
geodynamic meaning of the earliest red siliciclastic deposits. Previous work has suggested that the
LB’s eastern boundary is flexural (eastern border of a half-graben), where small faults define a
horst-graben architecture, and no field evidence for a master bounding fault has been shown in the
literature (e.g. Wilson et al., 1989; Azeredo et al., 2003; Kullberg et al., 2006; Soares et al., 2012).
These works show field evidence of faults with very small displacement, all of them cutting the
Silves Group itself, not the master bounding fault separating the LB (hanging wall) from the
Variscan basement (footwall). To our knowledge, all previous work has concentrated either on
small areas or on a very limited number of data points within the Silves Group to infer rift
kinematics, and none has proposed a geodynamic interpretation for the red siliciclastic deposits
and rifting based on widespread field data with hundreds of outcrops analysed as we did in the
present work. Here we seek to better understand the significance of the red siliciclastic deposits in
the LB, especially its age and tectonic meaning, and bring new answers and views regarding late-
to post-Variscan Permo-Triassic tectonics. The age of the lowermost siliciclastic sediments in the
LB is not known, because they have not been dated, mostly because fossils like palynomorphs
could not be found in the Al unit defined by Palain (1976) (Vilas Boas et al., 2021). Soares et al.
(2012) suggested the existence of a “proto-Lusitanian Basin” forming at ca. 245 Ma (earliest
Middle Triassic). In contrast to our interpretation reported here (sag basin due to collapse of the

Variscan orogen), Soares et al. (2012) proposed that the “proto-Lusitanian Basin” formed by
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extensional tectonics during migration of the Neotethys to the west.

In order to accomplish our objectives, we carried out structural/tectonic work along the
LB’s eastern boundary in its northern half, not only where the red siliciclastic deposits have been
previously mapped but also to the east inside the Variscan basement where the main fault or faults

have not been mapped but should exist.

2. Geological Setting

The Triassic rifting in the early stages of the LB was mostly controlled by lithospheric-
scale faults inherited from the late stages of the Variscan orogeny (310 to 270 Ma; Dias et al.,
1998; Neiva et al., 2012; Martinez Catalén et al., 2014; Valle Aguado et al., 2017). This late-
Variscan episode produced two main conjugate strike—slip fault systems in Iberia (Marques et al.,
2002): the NNE system (e.g. Vilarica and Chaves faults), dextral during the Variscan and sinistral
during the Alpine (Marques et al., 2002), and the conjugate ENE-WSW sinistral system (e.g. the
faults reactivated in the Alpine orogeny to form the ENE-WSW Serra da Estrela pop-up and the
Spanish Central System) (Marques et al., 2002). Earlier in the Variscan orogeny, NNW shear zones
formed that were initially ductile and later brittle.

A synthesis published by Kullberg et al. (2006) proposed that the LB has undergone four
rifting episodes. In the synthesis paper of Leg 210 of the Ocean Drilling Project, Tucholke and
Sibuet (2007) divided the LB evolution into two phases: the first phase (Late Triassic to Early
Jurassic) is characterized by a broad continental rift without separation, and the second stage by
three rifting episodes (Fig. 2). Pena dos Reis et al. (2010) considered that three rifting and two
"Sag" episodes have occurred during the LB’s evolution (Fig. 2). Based on large unconformities
and new AFT data, Barbarand et al. (2021) proposed the existence of only two continental rift
stages, one (Rift 1) from the Late Triassic to the latest Jurassic (ca. 150 Ma), and the other (Rift 2)

between the Jurassic/Cretaceous boundary (ca. 145 Ma) and the first formation of basaltic oceanic



100 crust at ca. 110 Ma. This rift-to-drift stage marks the shift from continental to oceanic rifting,
101  which can be considered Rift 3 lasting until present-day. The period of interest in our work is the

102  beginning of the first phase in the Triassic or earlier.
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104 Figure 1. Simplified geological map for location of the study area (dashed blue rectangle) and
105 main tectonic structures in the Lusitanian Basin. Image on inset at bottom right from Google
106 Earth.
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Figure 2. Synthetic lithostratigraphic chart for the LB (left), and different phases of the LB’s
tectonic evolution (right) showing rift (R), sag (S) and drift (D) stages according to the indicated

authors.

The Silves Group in the LB have been divided into several major units (see Table 1), which

together comprise the Grés de Silves Group (e.g. Choffat, 1882, 1903-1904; Palain, 1976). The

first rift sediments (Conraria Formation), which are the main object of this work, are composed of

coarse red sandstones and conglomerates, and more rarely grey and red pelitic beds. The clasts are

composed of basement-derived metamorphic and igneous rocks, and the clast size decreases away

from the master bounding fault. The depositional environment of these sediments away from the
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Porto-Tomar Fault (master bounding fault) has been considered an intermittent alluvial system
with low-sinuosity braided channels (e.g. Soares et al., 2012). In the present work, we show that
the facies variations are related to the proximity to the Porto-Tomar Fault and the local dynamics
of the fluvial system; therefore, it does not seem realistic to define a true stratigraphic subdivision

of the Conraria Formation.

Table 1. Lithostratigraphic units of the Grés de Silves Group. A, B and C are megasequences, each
with two sub-divisions. U — unconformities (U0, U1 and U2b — angular unconformities). Ages
from Vilas-Boas et al. (2021).

Age Palain (1976) Soares et al. (2012)
C2
Hettangian ¢ U3 Pereiros Formation
Cl =
B2 e
USa | 2 | Castelo Viegas Formai
Rhaetian B j astelo Viegas Formation
B1 U2b D
3 Penela Formation
U2a @
No’;lan A ﬁi © Conraria Formation
U1l
Bucaco Basin
uo
Variscan Basement

The Grés de Silves Group has been dated using palynomorphs (Doubinger et al., 1970;
Adloff et al., 1974; Diez, 2000; Arche and Lépez-Gomez, 2014; Vilas-Boas et al., 2021). A mid-
Norian (ca. 220 Ma) to earliest Rhaetian (ca. 207 Ma), age was attributed to the A2 member of the
Conraria Formation (Vilas-Boas et al., 2021). This means that the A1 member (ca. 120 m thick)
was not date and, therefore, its age is still unknown. A Middle Carnian (ca. 232 Ma) to Upper
Norian (ca. 215 Ma) age has been inferred for the Castelo Viegas Formation (Adloff et al., 1974;
Diez, 2000; Arche and Lopez-Gomez, 2014), but Vilas-Boas et al. (2021) could not find material
appropriate for dating. Adloff et al. (1974) proposed an Hetangian — Sinemurian age (ca. 201-191

Ma) for the base of the Pereiros Formation, i.e. term C1 of Palain (1976). However, Diez (2000)
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proposed a Lower Norian to Rhaetian age for the term C1. More recently, Vilas-Boas et al. (2021)
inferred an uppermost Rhaetian and Hettangian age for the Pereiros Formation.

The basement units below the LB in the study area are (Oliveira et al., 1992; Soares et al.,
2007): the Upper Proterozoic Série Negra mostly composed of black shale and greywacke; the
Upper Proterozoic Beiras Group characterized by thick layers of metagraywackes; and the
Ordovician Armorican Quartzites (mostly quartzite and shale). The relationship between the
lowermost red siliciclastic deposits and the underlying sediments of the Bugaco Basin is not clear,
but it has been described as an angular unconformity (Domingos et al., 1983). The Bugaco Basin
is mainly composed of breccia, siltstone, mudstone, conglomerate and coal seams, and the age is

Permo-Carboniferous as inferred from palynomorphs (Machado et al., 2018).

3. Field data

The study of the Conraria Formation comprised several challenges. Most outcrops have
small dimensions and are sparsely distributed, hence we had to analyse a large number of outcrops
in order to consistently integrate the results for the whole study area. We collected sedimentary
and structural data on 368 outcrops. These outcrops are located along the eastern margin of the LB
(Fig. 3), not only where the red siliciclastic deposits are recognized on geological maps, but also
to the east, in the basement adjacent to the basin (Fig. 3), where we suspected that red

conglomerates and sandstones should be found if the LB were bounded to the east by master faults.
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Figure 3. A) Geological map and cross-sections of the study area. This map encompasses the
data collected for this work, and uses as a base the available 1:500,000 and 1:50,000 geological
maps (Oliveira et al., 1992; Soares et al., 2007). B) Cross-sections detailing the easternmost
sections of the Coimbra Basin and its contact with the basement. Note the Conraria Formation
outcropping at different altitudes.
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Figure 4. Examples of synsedimentary faults (A) and contact between basement and red
siliciclastic sediments (B to D). (B) Example of contact by fault scarp (dotted line to the left of
the hammer); (C) outcrop with an example of contact through unconformity (yellow dotted line);
and (D) example of fault contact.

The outcrops were located using GPS and 1:25,000 topographic maps. In each outcrop we
indexed all the structures, such as faults, fractures, foliation, bedding, etc. We also recorded the
sedimentary features using Miall’s (1996) concepts. Qualitative and quantitative analyses of
deformation were carried out, including the determination of the stress field by the right dihedral
method of Angelier and Mechler (1977). The determination of the relative movement of the fault
blocks was done through kinematic characterization of the indicators on fault planes (Angelier,
1994). We used the Win-Tensor 4 software (Delvaux, 2012) for the computer-assisted calculation

of fault kinematics and stress fields. This software enables the creation of theoretical striae for the
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faults in which no striae were observed in the field. However, we followed the principle proposed
by Angelier (1989) in which o should be at most 22°.

Another challenge presented by the Conraria Formation is that this unit was later affected
by other rift phases and Alpine deformation; therefore, we had to discriminate between syn- and
post-sedimentary structures. We used criteria based on the premises that faults propagate upwards,
sedimentation is a discontinuous process, and the classical principle of superposition. For instance,
a fault affecting Conraria sediments and covered by the same unit was active only during the

deposition of the Conraria Formation (Fig. 4A).

3.1. Contact between red siliciclastic deposits and the Variscan basement

The red siliciclastic sediments contact directly with the basement through three main types
of surface: unconformity, fault, and fault scarp (Figs. 4B, C and D). Fig. 4B shows the contact
through a fault scarp, where the fault is concealed by the overlying coarse sediments deposited
while the fault was inactive. In this case, the fault ceased activity leading to erosion of its scarp
and deposition of red siliciclastic deposits. This type of contact can be identified by the absence of
a clear fault surface and fault rock. Interestingly, in this type of contact the basement is Black
Schist and the clasts comprising the sedimentary deposit are of quartzite and quartz eroded from
topographic highs further away to the east. In Fig. 4C we can see an example of contact by an
angular unconformity, where the red sediments are deposited on an erosional surface atop the
Variscan basement. The fault contacts are characterized by syn-sedimentary faults and fault rocks
that separate the Conraria sediments from the basement. The example in Fig. 4D is particularly
representative of this type of contact. In this case, the red siliciclastic deposits to the left of the
fault contain lithoclasts of the adjacent basement (black shale), which can be seen in the footwall.
In this example we can observe a sedimentary breccia associated with the fault and deposited

above the red conglomerate, thus indicating that, in this case, the fault was reactivated after a
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period of inactivity when the red conglomerate was deposited. The basement unit making up all
the contacts is the Série Negra Formation (black schist with quartz veins), except one outcrop
where the basement unit was the Armorican Quartzite (Fig. 3B, Sections 4 and 5).

Despite the different types of contact, several characteristics are similar in all outcrops
where the basement is in direct contact with the Conraria Formation. The absence of large volumes
of sedimentary breccia, the lack of clasts larger than cobbles, and, even in the contacts through
fault, the source rock of most sediments is not from the adjacent basement unit. In only a few
outcrops we have observed large granite boulders (e.g. inside the city of Coimbra, close to the
contact with the Porto-Tomar Fault), and schist clasts in the vicinity of syn-sedimentary faults, but

no further than 2 m from it.

3.2.  Sedimentary data

The Conraria Formation comprises three facies, although the discontinuity of the outcrops
hinders the full understanding of the vertical and horizontal distribution of each facies. Facies 1
comprises well-sorted coarse sand with dispersed sub-angular gravel (Fig. 5A). Commonly, this
facies presents planar crossbedding, through crossbedding with set thickness ranging from 0,1 m
to 1 m with trough-shaped bedding surfaces eroding underlying strata. These deposits define
channel fills with a large range of dimensions, from 1 m to tens of meters wide and deep. Facies 1

is often interstratified with Facies 2 (Fig. 5A).



facies ¥ ¢

Qutcrop 288
40,191162 NHE=3 a7
-8,399363 I5cm

Abandoned

channel
(F)

—=

Flood
Plains
(facies F)

- 5400
. e on2
e N
=
channel "
\ 7 ,//‘—//
/ -
=
= (G)

— =

El Conraria Fm.
Paleocurrents

n=15

max. = 13%

avg. direction: 234°
95% conf.: + 29°

222




223
224
225
226
227
228
229
230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

Figure 5. Examples of the different lithofacies of the Conraria Formation: (A) Outcrop photo
showing interbedded Facies 1 and 2. (B) Outcrop photo of Facies 3. (C) Schematic diagram of a
gravel-bed braided alluvial system with sediment-gravity-flow deposits (after Miall, 1996). Note

the contemporary deposition of all Conraria sedimentary facies. (D) Rose diagram of the
Conraria Formation paleocurrents.

Facies 2 consists of sheets of matrix-supported quartzite pebbles to cobbles, where the
clasts are moderate- to well-sorted and well-rounded (Fig. 5A). This facies typically does not
display apparent stratification, other than crude bedding evidenced by particle size differentiation.
Facies 3 is defined by laminated red sand and white silt deposits, and bedding thickness varies
from 1 to 20 cm. Rare undulating bedding and root marks can be observed, although commonly
this facies is arranged as planar bedding (Fig. 5B).

Facies 1 can be interpreted as filling of thalweg channels (Fig. 5C). Facies 2 can be
interpreted to be a remnant of low-amplitude unit bars, recording abrupt introduction of large
volumes of sediments, probably due to tectonic instability. Facies 3 can be interpreted as shallow
deposits during final filling of the channel, and paedogenic characteristics indicate channel
abandonment or overbank deposition. Therefore, facies associations 1, 2 and 3 can be interpreted
as part of a gravel-bed braided alluvial system with sediment-gravity-flow deposits (senso Miall,
1996), and not individual stratigraphic units.

The Conraria Formation depositional environment was, presumably, a very dynamic
system with relative low transport capability, when compared with fluvial systems established in
the proximities of rift master bounding faults (Miall, 1996; Einsele, 2000) and periods of high
transport capability. This conclusion is supported by the observation of several outcrops where the
channels are restricted by gravel bars, together with the grain size (medium to coarse sandstones),
sedimentary structures (absence of ripple marks), and the geometry of the deposits (presence of
erosional surfaces between channels).

Paleocurrent data measured in the study area indicate current direction mainly to the SW.
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These results are consistent with the paleocurrent control by the geometry of syn-rift faults

presented in section 3.3.
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Figure 6. (A) Contoured maps of poles to planes of the Conraria Formation synsedimentary
faults separated in two main sets, NW-SE and NNE-SSW. (B) Stereographic projection of all
synsedimentary faults with stress tensor projection. (C) Stereographic projection of the recorded
Triassic fault striations. (D) Stereographic projection of the tensors resulting from
synsedimentary faults of the NW-SE set. (E) Stereographic projection of the tensors resulting
from synsedimentary faults of the NNE-SSW set. Stress inversion of the fault-slip data was
carried out using the right-dihedral method of Angelier and Mechler (1977) and WinTensor
software. Note that to keep o value lower than 22°, 44 faults were disregarded. Red arrows
represent extension, and blue arrows represent contraction.
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3.3. Structural/tectonic data

On 126 Conraria outcrops, we measured 272 faults, 102 of which are most likely
synsedimentary (Fig. 6A), but we were unable to determine if the remainder of the observed faults
are synsedimentary or younger. In most cases, the fault vertical throw is < 1 m. On outcrop, the
faults are generally curvilinear, spaced, and with a homogeneous distribution throughout the
outcrop. The Conraria synsedimentary faults can be organized into two main sets: a more common
NW-SE, and a less common NNE-SSW. In both cases, most faults dip steeply (around 70-80°),
more than the typical normal fault (around 60°). A third minor set of faults also occurs, which
strikes WNW-ESE and dips approximately 60° (Fig. 6A). The main kinematic criteria used were
fault striations and bed displacement, although fault striations are quite rare due to the lithological
characteristics of the sediments. When present, kinematic indicators allow inferring normal
(dominant) oblique movement.

In order to determine the stress field during deposition of the Conraria Formation, we used

only the synsedimentary faults and the method proposed by Angelier (1989) (Fig. 6B).
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Figure 7. Equal-area, lower hemisphere projections of poles to planes using Fisher distribution.
A — total of measured faults in the Castelo Viegas Formation. Note that most faults trend NW-
SE, some trend NNE-SSW, and a few trend N-S. B — five synsediemntary faults trending around

NW-SE, and one ENE-WSW. Despite some scattering, there are two preferential fault trends:
around NW-SSE, parallel to the main tectonic trend in the basement, and ca. NNE-SSW, parallel
to a well-known late-Variscan fault system (Marques et al., 2002), mainly represented by the
Vilariga-Manteigas and Chaves-Régua faults.

The data collected in the younger Castelo Viegas Formation indicates an anti-clockwise
rotation of the overall tectonic stress field, with synsedimentary faults trending NNE-SSW and a

vertical sigma 1 orientated N126/72 (ENE-WSW). This NNE-SSW trend is present on the
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Conraria Formation representing 42% of the non-synsedimentary faults recorded in this unit.
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Figure 8. Equal-area, lower hemisphere projection of poles to planes using Fisher distribution.
272 measured faults in the Conraria Formation. Note that there are faults in all directions,
although extension during rifting be commonly assumed as E-W. Despite scattering, there are
preferential fault trends, as discussed in the main text.

4. Discussion
4.1. Ages of the studied sediments

All palynological studies carried out in the Silves Group (Adloff et al., 1974; Doubinger et
al., 1970; Diez, 2000; Vilas-Boas et al., 2021) agree that the age of the sediments is Late Triassic
(Norian-Rhaetian) to Early Jurassic (Hettangian). However, the base of the Conraria Formation
(base of the Silves Group), i.e. its first 120 m, has never been dated.

Soares et al. (2012) overlooked the palynomorph ages (e.g. Adloff et al., 1974; Doubinger
et al., 1970; Diez, 2000) and said that Castelo Viegas, the third formation from the bottom (above
unconformity D2b), is the first formation at the base of the Lusitanian Basin. If it is already

extensional and due to the propagation of the Neotethys to the west as argued by Soares et al.
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(2012), then it is already Pangaea rifting and there is no argument to say that the red siliciclastic
deposits prior to Castelo Viegas do not belong to the LB. Moreover, the Castelo Viegas Formation
is the proximal equivalent of the distal Hettangian evaporites (Soares et al., 2012; Vilas-Boas et
al., 2021), which means that Soares et al. (2012) suggested that the LB started in the Hettangian,
i.e. ca. 200 Ma ago, with the evaporites. This idea contradicts all previous literature on the LB,
and the typical evolution of a continental rift, in which the evaporites appear in a second rifting
stage, when restricted sea water circulation invades the rift as in the East African Rift. Soares et
al. (2012) further suggested the existence of a “proto-Lusitanian Basin” forming at ca. 245 Ma

(earliest Middle Triassic), which is not supported by the well-established ages of the Silves Group.

4.2. Meaning of the structural data

Angelier (1989) established that, when using the right dihedra method to infer the
palaeostress field, the a angle should be maintained under 22° for the method to be accurate. In
our case, to comply with this condition, it would be necessary to exclude 83% of the faults,
otherwise the uncertainty is greatly increased (Fig. 6B). This may have two explanations: (1) the
measured faults were not all of them produced by the same stress field, or (2) the measured faults
result from reactivation of inherited faults.

The meaning of the measured structural data is not straightforward, because fault-plane
lineations can be misleading and most faults follow inherited trends, which means that stress
inference from fault data can be erroneous. Striations in coarse sandstone or conglomerate, as in
the studied sediments, are rarely produced and even less preserved. The lineation observed on the
fault plane is commonly an intersection lineation that results from the intersection of crossbedding
with the fault plane. Therefore, in this discussion we will discard the measured “striations”, and
will analyse what striations are expected to form during E-W extension affecting inherited fault

planes oriented NNE-SSW, ENE-WSW and NW-SE. The significant dispersion observed in fault
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orientation (cf. Fig. 8), and the fact that they are observed within the sediments, hints that part of
the faults may have been produced by differential compaction (Carminati et al., 2010; Berra and
Carminati, 2012). Also, the dip of the measured faults is greater than the typical normal fault dip,
suggesting that most faults are not pure normal faults (mixed normal and strike-slip motions).
Comparison between measured faults (Figs. 6A and 7A) and the Variscan tectonic trend
and main fault systems shows that rifting was mostly accommodated by inherited Variscan trends:
NW-SE tectonic trend and NNE-SSW fault system (Marques et al., 2002). Noticeably, the ENE-
WSW conjugate does not seem to have been reactivated. Our explanation for this is that 1 was
vertical and o3 horizontal, and therefore the ENE-WSW fault system was not favourably oriented
to be reactivated. If our inference is correct, then the opening of the LB was in the ENE-WSW
direction. We also note that the fault dip is greater than the common ca. 60°, which also indicates

reactivation of inherited Variscan steeply dipping strike-slip faults.
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Figure 9. Top panel — schematic representation of striations (red double arrows) produced by
ENE-WSW extension (black arrows) during reactivation (rifting), and respective fault kinematics
(ticks and half arrows represent the normal and the strike-slip components, respectively). ENE
faults have no motion during reactivation to be consistent with vertical 1 and ENE-WSW &3.
Bottom panel — cross section showing the effects of partial observation (dashed rectangles) on
the interpretation (half-graben) of the true tectonic structure (full graben).

What can we expect, in terms of striations, from ENE-WSW extension on inherited faults
oriented NW-SE, NNW-SSE, NNE-SSW or ENE-WSW (Fig. 9 top panel)? On NW-SE faults the

striation would be oblique, with a dextral strike-slip component. On NNW-SSE faults the striation
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would be dip-slip, because the fault trend is perpendicular to 3. On NNE-SSW faults the striation
would be oblique, with a sinistral strike-slip component. The ENE-WSW fault system would not
be reactivated as explained above.

Given that the topography at the rifting onset should be flat and close to sea level (Variscan
topography eroded to the ground — full denudation), one would expect that one principal stress be
sub-vertical and represent overburden (e.g. Lacomb, 2012). As shown in Fig. 6B, the greatest
compressive stress (o1) is not vertical, although expected for a pure normal fault, and deviates
significantly from vertical (ca. 30°). This indicates that: (1) the used approach to produce stress
inversion from fault-slip data might not be appropriate for the studied faults; in fact, the used
technique is for faults generated by a certain stress field, not for faults inherited from a previous
tectonic cycle. (2) Non-vertical o1 is the result of oblique slip on inherited faults. (3) The stress

inversion results confirm that faults were inherited from the Variscan orogeny.

4.3. Nature of the LB’s eastern margin (flexural, faulted, or both?)

As an introduction to this section, we would like to recall the concept of rift shoulder uplift
(e.g Weissel and Karner, 1989), because this upward movement of the footwall is responsible in
western Iberia for providing the siliciclastic sediments that filled the LB at different stages of the
rifting process. Young continental rifts, like the Red Sea and the East African rifts, show
impressive uplift on both rift shoulders, reaching two to three thousand meters. If Pangaea rifting
in western Iberia has undergone a similar process, then the LB should have developed as a graben
bounded by tall master normal faults. Moreover, the eastern LB boundary follows two major
Variscan fault trends, the NNW to N-S and the NNE, thus indicating that this boundary should be
made of master faults reactivating inherited Variscan shear zones and faults. Therefore, we looked
for evidence of these faults, and we found sediment/basement contacts by fault and by fault scarp.

However, we also found low angle unconformable contacts of siliciclastic sediments over
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basement, thus hinting an initial half-graben or a pre-rift sag basin. However, what we currently
observe can be deceiving, because the unconformable contacts we see between the Silves Group
and underlying Variscan basement may only represent a partial view of a block actually bounded
by normal faults in the east and west (Fig. 9 bottom panel). If we do not consider the fault in the
east, then the structure looks like a half-graben.

Given that, in the northern two thirds of the study area the footwall is Black Schist and the
clasts comprising the hanging wall are mostly of quartzite and quartz eroded from topographic
highs further away to the east, the fault scarp contact between red siliciclastic sediments and
basement is here interpreted in two ways: (1) erosion acting faster than tectonics, which is
consistent with the slow rifting process that lasted for ca. 120 Ma, since initiation at ca. 230 Ma
(e.g. Wilson et al., 1989) to final rift-to-drift at ca. 110 Ma (e.g. Driscoll et al., 1995; Barbarand et
al., 2021); (2) migration of the master bounding fault to the east (this work and Barbarand et al.,
2021). Barbarand et al. (2021) suggested that the initial post-Variscan basin could be wider than
currently observed and bounded by two major NNE-SSW faults further to the east.

Given that we could not find a complete exposure of the sediment/basement master fault
contact, this can be interpreted in two ways: (1) the master bounding fault is syn-rift, which means
that the LB is a full graben and the Silves Group is also syn-rift (Upper Triassic); (2) the master
bounding fault post-dates the initial rifting and displaces the sediment/basement unconformity,
which could mean that the base of the Silves Group pre-dates the Upper Triassic LB rifting.

The depth-to-basement map shows two contrasting situations at the LB’s eastern margin
(Fig. 10): (1) bulk gentle slope (ca. 10°) SSW of Tomar, although likely made of steps produced
by normal faults; (2) steeper slope (> 30°) N of Tomar through Coimbra, and WNW of Coimbra
along a NNE-SSW direction. From this we infer that the gentle slopes correspond to a mixed half-
graben and full graben rifting style, and that the steep slopes correspond to master faults bounding

a full graben. It seems therefore that the Porto-Tomar shear zone worked as a preferential weakness
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414 We also collected data on the adjacent basement, hence we perceive that the rift tectonics

415 also affected the adjacent basement significantly, because the main synsedimentary fault sets
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(NW-SE and NNE-SSW) are profusely present in the basement. As also reported in previous work
(e.g. Soares et al., 2012), the throw of the faults inside the Silves Group is small, typically <1 m,
and therefore the accumulated vertical displacement is also very limited, from which we infer that
the main vertical displacement should be elsewhere. We found undeformed red continental
deposits (Silves Group) at different altitudes (more than 50 m in one place; cf. Fig. 3N,
unconformable on the Variscan basement, indicating a step-like architecture of the LB’s eastern
boundary. In the basement to the east of the LB, major NNE-SSW faults can be observed, which
might have worked as master bounding faults of the Mesozoic rift. This rifting to the east of the
current exposure of the Silves Group was also inferred by Barbarand et al. (2021) using AFT

cooling ages.
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Figure 11: Detailed cross-section where the Conraria Fm. was found lying, undeformed, over the
basement through an angular unconformity to the southeast, and through normal fault to the
northwest.

Here we argue in favour of the hypothesis that the lower Conraria Formation sediments

were deposited in a post-orogenic sag basin associated with the gravitational collapse of the
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Variscan chain in western Iberia. Similarly, a post-orogenic extension mechanism is considered

for the formation of the Iberian Basin (Arche and Lopez-Goémez, 1996), a basin that shares the

Variscan basement with the LB. Therefore, the Arche and Lopez-Gomez (1996) reasoning for the

Iberian Basin can be effectively modified and applied to the basin formation in the western margin

of Iberia:

(1) The Variscan orogeny resulted in the shortening and thickening of the crust up to 60 km
(Arche and Lopez-Gomez, 1996). High topographic relief and thick crust are stable as long as
tectonic compression exists to support topography and thick low-density roots. If compression
ceases, then gravitational collapse and elastic rebound take place (e.g. Rey et al., 2001).

(2) Significant weakening of the crust occurs typically after 15 to 20 Ma of the main orogenic
event, when the base of the crust begins to delaminate and collapse (Arche and Lopez-Gémez,
1996).

(3) Delamination leads to rapid uplift of the crust, accompanied by increased geothermal gradient,
resulting, typically after 30 to 35 Ma, in thermal subsidence (Arche and Lépez-Gomez, 1996).

The above reasoning can explain the formation of a post-orogenic sedimentary basin 45 to
55 Ma after the end of the Variscan compressional tectonics, which should be coincident with the
deformation of the Bugaco Basin sediments at ca. 300 Ma (Machado et al., 2018). This points
toward basin formation at about 250 Ma, before the deposition of the upper Conraria Formation
dated at ca. 220-207 Ma (Vilas-Boas et al., 2021).

The formation of a post-orogenic basin related to an orogenic collapse instead of a classical
rifting process in the Permian or Triassic could explain the absence of volcanism in the eastern
LB. The gravitational collapse of the continental crust tends to generate shallow structures and
limit the thinning of the lithosphere, especially in its early stages (Rey et al., 2001). This fact added
to the thickness of the crust in the central Iberian Massif (Arche and Lépez-Goémez, 1996; Diaz

and Gallart, 2009) could have hindered the production of magma.



458

459
460
461
462
463
464
465
466
467
468

469

470

A - latest Variscan

Graben |

Half-graben |

Sag basin|

PTSZ Porto-Tomar shear zone

B L ate Triassic
I Lower Conraria Formation

§ % Bucgaco Basin

[ ]Variscan basement

Bucgaco Basin
X7

2
Ca. 300 Ma 0

B - post-Variscan denudation

=70

290-230 Ma o

[ S/

- Late Triassic rifting

Figure 11. Left panel — sketches of three possible types of basin representing the Lusitanian
Basin or its predecessors: top — graben (bounded by master faults); middle — half-graben
(flexural on one side, and bounded by master fault on the other); bottom — intracratonic sag
basin (no master bounding faults, but possible minor faults). Right panel — tectonic evolution of
western Iberia from Late Carboniferous/Permian to Late Triassic showing late-Variscan
sediment deposition in intramountain basins and their deformation (A), post-Variscan orogenic
collapse and denudation (B) and Late Triassic rifting at the onset of the Lusitanian Basin.
Deformation of the Bugaco sediments may be due to the intrusion of large granitic bodies at this

5. Conclusion

age.

The eastern border of the LB comprises two contrasting types of contact between red
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sediments and Variscan basement: major angular unconformity and master bounding fault. The
unconformable contact could mean a pre-rift sag basin, or a syn-rift half-graben with flexural
boundary in the E. However, given that newly recognized master NW-SE to NNW-SSE bounding
faults displace the red continental deposits and basal unconformity by hundreds of meters, we infer
that the master bounding fault is Alpine and displaces the base of a previous sag basin. Moreover,
the unconformable red sediments were deposited in debris-flow dominated fans, indicating that
the topography was low, consistent with a sag basin. In the case of unconformable contact and sag
basin, the age of the red continental deposits would be older than the currently attributed Late

Triassic age. Given that we found master bounding faults east of the Porto-Tomar Shear Zone in

the Coimbra region, we do not consider the half-graben hypothesis, at least north of Tomar (cf.

Fig. 10). From the geophysical data (Fig. 10), it is possible that south of Tomar there is a mixture

of half-graben and full graben, because some major faulting can still be interpreted.

From previous work and data reported here, we can summarize the following evolution of
the western Iberian margin in the period 300 to 190 Ma (Fig. 11 right hand panel):

(A) Late-Variscan stage — In the Late Carboniferous to Early Permian (ca. 300 Ma), the Bugaco
intramountain basin formed in angular unconformity over deformed and eroded basement.
The Bugaco sediments were deformed shortly after, likely by intrusion of large granitic bodies
(Fig. 11A right panel). According to Sola et al. (2009), Lopes et al. (2016) and Neiva et al.
(2012), the U-PB zircon age of intrusion of post-tectonic granites occurred around 305-300
Ma, and were exhumed relatively fast between 300 and 285 Ma (Hildenbrand et al., 2021).

(B) Orogenic collapse and denudation — In the period ca. 300-285 Ma, feldspars of three samples
in Hildenbrand et al. (2021) show relatively rapid cooling (12—25 °C/Ma), corresponding to
relatively fast exhumation (300-600 m/Ma). Between ca. 285 and 275 Ma, the granites
sampled by Hildenbrand et al. (2021) experienced modest cooling and exhumation (5 to 8

°C/Ma, corresponding to 1 to 2 km uplift), likely due to denudation and isostatic rebound.
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From ca. 275 to 250 Ma, most granitic samples in Hildenbrand et al. (2021) remained at
shallow depth. At the late stages of this period, or immediately after, sag basins may have
formed that were filled by the red sediments comprising the lower 120 m of the Conraria
Formation. The location of these sag basins seems to have been controlled by main structures
in the Variscan basement, e.g. the Porto-Tomar Shear Zone.

(C) Late Triassic rifting — At ca. 220 Ma, deposition of the upper half of the Conraria Formation
started. In our view, this is the age of rifting initiation that corresponds to the onset of the

Alpine cycle in the Newfoundland-Iberia rift.

A similar development of composite basins can be found in NE Brazil, where some
Mesozoic intracontinental basins also show evidence of two-stage basin formation: (1) an older
(Devonian; Silva et al., 2014) sag basin sits unconformably on Brasiliano basement through a
major erosion surface that exposes rocks older than 500 Ma; (2) in the Cretaceous, the Devonian
sag basin was juxtaposed by a rift basin (e.g. Vasconcelos et al., 2021). Similarly to western Iberia,
the basins in NE Brazil are also bounded by master faults that have reactivated main structural
trends in the basement (Matos, 1992; Gurgel et al., 2013; Marques et al., 2014; Nogueira et al.,

2015; Vasconcelos et al., 2021; Ramos et al., 2022).
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