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Abstract

The combined effects of post-rift magma emplacement and tectonic inversion on
the hyper-extended West Iberian Margin are unravelled in detail using multichan-
nel 2D/3D seismic data. The Estremadura Spur, acting as an uplifted crustal block
bounded by two first-order transfer zones, shows evidence of four post-rift tectonic
events each with a distinctive seismic-stratigraphic response that can be used to dem-
onstrate the tectono-magmatic interplay, namely: (a) the Campanian onset of mag-
matism (including the Fontanelas Volcano, the widespread evidence of multiple sill
complexes and the detailed description of a >20 km long laccolith, the Estremadura
Spur Intrusion; (b) the Campanian-Maastrichtian NE-SW event pervasively affecting
the area, resulting in regional uplift, reverse faulting and folding; (c) the Paleocene-
mid Eocene inversion that resulted in widespread erosion and; (d) the Oligocene-mid
Miocene evidence of rejuvenated NW-SE inversion marked by crestal faulting and
forced-fault folding establishing the final geometry of the area. The distinct deforma-
tion styles within each tectonic phase document a case of decoupled deformation be-
tween Late Cretaceous and Tertiary units, in response to the predominant stress field
evolution, revealing that the magnitude of Late Cretaceous inversion is far more sig-
nificant than the one affecting the latter units. A detailed analysis of the laccolith and
its overburden demonstrate the distinct deformation patterns associated both with
magma ascent (including extensional faulting, forced-folding and concentric reverse
faulting) and its interference as a rigid intrusive body during subsequent transpres-
sive inversion. This reinforces the role that the combined tectono-magmatic events
played on the margin. Also analysed is the wider impact of post-rift magmatism and
the associate emplacement of sub-lithospheric magma on the rheology of a thinned
continental crust. This takes into account the simultaneous tectonic inversion of the
margin, the implied alternative views on characteristic heat flow, and on how these

can be incorporated in source rock organic maturity modelling.
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The West Iberian Margin (WIM; Figure 1), is a typical
example of a magma-poor hyper-extended margin (e.g.
Manatschal & Bernoulli, 1999; Tucholke et al., 2007).
Despite the long-term focus on the significance of its
evolving crustal architecture and related depositional suc-
cessions during rifting, either at proximal and distal do-
mains (Franke, 2013; Manatschal & Bernoulli, 1999;
Péron-Pinvidic et al., 2013; Ravnas & Steel, 1998; Sutra
et al., 2013; Whitmarsh et al., 2001; Wilson et al., 2001),
multiple questions remain unclear. These include for ex-
ample, the role of salt tectonics in controlling the overall
evolution of the margin, how post-rift inversion affected
dissimilarly its specific segments or on how Late Cretaceous
magmatism on the decoupled crustal domain may have af-
fected its thermal state and rheology. Nonetheless, recent
research on the WIM brought forward new topics, such as
the role of transcurrent zones in accommodating defor-
mation resulting from the alternance of crustal plate po-
larity shifting from upper to lower plate setting (Pereira
et al., 2017), or the deformable plate reconstruction of
North Atlantic conjugate margins (e.g. Peace et al., 2019),
have allowed a better constrain the controls of crustal in-
heritance in rift to post-rift evolution on passive margins.

Magmatic activity on passive margins is typically re-
corded at magma-rich domains, contrasting with neigh-
bouring segments where the evidence of magma is scarce
both in time and space, that is, magma-poor margins
(Franke, 2013; Geoffroy, 2005). However, the magma-poor
WIM is in some respects unique, as three magmatic cy-
cles are described associated with different stages of
its evolution and depicting distinct geochemical affini-
ties and tectonic settings (see Mata et al., 2015 for a re-
view). The first two are associated with rifting extension
(Martins et al., 2008; Mata et al., 2015), whereas the latter,
corresponds to a post-rift and syn-tectonic event dissimi-
larly affecting the continental and oceanic domains of the
margin (Grange et al., 2010; Merle et al., 2009; Miranda
et al., 2009). Geophysical models have been recently ap-
plied for the first time on the proximal margin to help
characterising in detail some of the outcropping alkaline
massifs (Neres et al., 2014; Ribeiro et al., 2013; Terrinha
et al., 2017; Figure 1b), and to carry out gravimetry-mag-
netic modelling of conspicuous subsurface features off SW
Iberia (Neres et al., 2018).

When compared with other known provinces where
post-rift magmatic events occur, such as in Australia,
the Atlantic North Sea or the South China Sea (Magee
et al., 2013, 2017; Planke et al., 2017; Walker et al., 2020;
Zhao et al., 2016), similar structural-magmatic manifesta-
tions are predominantly associated with the necking do-
main of magma-rich hyper-extended margins and are quasi

Highlights

o West Iberian Margin shows combined effects of
post-rift inversion and magmatism

e A laccolith intrusion is described using high-reso-
lution seismic data

e The main tectono-magmatic event is shown to be
of Late Cretaceous age

e Deformation between Late Cretaceous and the
Tertiary is decoupled

e The interplay of tectonics and magmatism can be
used as kinematic indicator

coeval with lithospheric breakup (< 10 Ma after breakup).
Contrastingly, on the proximal WIM the third magmatic
cycle, with a unique sub-lithospheric alkaline signature
(Grange et al., 2010; Miranda et al., 2009), occurred not
only on a relatively thick continental crust segment of the
stretched domain, but also post-dates lithosphere breakup
in excess of 20 Ma.

Analysis of the offshore segments of the WIM, and specif-
ically of the Estremadura Spur (ES; Figure 1), revealed that
in this region the magmatism associated with the third cycle
is abundant, comprising numerous sills, buried volcanic ed-
ifices and several voluminous plutonic intrusions (Escada
et al., 2019; Miranda et al., 2010; Neres et al., 2014; Pereira
et al., 2017; Pereira & Barreto, 2018; Simdes et al., 2020).
Nevertheless, all these features are still poorly investigated,
requiring both new data and subsequent integrated analysis in
order to gain a new overall insight on their tectono-magmatic
evolution and possible geodynamic causes.

In this study, high-resolution seismic data (Figure 1),
is used to unravel the characteristics of magmatic mani-
festations, devoting specific attention to the evidence of a
laccolith (in excess of 20 km long) intruding the decou-
pled domain of the margin and to characterise in detail the
distinct styles of deformation affecting the post-rift dep-
ositional sequences, not only during magma ascension,
but also at a later time during the tectonic inversion of the
margin. The present study also provides new insights re-
garding other key questions for the evolution of the WIM,
namely: (a) What are the new age constraints for the mag-
matic occurrences on the submerged continental margin?
(b) Are there any preferential pathways controlling the as-
cent of magma during the Late Cretaceous cycle? and, (c)
What are the implications of this tectono-magmatic inher-
itance for the subsequent tectonic inversion of the margin?
Finally, an overall discussion on the causes for the predom-
inance of magmatic manifestations at specific segments of
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FIGURE 1 Location of the study area and the Estremadura Spur on the West Iberian Margin. (a) Atlantic location; (b) Location of seismic
surveys and magmatic features on the Estremadura Spur. Faults based on Geological Map 1:1.000.000 (LNEG-LGM, 2010); ESI — Estremadura
Spur Intrusion, NFZ — Nazaré Fault Zone, TFZ — Tagus Fault Zone; (c) Earth magnetic anomaly grid of South Iberia and the Atlantic (modified
from GeoMappApp 3.3.0, EMAG?2 2 min grid) and major evidence of Late Cretaceous magmatism (red triangles) and associated ages (Merle

et al., 2009; Miranda et al., 2009); LVC, Lisbon Volcanic Complex; OCT, Ocean Continent Transition
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the margin is also presented, taking into account the pre-
viously proposed presence of a deep seated (plume-like?)
heat source and its repercussions on the maturation of re-
gional prospective source rocks, and on how deformable
plate paleogeographic models for hyper-extended margins

evolve after breakup.

2 | GEOLOGICAL SETTING

Based on different geophysical datasets, including side scan
sonar, single and multibeam bathymetry and seismic reflec-
tion data, the Estremadura Spur (Figure 1) corresponds to a
major (200 km long and 90 km wide) E-W trending physio-
graphic feature on the offshore of the West Iberia continental
margin, consisting of a crustal block bounded by two major
fault zones, the Nazaré Fault Zone (NFZ) to the north, and the
Tagus Fault Zone (TFZ) to the south (e.g. Badagola, 2008;
Pereira et al., 2017). Both fault zones have been interpreted
as exerting a significant control on the tectono-stratigraphic
evolution of the central domain of the margin and neighbour-
ing basins (Alves et al., 2009; Pereira et al., 2017; Vanney &
Mougenot, 1990). Along with other major fault zones inher-
ited from the Palaeozoic Variscan orogeny, these first-order
transcurrent zones were later reactivated during Jurassic
to early Cretaceous continental extension, segmenting the
margin into distinct basins, and ultimately localising defor-
mation during the Alpine tectonic inversion of the margin
(Alves et al., 2009; Pereira et al., 2017). Additionally, the
Estremadura Spur is also part of a wider crustal lineament
between the conjugate margins of Iberia-Newfoundland
(Sibuet et al., 2007), and tied to the evolution of the Late
Cretaceous alkaline magmatism in the Central Atlantic
(Merle et al., 2019).

2.1 | Geodynamic evolution of the WIM

The rifted continental margin of West Iberia, located on
the region between the Central and North Atlantic, records
the prolonged effects of hyper-extension of the lithosphere,
in which distinct segments shape its architecture (e.g.
Manatschal & Bernoulli, 1999; Pereira et al., 2017; Sutra
et al., 2013). During this process the WIM underwent mul-
tiphase rifting (Alves et al., 2009; Pereira & Alves, 2011),
which initiated as part of the Late Triassic extension of
Pangea and proceeded until the Early Cretaceous, when
complete lithospheric breakup was achieved on the conju-
gate Iberia and Newfoundland margins (Bronner et al., 2011;
Tucholke et al., 2007). Within this time frame, a total of four
rift phases contributed to margin segmentation into discrete
segments, bounded by inherited Palacozoic first-order trans-
fer zones that largely controlled its Meso-Cenozoic crustal

architecture (Alves et al., 2009; Pereira et al., 2017). These
distinct syn-rift phases are typified by unconformity bounded
megasequences that build the larger framework of the con-
jugate margins, which include (Alves et al., 2009; Pereira
& Alves, 2011 and references therein; Figure 2): (a) Late
Triassic (Carnian?-Norian) to earliest Jurassic (Hettangian),
initial extension and tectonic generalised subsidence, that
accommodate continental deposits including alluvial-fluvial
siliciclastics and evaporites; (b) Hettangian to Callovian, con-
tinued subsidence with punctuated regional uplift and erosion
on the SW Iberian Margin, almost exclusively composed of
marine carbonate sequences; (¢) mid Oxfordian to Tithonian/
Berriasian paroxysmal subsidence in SW Iberia and the
Lusitanian Basin; and IV) Berriasian to Aptian/Albian, as a
final phase of tectonic subsidence, mostly affecting the distal
domains of the NW Iberian margin.

Lithospheric breakup on the WIM was ultimately achieved
during the Aptian/Albian (Bronner et al., 2011; Tucholke
et al., 2007), and resulted in the deposition of a distinctive
depositional sedimentary package, the Lithospheric Breakup
Sequence (LBS; Soares et al., 2012), in response to the cessa-
tion of rifting and significant sediment input (Figure 2).

Post-rift evolution of the WIM is predominantly charac-
terised by thermal subsidence (Alves & Cunha, 2018; Stapel
et al.,, 1996) and by infilling of the available accommoda-
tion, first by alluvial-fluvial siliciclastic deposits (Turonian-
Santonian) and later by carbonate sequences denoting the
progressive flooding of the margin, ultimately crosscut by
a regional unconformity of Maastrichtian—Paleocene(?) age
(Martin-Chivelet et al., 2019; Rey et al., 2006). The Tertiary
is characterised by three megasequences comprising the
Paleogene carbonates, overlain by Neogene and Quaternary
dominantly clastic depositional units (GPEP, 1986; Pereira &
Alves, 2012). Deposition throughout the margin was largely
controlled by the effects of the Alpine orogenic cycle (pro-
gressive collision of Iberia with Eurasia and Africa), which
on the WIM comprises three main tectonic events, namely
(Cloetingh et al., 2002; Cunha, 2019; Mougenot, 1980;
Mougenot et al., 1979; Ribeiro et al., 1990; Figure 2): (a)
the Campanian?-Maastrichtian to Paleocene N-S phase; (b)
the Eocene, broadly oriented on a NE-SW to N-S compres-
sion; and (c) the mid Miocene along a NW-SE shortening
direction. These events resulted in significant erosion of the
uplifted domains to the east and consequent sediment by-
pass towards the margin, along main NE-SW to WNW-ESE
strike-slip controlled canyon incision (Alves et al., 2000,
2003; Pereira & Alves, 2013).

2.2 | The Late Cretaceous magmatic cycle

The WIM was the locus of substantial alkaline magmatic
activity during the Late Cretaceous and contrasts both in
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Simplified regional stratigraphy of the West Iberian Margin (modif. Pereira & Alves, 2012), associated magmatic cycles (Martins

et al., 2008; Mata et al., 2015; Miranda et al., 2009) and major tectonic events controlling the evolution of the margin. LBS, Lithospheric Breakup
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geographical distribution and geochemical nature from the
previous syn-rift cycles (Mata et al., 2015 and references
therein; Figure 2). The first cycle (ca. 200 Ma), part of the
Central Atlantic Magmatic Province (CAMP), was tholeiitic
in nature, with negative eNd; and radiogenic initial Sr isotope
ratios (>0.7050; Callegaro et al., 2014; Martins et al., 2008),

whereas the second cycle (140-148 Ma) is mildly alkaline,
showing 1.6 < eNd; < 4.2 and initial Sr isotope ratios close
to the CHUR 45 (Grange et al., 2008; Mata et al., 2015).
Conversely, the Late Cretaceous magmatism is character-
ised by eNd; > 5 and initial Sr isotope ratios affine to a sub-
lithospheric mantle source with a time-integrated evolution
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characterised Rb/Sr ratios noticeably lower than the CHUR
(Grange et al., 2010; Miranda et al., 2009).

Onshore, alkaline magma emplacement during the Late
Cretaceous cycle occurred in necking to stretched domains of
the otherwise thick continental crust, cropping out on three
main sub-volcanic complexes: Sintra, Sines and Monchique
(Miranda et al., 2009; Figure 1). Additional manifestations of
the same magmatic cycle also included the eruptive Lisbon
Volcanic Complex (LVC) and the hypabyssal/volcanic suites
of the Algarve Basin, with ages ranging from 94 to 69 Ma
(Grange et al., 2008, 2010; Miranda et al., 2009; Figures 1
and 2). On the offshore segments of the WIM, coeval alkaline
magmatism is widespread, including on the Madeira-Tore
Rise, although within a distinct oceanic crustal setting (Merle
et al., 2009; Figure 1c).

Grange et al. (2010), based on the southwards decreasing
age of the Sintra-Sines-Monchique subvolcanic massifs on
the increasing alkalinity, (206Pb/204Pb)i and (eHf);, accompa-
nied with a decrease in ' Sr/*°Sr, interpreted the expression of
these magmatic intrusions as the result of the counter-clock-
wise rotation of the Iberia atop a sub-lithospheric stationary
mantle plume (comprising distinct plume-lithosphere inter-
actions, op. cit.).

The first insights into an offshore buried volcanic edifice,
the Fontanelas Volcano, have been reported based on sea-
floor dredges that revealed geochemical affinities with the
Late Cretaceous Alkaline cycle (Miranda et al., 2010), as well
from combined gravimetric-magnetic and seismic datasets
(Escada, 2019; Escada et al., 2019; Neres et al., 2018; Pereira
et al.,, 2017; Pereira & Barreto, 2018; Silva et al., 2000;
Simdes et al., 2020).

3 | DATA AND METHODS

Investigating the multiple expressions of magmatism and its
tectonic controls on the study area was accomplished by car-
rying out integrated seismic tectono-stratigraphic analysis and
interpretation of distinct seismic-reflection datasets (Figure 1).
Combined with numerous published references at onshore out-
crops (e.g. Miranda et al., 2009; Ribeiro et al., 2013; Terrinha
et al., 2017; Figure 2), in which the different characteristics of
those igneous rocks constitute the comparative benchmark for
investigating buried features offshore.

A regional analysis was performed using proprietary 2D
multichannel migrated seismic reflection data in the time
domain (acquired by TGS in 2000-2002 and FUGRO in
2008). In addition, exclusive high-resolution Pre-Stack Depth
Migrated 3D seismic survey, acquired with 10 streamers with
8100 m cable length covering a full fold area of 2096 km?
from CGG Veritas in 2010, with a shot point interval of 25 m.
All seismic data were processed with zero phase and displayed
with normal polarity following the standards of the Society

of Exploration Geophysicists (SEG), where an increase in
acoustic impedance corresponds to a positive reflection (red
display on seismic) and a decrease in acoustic impedance
(negative reflection) is displayed in black. Seismic resolution
of the 3D dataset is variable for the interest intervals where
magmatic features occur and for the key seismic stratigraphic
intervals used for structural interpretation. Achieving an esti-
mation of vertical resolution (e.g. Brown, 2011) points to low
frequencies (5—15 Hz) at the area of a postulate intrusion with
PSDM stacking velocities of around 5000-6000 m/s allowing
to resolve features of 100-250 m, whereas for the areas where
sills and a volcanic edifice is identified, frequencies range
from 20-30 Hz with velocities of 3000—4000 m/s, resolution
is around 25-35 m.

In the absence of direct well control or the lack of rock
sampling and/or of isotopic dating of the offshore igneous
rocks, constraining the age of the distinct magmatic fea-
tures, their complying stratigraphic and structural setting,
key stratigraphic markers were used to characterise in de-
tail the main unconformity-bounded megasequences (sensu
Hubbard et al., 1985), that allow applying a comprehensive
seismic-stratigraphic framework (based on Alves et al., 2009;
Pereira & Alves, 2011; Pereira et al., 2017), with linkage with
the regional framework from the Lusitanian Basin (Azerédo
et al., 2003; Rey et al., 2006; Wilson, 1988; Witt, 1977; see
Figure 2 and Table 1 for details). Identification of igne-
ous features on the seismic profiles followed the criteria of
Planke et al. (2015), for the identification and characterisa-
tion of sills, and Magee et al. (2013), for volcanic edifices.
Recognition of the main faults in the area was accomplished
by fully interpreting the 3D seismic dataset, applying multi-
trace variance attributes (a measure of waveform similarity
for 3D seismic traces), that highlight the structuration of
this segment of the margin, and ultimately by extracting its
signal throughout rendered surfaces of meaningful seismic
horizons.

4 | SEISMIC STRATIGRAPHIC
CONSTRAINTS ON THE AGE

OF MAGMATISM ON THE
ESTREMADURA SPUR

Although the analysis of several gravimetric and geomag-
netic studies have anticipated the occurrence of multiple mag-
matic features on the offshore WIM (Neres et al., 2018; Silva
et al., 2000), a detailed seismic-stratigraphic analysis has not
yet been achieved for most of these features. Recently, pre-
liminary descriptions revealed the presence of a magmatic
plumbing system in the ES, including multiple sills, dykes
and a buried volcanic edifice (Pereira et al., 2017; Pereira &
Barreto, 2018). Additionally, the first unequivocal evidence
for a large intrusion in the Estremadura Spur (the so called
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Estremadura Spur Intrusion, ESI), was established with the
analysis of potential field data, which revealed that signifi-
cant volumes of magma intruded and extruded in this spe-
cific domain of the WIM (Escada, 2019; Escada et al., 2019).
Moreover in the absence of any age dating or boreholes inter-
secting any of these features, the timing of emplacement of
these magmatic bodies was somewhat speculative and only
established by comparison with similar events outcropping
onshore.

Here, the description of the stratigraphic framework
erected from seismic data is presented, from which the dis-
tinct depositional megasequences (Figure 2 and Table 1),
allow a correlative estimation of the time period for the em-
placement of these magmatic features.

4.1 | Syn-rift megasequences

Syn-rift strata are locally poorly imaged on the seismic re-
cord, especially in the western parts of the study area, where
significant seismic noise is mainly due to the presence of the
ESI (Figure 4 and Figure S2). Elsewhere, the syn-rift megas-
equences are characterised by diverging reflectors overlying
an acoustic basement, with a total thickness up to 4000 m.

Megasequence 1 (see Table 1 for details), marks the onset
of syn-rift deposition on the WIM during the Carnian(?)-
Hettangian(?) interval, overlying a postulated Paleozoic
acoustic basement. On outcrops and exploration wells (e.g.
Azerédo et al., 2003; GPEP, 1986; Witt, 1977), this megas-
equence is characterised by the accumulation of continental
fluvial and alluvial strata (1a) and by an evaporitic unit (1b)
that locally forms salt diapirs, exerting a strong control on the
deposition and structural configuration of subsequent units
(Figures 4 and 5).

Megasequence 2, of Sinemurian-Callovian age (Table 1),
can be mainly interpreted on the eastern areas of the 3D sur-
vey, although limitations in imaging hamper the exact geom-
etry and depositional nature of this segment of the margin.
Despite these uncertainties, a depositional package can be
broadly identified overlying the evaporitic unit and bounded
at the top by an unconformity (Figure 4).

Megasequence 3 (mid Oxfordian-Tithonian/Berriasian) is
characterised by fault bounded growth strata, typically thick-
ening towards the east (Figures 4 and 5, Table 1), where major
faults control the extension of the margin during the Late
Jurassic third pulse of rifting. Although with limited resolu-
tion at depth on our datasets, these rift faults are apparently
aligned along a N-S to NE-SW trend (e.g. Alves et al., 2002).

Megasequence 4 (Berriasian-Aptian; Table 1) is identi-
fied as a variable thickness unit (growth strata, with a total
thickness up to 1800 m) onlapping the Late Jurassic strata,
revealing the final events of rifting and associated tectonic
subsidence throughout the WIM (Figures 4 and 5). The

unconformity bounding the top of this megasequence (the
breakup unconformity) is interpreted to mark the onset of
seafloor spreading on the Iberia Abyssal Plain.

4.2 | Post-rift megasequences
Directly overlaying the breakup unconformity, Megasequence
5 is typically characterised by three subsets of distinct sub-
parallel internal reflections (sequences 5a, 5b and 5c), each
with specific aspects that allow further insights of the com-
bined stratigraphic and magmatic events.

Sequence 5Sa, the basal sub-unit, is typified by the pres-
ence of subparallel reflectors that can be assigned to the
LBS of Albian to Cenomanian age, as described in detail by
Soares et al. (2012), which is a clear marker for establishing a
solid tectonostratigraphic framework that in the present case
permits constraining the age of magmatic events affecting
the Estremadura Spur (Figures 4 and 5; Table 1). Similar to
the descriptions by these authors for the northern WIM, this
unit is characterised by continuous reflectors, blanketing the
area of interest, with an overall thickness of 300—400 m, that
locally can be as thick as 600 m. This seismic stratigraphic
package marks the first depositional events subsequent to the
onset of seafloor spreading.

Sequence 5b is characterised at the base by sub-parallel
onlapping reflectors onto a noteworthy unconformity, show-
ing an overall low to medium amplitudes. The reflection
terminations observed can therefore be used as a seismic-
stratigraphic marker that records a deformation pulse as-
signed to the folding of previously deposited strata and those
sequences overlain on its flanks that are interpreted to mark
the onset of an event that has affected the Estremadura Spur.
It is within this unit that most of the evidence of a magma
plumbing system is identified, with its descriptions presented
in detail in the next section.

Sequence Sc reveals sub-parallel seismic reflections of
medium to high amplitude, likely composed of carbonates
(Figure 2). Downlaps are occasionally observed, although
near the Fontanelas volcano seismic reflectors onlaps onto
its flanks, thus allowing to narrow an approximate age for the
extrusive event to the lower to mid-Campanian. This unit is
truncated by a major and deformed unconformity interpreted
as the Base Tertiary Unconformity (BTU) of Maastrichtian—
Paleocene(?) age (Figures 3-6).

Overlying the BTU, three unconformity-bounded mega-
sequences (Units 6, 7 and 8; see Figure 2 and Table 1) can
be interpreted as marking the onset of Cenozoic infill of the
margin. In some areas this whole depositional package can be
as thick as 1500 m.

Megasequence 6 is characterised by strong amplitudes and
subparallel reflectors typically downlapping the BTU, display-
ing significant thickness variations (up to 900 m; Figure 2 and
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FIGURE 3 Regional seismic line (TWT) across the Estremadura Spur showing the Fontanelas volcano and evidence of post-rift margin
inversion (see location in Figure 1b above). Numbers correspond to the regionally recognised seismotectonic megasequences in the WIM
represented in Figure 2 above (see details in the main text)
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3D random seismic line (in depth) across the Fontanelas volcano, sill complexes and the Estremadura Spur Intrusion (see location

in Figure 1b above), highlighting the distinct evidence of post-rift inversion. (a) Details of tectonic inversion features, igneous sills and Cenozoic
deposition. (b). Details of sills complexes, the Fontanelas Volcano and post-BTU decoupled deformation. Numbers and legend as in Figure 2. BTU,
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Table 1). The seismic-stratigraphic character of this unit, that is
thin (or often absent) above growing anticlines, is interpreted
as the expression of renewed deposition subsequent (and/or
slightly simultaneous) to the several pulses of margin short-
ening and erosion (Figures 3-6), that bear proof of significant
tectonic uplift associated with shortening pulses affecting the
margin. In a trough NE of the ESI, chaotic reflectors can be ob-
served at the base of Megasequence 6 (Figures 4 and 5), whose
deposits can be interpreted to result from gravity-driven mass
transport processes, associated to slope instability and rupture,
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3D seismic line across the Estremadura Spur showing evidence of post-rift inversion. Numbers and legend as in Figure 2. BTU,

in compliance with renewed uplift and significant erosion on the
margin. Based on the information from outcrops, from onshore
and offshore exploration boreholes, this unit is likely dominated
by carbonate deposition with interbedded siliciclastic layers
(e.g. Witt, 1977), and interpreted to represent the continuation
of a similar Paleocene-mid Eocene mixed shallow marine depo-
sitional system (Figure 2).

Megasequence 7, of Eocene to Oligocene-mid Miocene(?)
age, is dominantly characterised in the seismic record by layer-
cake medium (to high) amplitude reflectors draping this segment
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of the margin. These sequences are estimated to include marly to
siliciclastic deposits (GPEP, 1986; Witt, 1977) that were accu-
mulated with a maximum thickness of about 1200 m on the east-
ern areas of the survey (Figure 5 and Figure S3). However, at the
base of this sequence, downlapping seismic reflectors often cor-
respond to chaotic facies, likely representing downslope Mass-
Transport Deposits (MTD; Figures 4-6 and Figure S4).

The uppermost depositional unit, Megasequence 8
(Oligocene-Miocene? to recent), onlaps a visible uncon-
formity, often including incision surfaces and the evidence
of chaotic reflections suggesting the presence of MTD’s
(Figures 4 and 5). Ultimately, these features are overlain
by sub-parallel to wavy reflectors (contourites; see Llave
et al., 2020), onlapping the flanks of growing anticlines, that
point to significant amount of sediment bypass from the hin-
terland to the continental platform. In general, this unit has an
observed variable thickness, with its main depocenters reach-
ing a maximum of 450 m of sediment (Figures 3-6).

5 | EVIDENCE OF MAGMATISM
ON THE ESTREMADURA SPUR

Late Cretaceous magmatism on the proximal WIM has long
been the focus of numerous publications, mainly dedicated
to the geochemical characterisation and petrological study
of several known intrusive and extrusive complexes (e.g.
Grange et al., 2010; Miranda et al., 2009; Rock, 1982). Less
well known are the proposed offshore magmatic occurrences
(Escada, 2019; Escada et al., 2019; Neres et al., 2014, 2018,;
Silva et al., 2000; Simdes et al., 2020), for which a detailed im-
aging was still lacking. However, the absence of any absolute
age determinations for any of these magmatic features hinders
further conclusions on the exact timing of the corresponding
volcanic event. Accordingly, the seismic stratigraphic analy-
sis in this work, underpinned by the regional stratigraphic
framework (Figure 2), has allowed constraining the age of
such buried magmatic bodies. Indeed, these magmatic features
post-date the LBS (top of sequence 5a, ca. 94 Ma), and are
overlain by deposits from sequence 5c or crosscut by the BTU
of Maastrichtian—Paleocene(?) age (Figures 3 and 4). This al-
lows to broadly consider a Turonian(?)-Campanian age for the
wider event, in agreement with the available geochronology
constrains as summarised by Miranda et al. (2009) for the on-
shore occurrences (see Figure 2).

5.1 | The Fontanelas volcano

The Fontanelas volcanic edifice (Figure 1) is very well de-
picted on potential field data maps (Escada, 2019), as it is
responsible for a free-air gravimetric anomaly exceeding
125 mGal and a total reduced to pole magnetic anomaly

Basin %EAGE —WI LEYM

(International Geomagnetic Reference Field, IGRF removed)
higher than 90 nT. Based on seismic data imaging, the vol-
canic edifice cropping out the seafloor (Figure 1) is inter-
preted to spread out over an area of about 350 km?* (30 km
long, 20 km wide), with an approximate height of 2500—
3000 m from its base (Figures 3 and 4). Besides its triangu-
lar shape observed in seismic profiles, it can be identified
based on the reflection terminations of strata onto its flanks
and a high contrast of the seismic amplitudes at the top of
its architecture. Internally, and similar to other examples
from seismic profiling at New Zealand, South China and the
North Atlantic (Bischoff et al., 2019; Planke et al., 2017; Sun
et al., 2019; Walker et al., 2020), some discontinuous reflec-
tions indicate significant complexity that are likely to record
the evolution and construction through time (Figures 3 and
4). At the base and flanks of the volcano, high amplitude
seismic reflections suggest the preservation of lava flows, al-
though their extent and detailed geometry are still unknown.

Constraints on the age of the extrusive event leading to
the build-up of the volcanic edifice can be achieved by in-
tegrating this feature within the seismic-stratigraphic frame-
work, as its base is positioned just below the top of sequence
5b. Conversely, the top of the volcano is overlain by multi-
ple onlapping strata from sequence 5c, and ultimately by the
Tertiary megasequences. This is an evidence that for a period
of time, the volcanic edifice was exposed, either to a subma-
rine or to sub-aerial conditions, although there is no clear ev-
idence supporting which environmental conditions prevailed.
Accordingly, a lower to mid-Campanian age is postulated
for the Fontanelas volcano, suggesting that it may have pre-
ceded the installation of the onshore LVC (late Campanian,
74-71 Ma; Miranda et al., 2009).

5.2 | The Estremadura Spur Intrusion

Based on previous evidence from potential field data (Escada
et al., 2019; Neres et al., 2014; Silva et al., 2000), a geophysi-
cal anomaly stands out on regional maps (Figure 1), that could
either be assigned to an uplifted crustal block or the effect of
an intrusive body, buried underneath Meso-Cenozoic sedi-
ments. However, the integration of gravimetric and magnetic
data, presented by Escada (2019), unravelled the first detailed
study of the extension, geometry and nature of the geophysical
anomalies, that is broadly characterised by a free-air gravimet-
ric anomaly in excess of 50 mGal and a total magnetic field
(IGRF removed) over 90 nT, which, combined with the seis-
mic dataset presented ahead, suggests that it is, in fact, an in-
trusive feature emplaced into the sedimentary strata.

Imaged on the western section of the 3D survey, this enig-
matic feature is revealed as an acoustic feature characterised by
its ‘noisy’ reflectors underlying a massive anticline, whose de-
posits are assigned to Megasequences 4 and Sa (Figures 4-6).
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FIGURE 7 Structural base map of the Base Tertiary Unconformity (BTU; in depth), showing pre-Tertiary fault pattern

Syn-rift and early post-rift strata are strongly deformed in the
area of the ESI, rendering the final geometry of the BTU sur-
face at depth with a WNW-ESE elongated shape (Figure 7).

Here, the typical high amplitudes ascribed to the rheolog-

ical contrast between an intrusive body and its surrounding
strata (e.g. Planke et al., 2015) are not observed. This is pos-
sibly due to one or more of the following combined factors
(all causing noise, signal absorption and significant less con-
trast): (a) intense faulting in the apex domain of the folded
strata (outer arc region) atop the intrusive body; (b) contact
metamorphism of country rock sediments; (c) technical lim-
itations in seismic acquisition and/or data processing, such as
unfitting stacking velocities.

Mapping the units above and beneath this feature led to
the recognition of a N-S elongated body assigned to a lacco-
lithic body (approximately 28 km long and 20 km wide), the
ESI (Figures 6 and 7). This large laccolith bears an estimated
total area of about 465 km?, an average thickness slightly
above 2000 m and an approximate rock volume of magma of
942 km®. When compared with other documented laccoliths
(e.g. offshore southern Australia, Jackson et al., 2013) the
ESI shows some differences in its overall volume and shape,

specifically regarding its pronounced aspect ratio (diameter/
thickness = 14).

When visualised in cross-section (Figures 4-6), the folded
strata overlying the ESI reveal a widespread bordering fault
pattern that can be assigned to brittle accommodation of ver-
tical (doming-like) inflation due to magma plumbing (see de-
tails ahead). This fault pattern, along with the overall shape
and thickness of the intrusion, suggests that the ESI can be
considered as a punched laccolith, which to some extent
allow inferring on the brittle nature and cohesion of the host
rock rheology (e.g. Schmiedel et al., 2017). The evidence for
such a voluminous laccolith and the revealed level of detail
on the deformation affecting associated (country rock) strata,
is unique, not only on the WIM, but also in other passive
margins worldwide.

Seismic stratigraphic criteria allowed to map in detail the
onset of the intrusion, that is characterised by profuse onlap-
ping onto a major unconformity, that in the area of the ESI
is marked by these reflection terminations onto a growing
anticline (base of unit 5c; Figures 4-6). Tentatively, a lower
to mid-Campanian age can be considered as the most evident
expression of the forced folding by magma emplacement, al-
though some faulting of top sequence 5a in the ESI area may
suggest some early structuration associated with the first events
of plumbing at depth. Despite no isotopic age determinations
were yet obtained for the ESI, the interpretation arising from
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the seismic-stratigraphic data is consistent with the ages previ-
ously obtained for the onshore Sintra intrusive massif (Grange
etal., 2010; Miranda et al., 2009), thus, supporting that the ESI
is part of the same magmatic event. Accordingly, an estimated
age of emplacement of the ESI can be assigned a period be-
tween the Turonian to the lower Campanian.

5.3 | Sills and sill complexes
Evidence of an important pre-Tertiary (below BTU) magmatic
plumbing system, is preserved throughout the study area,
mainly underneath and around the region of the Fontanelas
Volcano, but also associated with the ESI. Evidence of such
system is composed of multiple seismic features mainly ob-
served dominantly within sequence 5b (Figures 4-6), thus
suggesting an interpreted age for the emplacement of these
features to have occurred during the Turonian-mid Campanian
period (ca. 94-74 Ma). This estimated age is broadly synchro-
nous with coeval sills cropping onshore, namely the Paco de
Ilhas and Foz da Fonte described by Miranda et al. (2009).
The geometry of the sills is mainly characterised as planar
to slightly saucer shape (Grange et al., 2010) and stand out on
seismic, as high positive amplitudes at the top (and low nega-
tive amplitudes at the base), expressing a significant contrast in
acoustic impedance with the surrounding sedimentary depos-
its (Figures 4-6). Locally, some sub-vertical inclined seismic
features associated with these sill complexes are interpreted
to represent dykes feeding the plumbing system (Figure 4b).
Additionally, associated with ESI, multiple high am-
plitude reflections are observed either underlying or over-
lying this laccolith-shape feature that are interpreted as
sills (Figures 4-6). These are similar to those described by
McLean et al. (2017) in the Faroe-Shetland Basin, and to
the general setting of the outcropping Sintra intrusion in the
WIM onshore associated with a complex of numerous radial
and concentric dykes (Kullberg & Kullberg, 2000; Terrinha
et al., 2017). However, those beneath the ESI and interpreted
to intruding syn-rift deposits, lack the confidence in inter-
pretation resulting from the limited resolution of the seismic
dataset. These reveal a dissimilar geometry, as they appear
as more concave saucer shape, when compared with those
within sequence 5b, an aspect requiring further investigation
on the possible geochemical nature of the magma and its rhe-
ological implications during emplacement.

6 | STRUCTURAL ANALYSIS

Subsequent to syn-rift extension and onset of seafloor spread-
ing, the WIM underwent a period of relative tectonic quies-
cence (e.g. Cunha et al., 2009; Pereira & Alves, 2012; Stapel
etal., 1996), dominated by the eastwards drifting of the Iberian
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microplate (e.g. Vissers & Meijer, 2012). However, the
analysis of the subsurface on the western Estremadura Spur
reveals complex structural patterns from the Cenomanian on-
wards (top sequence 5a), with noticeable evidence of post-rift
tectono-magmatic interference. These aspects allow the char-
acterisation of the processes through which shallow magma
plumbing systems control structural strain accommodation in
the vicinity of main intrusive bodies.

Post-rift deposits (of Late Cretaceous to recent age) re-
cord the multiple pulses of tectonic inversion materialised by
conspicuous regional unconformities, folding and faulting.
A comprehensive approach was achieved by mapping in de-
tail the BTU, as this major unconformity depicts the broader
post-rift structuration of the Estremadura Spur (Figure 7).
Accordingly, three dominant styles of deformation are iden-
tified and described in detail, that include (Figures 3-6): (a)
Deep seated reverse faulting and thrusting, driving some
associated folding but without affecting the Tertiary; (b)
Discrete local faulting associated with shallow magma em-
placement during Late Cretaceous; and (c) Tertiary faulting
decoupled from the underlying strata.

To characterise the distinct pulses of shortening and up-
lift of the margin, a series of variance maps were generated
(Figures 8 and 9) that highlight the lateral discontinuities,
which ultimately can be assigned to faulting within each me-
gasequence. These include: (a) the layers associated with the
early stages of seafloor spreading, the LBS (Sequence 5a;
Figure 8a); (b) the onset of the intrusion of the ESI (Sequence
5b; Figure 8b); (c) the BTU (top of Sequence 5c; Figures 7
and 9a), as a major event that constrains the overall geome-
try of the area; and (d) the top Megasequence 6, a proxy for
Neogene tectonic events (Figure 9b).

6.1 | Structuration during early post-rift
Fault F1 is the dominant feature in the area, extending over
40 km, crosscutting the entire syn-rift section and thrusting
Late Cretaceous units towards the SW (Figures 4-7). This
NW-SE thrust is interpreted to root at the pre-rift Palacozoic
units, which can be understood as a case of thick-skin tecton-
ics similar to other examples, namely on the Southwest Iberian
Margin (Pereira & Alves, 2013). F1 likely corresponds to an
inherited syn-rift mechanical anisotropy that is interpreted to
have worked early on as a normal fault during the multiphased
rifting, successively reactivated with reverse kinematics during
the several Cretaceous to Tertiary pulses of tectonic inversion
(see Figure 4). Additionally, other shortening features include
fault bounded anticlines, forming coeval NW-SE oriented pop-
ups (e.g. F2-F3, F6-F7) and fewer others, approximately ori-
ented NE-SW to NNE-SSW (F8, F9, F11; Figure 7).

The analysis of the variance seismic attribute within a
50 m depth window above the Cenomanian unconformity
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reveals that Sequence 5a (LBS) is dominated by the perva-
sive NW-SE inversion features that represent the generalised
shortening of the margin during the Tertiary (Figure 8a).

However, a conspicuous N-S to NNE-SSW fault pattern
materialises on the area of the ESI, characterised by normal
faults at the crest of the intrusion. This group of faults are
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interpreted to represent, either the accommodation of the
earliest post-rift events associated with the immediate stress
field during seafloor spreading along a broad E-W extension,

or alternatively, the first evidence of magma emplacement at
depth, with faulting due to extensional brittle accommoda-
tion in the outer arch of the overlying doming strata.
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6.2 | Combined Late Cretaceous
inversion and structural controls of associated
magma plumbing systems
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The opening of the Gulf of Biscay and the counter-clockwise
rotation of the Iberia microplate (e.g. Vissers & Meijer, 2012)
is described to have controlled the initial widespread short-
ening of the WIM accommodated by first-order transfer
zones, which thus correspond to narrow domains of localised
transpressive inversion (Pereira et al., 2017). This makes the
Estremadura Spur a foremost region to investigate given the
newly presented data, as it reveals the combined effects of
earliest stages of margin shortening and deformation during
magma ascent/emplacement.

The analysis of a variance map generated along a win-
dow of 50 m below the top Sequence 5b (Campanian un-
conformity), shows the effects of the predominant Late
Cretaceous inversion and the subsequent imprint of the sus-
tained Tertiary inversion (Figure 8b). At this stratigraphic
level, the fault pattern is characterised by multiple reverse
and thrust faults mainly oriented WNW-ESE verging to-
wards the SW (e.g. F1, F2), although some approximately
SW-NE reverse faults can be identified at the eastern part
of the survey (e.g. F8 and F9), as well as SSW-NNE reverse
fault-bounded anticlines.

In the close vicinity of the intrusion, a group of concen-
tric reverse faults is rooted at the intra-Campanian uncon-
formity and mostly aligned with the NW-SE anticline axis
(Figure 8b; Figures 4 and 5). These faults are interpreted to
have acted as shortening features on top of a detachment layer
during the combined tectonic inversion and magma emplace-
ment (Figure 4a). This alignment of reverse faulting suggests
a NE vergence, an aspect that can be associated with the
Late Cretaceous final stages of ascent and emplacement of
the laccolith. Note that these reverse faults do not propagate
above the BTU, thus allowing to determine that they were
active only for a short period of time associated with the pe-
riod of forced folding caused by the emplacement of the ESI
laccolith.

Sequence 5c is eroded at the crest of the ESI, locally
truncated by the BTU and often cropping out at the sea-
floor (Figures 4-6), showing that folding forced by magma
emplacement controlled significant localised uplift and the
depositional response of coeval strata at the flanks of the
growing anticlines (Figure 9a). The asymmetric ring fault
pattern around the ESI closely resembles analogue model-
ling results of forced folding and doming processes at shal-
low crustal levels (Montanari et al., 2017; Roman-Berdiel
et al., 1995). Considering that these ring faults are mainly
located close to the NE limit of the ESI, this is interpreted as
a possible predominant direction of magma ascent, determin-
ing asymmetric strain localisation by forced folding on the
NE limb of the growing anticline (Figure 9a).

6.3 | Tertiary inversion

The Cretaceous-Tertiary transition is marked by a regional un-
conformity (BTU; Figure 7), that can be recognised through-
out the WIM, as it defines a period of significant uplift/tilting
of the proximal margin, resulting in noticeable sediment by-
pass from the hinterland towards the marine Atlantic domain
(Alves et al., 2003; Cunha, 2019; Pereira & Alves, 2013). On
the Estremadura Spur, the geometry of the BTU is character-
ised by its intensively folded geometry (Figure 7), mimicking
the underlying structuration where reactivation of the Late
Cretaceous reverse faults and folds accommodates persistent
margin shortening during the Tertiary (Figures 4-6).

Brittle deformation below and above the BTU is no-
ticeably dissimilar denoting the decoupled character of
the deformation that is characterised by the non-propa-
gation of major faults into the Tertiary (Figures 8 and 9).
Fittingly, the fault pattern observed on variance map of top
Megasequence 6, a proxy to Tertiary inversion is charac-
terised by normal faulting crosscutting to Megasequence 7,
although decoupled from the underlying Late Cretaceous
inversion structures (Figure 9b). The fault pattern affecting
these Eocene-Oligocene sequences show distinct predomi-
nant directions, depending on their location and underlying
controls, that include: (a) a group of normal faults identi-
fied in the area of the ESI, characterised by an overall radial
pattern; (b) a family of NW-SE oriented normal faults with
limited throw associated with the crest of growing anticlines
at depth and, (c) some N-S normal faults located southwest
of the Fontanelas Volcano.

Megasequence 8 (mid Miocene to recent) does not show
significant faulting, contrasting with the deformation affect-
ing MS7. This aspect suggests that during this period tectonic
activity is significantly decreased and that the controlling
mechanisms would likely be associated with some minor tilt-
ing of the margin as a whole, as evidenced by the westwards
inclined character of seismic horizons.

7 | DISCUSSION
In the studied Estremadura Spur transcurrent domain of the
extended continental WIM, the collected magmatic-tectono-
stratigraphic data reported above has revealed the prevalence
of decoupled deformation affecting syn-rift units, post-rift
strata, and the Tertiary sedimentary cover (Figure 10). This
unveils a scenario of interference between regional mul-
tiphased tectonic-inversion events and localised effects of
magma emplacement associated with major intrusions at
depth.

The interplay of both margin shortening and magma em-
placement resulted in a tectono-magmatic overprinting pat-
tern, whose interpretation allows clarification of the role of
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FIGURE 10 Schematic block-diagram illustrating the main phases of inversion and the combined evidence of a magma plumbing system
on the Estremadura Spur. MTD, Mass Transport Deposits. (a) Structuration during the onset of inversion and magmatism. (b) Period of intense
deformation during the latest Cretaceous showing preferred areas and styles of inversion. (c) Rejuvenated period of margin shortening, with
deformation decoupled from undelying Cretaceous strata

first-order transfer zones in localising regional (large-scale) sub-lithospheric mantle sourced magma pulses in the evolu-
deformation at specific segments of the WIM. More gener-  tion of passive continental margins evolving under similar
ally, it also provides unprecedent new insight on the role of  conditions.
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7.1 | Strain decoupling during magma
plumbing and tectonic inversion
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The evolution of the passive continental margin of West
Iberia was largely controlled by post-rift inversion (Cloetingh
et al., 2002; Mougenot et al., 1979; Ribeiro et al., 1990). This
process resulted in focused shortening along deep rooted
faults, some of them inherited from the Variscan orogeny and
subsequently rejuvenated during rifting (e.g., MPFZ and the
NFZ; Pereira & Alves, 2013; Pereira et al., 2017), acting as
sharp transfer zones between adjacent alternating crustal seg-
ments (lower to upper plate architecture; Pereira et al., 2017;
Péron-Pinvidic et al., 2015).

Subsequent to lithospheric breakup, tectonic efforts are
recorded on the ES, reflected by a N-S fault pattern crosscut-
ting the LBS (Figure 10a), interpreted to represent the early
evidence of magma emplacement at depth of the ESI, during
the Cenomanian-Campanian(?). Onshore, the Foz da Fonte
sill (dated ca. 94 M.a., Miranda et al., 2009), may be coeval
to the onset of magmatism of the ESI. However, hindered by
limited seismic data resolution the absence of any age dating
of the magmatic features in the area, such aspects still require
further investigation.

During Late Cretaceous to Tertiary inversion three
major inversion events shaped the margin, namely: 1) the
Campanian-Maastrichtian, 2) the Paleocene-mid Eocene,
and 3) the Oligo-Miocene. These events, combined with the
emplacement of magma, created an interference pattern of
folds and faults that allow explaining how specific segments
of passive margins can accommodate stresses in the presence
of rigid bodies within the sedimentary succession.

Multiphased inversion on the ES resulted in a series of pre-
dominantly NW-SE and NE-SW fault-propagation folds verging
respectively to SW (e.g. F1, F6) or to the NW (F8; Figures 3-6).
This work reveals that, largely controlled by the counter-clock-
wise rotation of Iberia driven by rifting on the Bay of Biscay and
onset of the collision in the Pyrenees (Vissers & Meijer, 2012),
the initial shortening event (Campanian-Maastrichtian), is the
most expressive in terms of the magnitude of deformation.
These NW-SE faults are far more significant and important
than the latter, in compliance with significant margin inversion
under a Late Cretaceous left-lateral transpressive regime, prior
to Tertiary reactivation (Figure 10b). By analysing the different
post-rift strata, it becomes patent that sequence 5C accommo-
dates most of the inversion, as evidenced by significant thick-
ness variations and noteworthy truncation due to erosion along
the BTU (Figures 3-6). It remains to be clarified whether the
NW-SE fault-propagation folds and pop-ups are synchronous
with those aligned SW-NE (Figures 8 and 9), although data
may suggest that these later features are younger and likely as-
sociated with a different pulse of inversion.

This tectonic event was coeval with the ascent of fertile
mantle sourced magma plumes (Merle et al., 2019; Miranda

et al., 2009) that resulted in the installation of a laccolith (ESI),
associated sill complexes and early manifestations of extrusive
magmatism precursor of the Fontanelas Volcano. The combined
tectono-magmatic interaction between these two processes re-
sulted in the generalised forced folding and reverse faulting
(Figures 4-7), associated with the emplacement of the ESI that
has created a localised family of concentric faults (Figure 8).
Comparable fault patterns interpreted to control magma flow in-
trusive paths have been previously reported by sandbox analogue
modelling studies (Montanari et al., 2017), although subsequent
events of strike-slip inversion were also shown to overprint
the final stress patterns and implied fault configurations (Corti
et al., 2005; Gomes et al., 2019; Figure 10). To some extent,
such interferences correlate well with the observed increasing
deformation of overburden strata at the (onshore) outcropping
Sintra and Sines massifs, that show their respective northern
flanks affected by significant folding and south-dipping bound-
ing faults (Inverno et al., 1993; Kullberg & Kullberg, 2000).

The second shortening event (Paleocene-mid Eocene) is
generally ascribed to the large-scale NE-SW collision of Iberia
with the Pyrenees and resulted in the reworking of the inherited
Late Cretaceous fabric (Figure 10). Such a reactivation con-
sisted mainly in fault-propagation folding, deforming (but not
faulting) the BTU, and in the associated depositional response
recorded by the onlapping reflections within Megasequence 6
(Figures 4-7). Evidence of significant Eocene compression is
still unclear on the onshore domains of the margin, although on
the immerse regions of the continental platform such compres-
sion seems more significant (Boillot et al., 1979; Mougenot
etal., 1979; Pereira et al., 2011), likely facilitated by the weaker
rift-related rheology of the thinned continental crust.

A third event of deformation occurred on the ES
(Oligocene-Miocene), noticeably different from the preced-
ing ones, typified by the distinct direction of compressive
stresses and the expression of fault patterns, highlighting the
decoupled nature of deformation in between megasequences
(Figure 10b-c). This period is characterised by continued
buckling and associated localised normal faulting dominantly
focused on the external arches of existing anticlines (faulting
of Megasequence 7, Figure 9b). The associated depositional
response consisted in the formation of mass flow deposits and
sediment bypass towards the oceanic domain (Figure 10c).

Overall, the evidence of distinct fault patterns during the
different phases of combined tectono-magmatic interplay and
their associated controls reflects the changing directions of
the stress fields as they rotate from a N-S during the Late
Cretaceous, to a NE-SW trend during the Maastrichtian-
Paleocene interval and ultimately, towards a NW-SE shorten-
ing event, from the Eocene onwards (Figure 10).

Aiming to clarify the role of the magma mechanical
behaviour in the area, as well as any kinematic indica-
tors associated with the geometry of the ESI and overly-
ing strata, the changing rheology of the intrusion must be
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accounted for at the distinct stages of inversion. As such,
a viscous behaviour for the ESI is considered to have been
determined by the Late Cretaceous magma ascension and
emplacement, as evidenced both by the oblate and irregular
geometry of the N-S aligned laccolith, and by the forcing
concentric faults towards the NE. As simulated in several
analogue modelling studies (Corti et al., 2005; Gomes
et al., 2019), the deformed geometry of the ESI suggests
that this magmatic body must have endured significant
syn-tectonic shearing in a non-rigid state.

However, the analysis of the anticlines and their fold axis
mapped on the BTU and top Megasequence 6 (dominantly
oriented WNW-ESE, Figures 7 and 9) suggest a change in
the orientation of the compressive stress fields during the
Tertiary in compliance with a change in their main trend from
a NE to a NW oriented direction. This bears implications for
the accommodation of stresses on the ESI, which by this time
would have achieved a rigid state, while the deformation in
the overburden would still be accommodated in a ductile man-
ner, through folding, under a dominant right-lateral strike-
slip regime determined by the bounding first-order transfer
zones. Although limited by the dataset extent, the major fault
trends adjoining the ESI for the Tertiary successions, suggest
a o-type sigmoid generated under a right-lateral strike-slip,
a feature concurrent with the general NFZ-TFZ interpreted
displacement during the rotation of Iberia (Figure 10).

8 | CRUSTAL INHERITANCE
CONTROLS FOR MAGMA
PLUMBING SYSTEMS

Magma ascent and emplacement a typically controlled by pre-
existing structural fabrics, with multiple examples described
from passive margins worldwide and sandbox models, often
under transtensive settings (Breitkreuz & Mock, 2004; Dini
et al., 2008; Roman-Berdiel et al., 1995).

On the WIM, and more specifically on the onshore
Lusitanian Basin, examples of inherited structural controls
are reported for all the three Mesozoic magmatic cycles, for
example, the 600 km long Messejana tholeiitic dyke (Cebria
et al., 2003), the mildly alkaline dykes from the Late Jurassic-
early Cretaceous magmatic cycle (e.g. Mata et al., 2015)
and for the alkaline magmatism with widespread evidence
during Late Cretaceous (e.g. Lisbon Volcanic complex, the
radial cone-sheet dyke complex; Kullberg & Kullberg, 2000;
Terrinha et al., 2017).

The Estremadura Spur, a segment controlled by major
bounding strike-slip zones, is a preferred location to assess the
role of structural inheritance in conditioning specific post-rift
inversion, as well as the combined effects of magma ascent/
emplacement at a shallow crustal level. However, the exact
contribution from syn-rift structural fabrics is still unclear,
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with seismic resolution hampering further evidence on how
preponderant extensional faults may have controlled magma
ascent and emplacement. Nonetheless, alike the well-known
nearby examples of the Sintra laccolith (Terrinha et al., 2017)
and of the Arrdbida mountain chain (Kullberg et al., 2006),
the presence of deeply rooted transfer zones seems to have
played a role in favouring magmatic intrusions at shallow
crustal levels in domains of hyper-extended continental crust.

The inherited hinge zone bounded by the NFZ and the
TFZ (Figure 3 and Figure S1) denote significant focused
shortening dominated by the changing stress fields from Late
Cretaceous to mid-Miocene inversion pulses, resulting in SW
verging reverse faults and anticlines. This, associated with
the interpreted elliptical W-E shape of the ESI, suggests an
inversion under right-lateral transpressive regime during the
Tertiary (Figure 10c), with the ESI now acting as a rigid body
with surrounding strata accommodating significant deforma-
tion in the area (Figures 8 and 9).

The recorded tectono-stratigraphic evolution points to a
large-scale scenario, in which adjacent WIM domains, sep-
arated by major bounding transcurrent corridors, might ac-
commodate differently the same compressive stress implied
by the overall tectonic inversion of the margin.

8.1 | Implications for fluid
flow and thermal regime

Acknowledging the wider extension and importance of the
Late Cretaceous alkaline magmatic cycle on the margin, the
impact to intra-sedimentary fluid flow and local thermal re-
gime needs to be re-assessed, as these evidences bear implica-
tions for the potential presence of hydrocarbon occurrences.

Typically, petroleum systems modelling on the WIM ac-
count for either one or two heat flow events, respectively
for the Early and Upper Jurassic (ca. 200 and 150 Ma) co-
incidentally with the two first Mesozoic magmatic cycles
at the WIM. A third flow event has been also invoked, asso-
ciated with the early Cretaceous extension (Casacido, 2015;
Teixeira, 2012), but not including the 100-70 Ma period of
significant mantle to crust magma and heat transfer on the
Iberia Atlantic Margin. Accounting for a likely heat flow
event during the Late Cretaceous may bear impact on the
modelling of prospective petroleum systems on the WIM,
in which some models cannot predict mature hydrocar-
bons without the help of an additional thermal event that
would bring a speculative oil kitchen to maturity stages
(Teixeira, 2012).

Additionally, the presence of a widespread thermal event
on the central and southwest Iberian margin, in the area of
influence of a mantle plume during this period is likely to
induce noticeable fluid flow (e.g. Holford et al., 2017), that
could react with carbonate depositional sequences, resulting
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in the modification of the rheological properties of the ex-
tended continental margin and favour preferred zones for in-
version and margin shortening.

9 | CONCLUSIONS

Based on high resolution 2D/3D multichannel seismic sur-
veys from central West Iberian Margin (Estremadura Spur),
this work documents the combined effects of sub-lithospheric
post-rift magma plumbing system and tectonic inversion from
Late Cretaceous onwards, showing the evidence of four major
post-lithospheric breakup tectono-stratigraphic events largely
controlled by the rotation of Iberia during the Alpine cycle.

The first tectonic event is assigned to the Turonian-
Campanian, that marks the onset of magmatism, resulting
in the localised bulging of strata with N-S extensional faults
atop of a sizeable laccolith (the Estremadura Spur Intrusion)
coeval with the emplacement of multiple sill-complexes and
the formation of a volcanic edifice. The second event, of
Campanian—Maastrichtian age, is not only associated with
significant margin shortening, accommodated through multi-
ple reverse faults and folding dominantly verging towards the
SW, but also by the magma induced forced folding and con-
centric faulting of the latest Cretaceous strata. All sequences
are ultimately locally crosscut by a regional unconformity
of Maastrichtian—Paleocene(?) age, thus indicating that the
Late Cretaceous inversion is far more significant than antici-
pated. However, the deep-rooted reverse faults from the Late
Cretaceous (some inherited from the syn-rift extension), do
not propagate to the Tertiary indicating that rupture at depth
is sealed below the Base Tertiary Unconformity. During the
Paleocene-mid Eocene, shortening and inversion resume,
by re-adjusting to the new stress field direction (NW-SE),
mainly by tilting of the margin and associated depositional
response infilling, recorded by new space accommodation
onlapping onto growing anticlines. The final stage of mar-
gin shortening (Oligocene-mid Miocene) is characterised by
rejuvenated inversion, dominated by crestal faulting on the
hinges of growing anticlines, reinforcing the decoupled na-
ture of strain accommodation with depth. This event is ac-
companied by the depositional response bearing MTD’s and
onset of canyon incision.

Additionally, the detailed analysis of the Estremadura Spur
Intrusion (a laccolith with approximately 942 km?), suggests
that its emplacement is controlled by the presence of syn-rift
inherited faults and that later, during inversion, this feature
acted as a rigid body that accommodated discrete Tertiary
dextral transpressive stresses by inducing faults which form a
sigmoidal geometry at overburden level.

Ultimately, this tectono-magmatic interplay bears impli-
cations on how future analysis on the rheology of thinned
continental crust evolves under the influence of combined

transpressive stresses and how, as part of a wider magmatic
province, heat transfer from such intrusive bodies can be re-
flected on thermal models assessing organic maturity of sim-
ilar post-extensional magma-poor rifted margins.
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