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Abstract
Hyperextended margins are very heterogeneous along the entire length of the margin, so the definition of tectonic 
domains made exclusively from 2D seismic sections presents serious limitations. In this work we present an approach 
of the 3D crustal-scale structure of the West Iberia margin (WIM) by modelling eight lithospheric sections, using seismic, 
wells and gravity data. The continuous nature of gravity data allowed us to propose a new map of tectonic domains within 
the WIM. Maps of total horizontal (THD) and vertical gradients (dZ) of Bouguer anomaly have been calculated and 
compared with other criteria such as the crustal structure and thinning factor. This comparative analysis has been carried 
out on a section proposed as a model for the Western Iberian Margin (Tugend et al. in Tectonics, 2014; Cadenas et al. in 
Tectonics 37:758–785, 2018), and on four 2 + 1/2D gravimetric models transversal to the margin. The results point out a 
significant variation in the absolute values of Bouguer anomaly, thinning factor and crustal structure along the margin 
and, therefore, of the position of the different domain boundaries. Clear patterns that correlating the Bouguer anomaly 
signal and its derivatives to the tectonic domain are evidenced. Most significantly, the necking-zone and its transition to 
the hyperextended domain are characterized by high values of the THD of the Bouguer anomaly. The observed patterns 
in Bouguer anomaly and its derivatives provide a solid constraint for mapping the boundaries between different tectonic 
domains along the margin, even in those areas where limited deep seismic information could lead to uncertain 
interpretations. The results of this work can also inform on the general kinematics of the WIM.

Keywords West Iberian margin · Hyperextended margin · Tectonic domains · Integrated structural characterization · 
Gravity modelling

Introduction and objectives

The structure of the West Iberian margin (WIM) (Fig. 1) 
is heterogeneous along its entire length. This 
heterogene-ity stems from the nature of the pre-rift 
basement (Murillas et al. 1990), and the added 
complexity, related to the fact 

that its formation involves several rifting episodes and an 
ulterior partial tectonic inversion (Boillot and Malod 1988).

Classical first-order architecture of this (and other) hyper-
extended magma-poor rifted margin shows “idealized” cross 
sections with a set of key rift domains from continent to 
ocean. Following the terminology proposed by Tugend et al. 
(2015), five domains were defined based on varying crustal 
structure, stratigraphic architecture, type of basement, 
and overall structural style (Fig. 2).

The boundaries between the different tectonic 
domains of the WIM have been discussed by diverse 
authors (e.g., Péron-Pinvidic et al. 2013; Welford et al. 
2010; Nirrengar-ten et al. 2018; Druet et al. 2018), 
based on geophysical and structural criteria, among 
others the stretching fac-tor, a measure of tectonic 
stretching and crustal thinning. These criteria are mainly 
supported by the interpretation of regional reflection 
seismic sections, by the few well data available, and, to a 
lesser extent, by potential field data. 
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However, the criteria used to define the different 
domains does not always coincide among different 
authors (e.g., Péron-Pinvidic et al. 2013; Mohn 
et al. 2015; Tugend et al. 2015; Stanton et al. 
2016).There are several reasons for this variability: 
the complexity of the extensional structure, the 
effects of structural and rheological inheritance on 
multiple phases of extension, and later geological 
processes that have 

modifying the extensional structure (e.g. 
compressive reac-tivation), and the fact that most 
previous studies have been based on limited/
localized 2D seismic data.

This two-dimensional approach hinders lateral 
cor-relation between the different structural 
domains at the regional scale of the margin 
(Péron-Pinvidic et al. 2015) due to two main 
factors. Firstly because, regional seismic 

Fig. 1  Tectonic setting of Western Iberian Margin with 
sedimentary basins and major structures referred in the text. 
AF Aveiro Fault; NF Nazare Fault; TF Tagus Fault; AP Abyssal 
Plain; DGM Deep Gali-cia Basin; GB Galicia Bank; GIB Galicia 
Interior Basin; PoB Porto Basin; PB Peniche Basin; AB 
Alentejo Basin; AlvB Algarve Basin; MPFZ Messejana– 
Plasencia Fault Zone; SM Seamount; FZ Trans-form Fault; 
CM Cantabrian Mountains; SPCS Spanish- Portuguese 
Central System. Location of the analyzed transversal and 
longitudi-nal lithospheric cross-sections (white thick lines) 
along the Western 

Iberian Margin. Small filded circles show ODP drill holes 
locations (red, LEG 103; orange, LEG 149; green, LEG 173; 
pink, site 120). Yellow dashed lines show the locations of 
seismic profiles used for this work ISE1 (Iberia Seismic 
Experiment; Zelt et al. 2003); Lusigal 12 (LG12) (with the 
TGS extension) (Sutra and Manatschal 2012); IAM9 line 
(Dean et al. 2000); IAM5 (Afilhado et al. 2008) and ISE9 
(Clark et al. 2007). Red dashed lines show TGS-Nopec (2 
lines inte-grated with a 2D Austin line) (Sanchez de la Muela 
et al. 2015)



information is two-dimensional and discontinuous. 
Sec-ondly because, oblique structures can 
significantly offset domains from one section to 
another. The inherent com-plexity of the 
extensional system, along with the added 
complexity caused by tectonic inheritance and 
posterior tectonic events, adds an extra 
component of difficulty in generating reliable maps 
of structural domains from two-dimensional seismic 
sections only.

In this paper we present an approach with 
which we have mapped the three-dimensional 
structure of the WIM at a crustal scale. Crustal 
scale gravity 2 + 1/2D model-ling along key 
seismic sections, and advanced enhance-ment 
tools applied to gravity and magnetic data have 
been used to enhance, identify, and map the key 
crustal domains and boundaries of the WIM. 
Quantifiable param-eters (stretching factor, 
Bouguer anomaly, and gradient values) are 
subsequently used to propose criteria that can be 
applied to define the crustal-scale domains the 
WIM and their boundaries.

The result is a novel map of the WIM in which 
the structural interpretation of the passive 
margin is sup-ported by reflection seismic, well 
drill and gravity data.

Tectonic setting

The WIM (Fig. 1) is located in the southern North 
Atlan-tic, just north of the present-day Africa-
Eurasia plate boundary (the Azores-Gibraltar 
Fracture Zone, AGFZ), and its eastward 
prolongation into the Mediterranean (Srivastava 
et al. 1990; Zitellini et al. 2009).

The WIM recorded a multiphase rifting history. 
In a review of the crustal architecture in West 
Iberia, Pereira et al. (2017), described a complete 
lithospheric breakup achieved after three to four 
main rift phases (Rasmussen et al. 1998; Alves 
et al. 2006, 2009; Pereira and Alves 2011; Mohn 
et al. 2015). The main rift phases include: (1) 
Late Triassic-Early Jurassic onset of rifting and 
wide-spread segmentation of continental crust; (2) 
Early Juras-sic extension; (3) Late Jurassic to 
earliest Cretaceous phase of widespread 
subsidence; (4) Early Cretaceous phase prior to 
complete continental breakup between Ibe-ria and 
Newfoundland. As a result, a suite of four syn-rift 
mega-sequences can be correlated with the 
conjugate Newfoundland and neighbouring 
northern Moroccan 

Fig. 2  a Structure of a magma-poor hyper-extended margin. 
The sec-tion includes main elements of each tectonic domain 
following termi-nology proposed by Tugend et al. (2015). b 
Crustal structure, typical 

stratigraphic sequence, basement types and main structures 
that char-acterize the proximal, necking and hyper-extended 
domains ( modi-fied from Péron-Pinvidic et al. 2013 and 
Cadenas et al. 2018)



margins (Hubbard et al. 1985; Hafid et al. 2000; 
Pereira and Alves 2012; Ramos et al. 2017).The onset of 
seafloor spreading occurred in two main pulses: (1) at 
the end of the Jurassic in the southern segment between 
the Southern Grand Banks and the Tagus Abyssal Plain 
(Mauffret et al. 1989; Pereira and Alves 2011) (2) during 
the Early Creta-ceous in the northern segment, between 
the Iberia Abyssal Plain and northern Grand Banks 
segment (Tucholke et al. 
2007).

After complete continental breakup, West Iberia under-
went a period of relative tectonic quiescence in the Late Cre-
taceous, during which widespread drift sequences accumu-
lated offshore in response to tectonic uplift of the proximal 
margin (Alves et al. 2009; Pereira and Alves 2012).

During the Cenozoic, the Iberian Peninsula experi-
enced an intense intraplate deformation due to the 
continu-ous northwestward movement of the African 
plate. Initial N-S compression along the northern margin 
of Iberia from Campanian times (Late Cretaceous) lead to 
the progressive development of the E-W-trending 
Cantabrian-Pyrenean oro-gen. Shortening along northern 
Iberia reached a maximum deformation during the middle 
Eocene to Late Oligocene (Vergés 1999) and during the 
Late Oligocene to Early Mio-cene within the Iberian 
interior (Curtis 1999; De Vicente et al. 2018).

Ongoing convergence between Africa and Iberia and 
migration of deformation to the southern Iberian margin 
led to a climax of intraplate compression within Iberia at 
ca. 9 Ma (middle Tortonian, Dewey et al. 1989). This caused 
renewed uplift of the Central System (Fig. 1) in the onshore 
and offshore (Cunha 1992; De Bruijne and Andriessen 2002; 
Ribeiro et al. 1990) and of the mountains of NW Portu-
gal, mainly by reverse faulting and thrusting (Cunha 1992; 
Cunha et al. 2000).

West Iberian Margin (WIM)

The WIM is the rifted margin flanking western Iberia. In 
the north (GB, DGM, Fig. 1), the WIM is characterized by a 
broad domain of extended continental crust that stretches 
around 300 km from the coast out to a domain of 
exhumed subcontinental mantle beyond the Galicia 
Bank region (Boillot et al. 1987; Druet et al. 2018). 
Further south (IAP, Fig. 1), the continental crust only 
extends some 200 km from the coast or less before 
transitioning into the domain of exhumed mantle (Pereira 
et al. 2017).

The WIM has a roughly N-S trend and is segmented by a 
series of regional-scale structures, which act as boundaries 
to the main basins on the margin. Two first-order 
tectonic lineaments, the Messejana-Plasencia Fault Zone 
and the Nazare Fault Zone, divide the continental 
Western Iberian shelf into two distinct segments, namely 
SW Iberian margin (Alentejo Basin) and the NW Iberian 
margin (including the 

Lusitanian, Peniche, Porto and Galicia Basins) (Fig. 1). The 
Messejana-Plasencia Fault Zone, located in SW Iberia, is 
a 500-km-long NE-trending transcurrent fault zone formed 
during the Late Palaeozoic that was later reactivated during 
Mesozoic rifting and Cenozoic inversion (e.g. Schermerhorn 
et al. 1978; De Vicente et al. 2018). This fault zone sepa-
rates the WIM from the southwest Iberian margin (Algarve 
Basin). The Nazare Fault Zone extends over 250 km from 
onshore to the continental slope. It separates the SW 
from the NW Iberian margin, and controls deposition and 
struc-tural trends in the Lusitanian Basin and northern 
Estrema-dura Spur (Wilson et al. 1989; Alves et al. 2009). 
Addition-ally, two strike-slip zones might have played a 
significant role in margin segmentation (namely the 
Aveiro and the Tagus Faults, Pereira et al. 2017).

The distal WIM in turn can be subdivided into three phys-
iographic provinces (Fig. 1). A northern segment is charac-
terized by the Galicia interior basin (GIB), the Galicia Bank 
region (GB), and the Deep Galicia Margin (DGM). The GIB is 
a N-S trending structural low, located westward of the 
Galician continental shelf, with an approximate width of 
100 km. It developed in response to Early Cretaceous NNW-
SSE normal faulting (Murillas et al. 1990). West of the 
GIB, the GB region is a structural high underlain by poorly 
extended continental crust (Whitmarsh and Sawyer 1996). 
Westwards the Deep Galicia Margin (DGM) includes the 
distal part of the margin and the continent-ocean 
transition (Manatchal and Bernoulli 1999) characterized by 
extremely extended continental crust blocks with a thin 
sedimentary cover, underlain by an ultramafic basement. 
This region ends westwards in a serpentinized peridotite 
ridge (Boillot et al. 1987). The ultramafic basement of the 
DGM originated by subcontinental mantle exposure 
during the final stages of rifting (Krawczyk et al. 1996; 
Kornprobst and Chazot 2016).

The central segment of the distal WIM is formed by the 
Iberia Abyssal Plain (IAP). This plain lies southwest of the 
GB and is bounded to the south by the Estremadura 
Spur that separates it from the Tagus Abyssal Plain 
(Pinheiro et al. 1996; Fig. 1). To the west and northwest, 
the limits of the IAP are roughly defined by the 4800-m 
isobath, which approximately marks the transition from the 
flat topography characteristic of the IAP to the irregular 
morphology typical of oceanic basement further west.

Finally, the southern segment of the distal WIM is occu-
pied by the Tagus Abyssal Plain (TAP). This plain is sur-
rounded by three major ridges: the Madeira-Tore Rise in the 
west, the Estremadura Spur in the north, and the 
Gorringe Bank in the south. The Tagus Abyssal Plain 
represents the Jurassic oceanic portion of the WIM, with 
a transition to continental crust which is inferred to 
occur in the eastern half of the deep-sea plain (Pinheiro 
et al. 1992). An alter-native view, implying that the basin 
is floored by exhumed mantle rocks, as opposed to oceanic 
crust, has been recently 



proposed (Bronner et al. 2011). However, this point is still 
debated (Tucholke and Sibuet 2012). In the Tagus 
Abyssal plain, the J anomaly occurs over a basement 
showing a seis-mic velocity structure characteristic of 
oceanic crust (Afil-hado et al. 2008) that is thickened at the 
magmatic Madeira-Tore Rise (Nirrengarten et al. 2017).

The J anomaly is well defined south of AGFZ within an 
oceanic spreading system, associated with Mesozoic isoch-
rons (Tucholke and Ludwig 1982), but its origin north of the 
AGFZ is still debated and the amplitude decreases north-
wards and fades out west of Galicia Bank (Nirrengarten et al. 

2017).
The J anomaly north of the AGFZ, has been considered in 

the past as an oceanic anomaly corresponding to the M4, M3 
or M0 isochron (Whitmarsh and Miles 1995; Sibuet et al. 
2004) or a transition from an exhumed mantle domain to 
a more magmatic oceanic crust (Bronner et al. 2011). 
Nirren-garten et al. (2017) recently rejected this idea and 
conclude that the J-anomaly is the result of polygenic 
and multiple magmatic events occurring during and after 
the formation of the first oceanic crust. Sanchez et al. 
(2019) pointed that the origin of volcanic edifices along the 
Tore-Madeira Ridge could be considered oceanic and 
exhumed mantle, and their orientations are not aligned 
with the previously interpreted oceanic magnetic anomaly 
M0.

M3 (124My) can be modelled by seafloor spreading, at 
rates of ~ 10–14 mm  year−1. (Whitmarsh and Miles 
1995; Whitmarsh et al. 1996; Dean et al. 2000; Russel and 
Whit-marsh 2003). Previous modelling of magnetic 
anomalies and seismic velocities indicated that this 
region has sea-floor spreading magnetic anomalies and 
the seismic veloc-ity structure characteristic of oceanic 
crust, albeit perhaps slightly thinner than normal; 
magnetic modelling suggested that it was formed from the 
time of anomaly M3. This inter-pretation is supported by 
the discovery at ODP site 1070 of a 119 Ma pegmatite 
gabbro and gabbro veins, which were cored in the 
basement without encountering basaltic rocks (ODP Leg 
173 Shipboard Scientific Party 1998; Manatschal et al. 
2001; Whitmarsh & Wallace 2001).

Rift domain terminology

Regardless of their variability, Atlantic magma-poor rifted 
margins share many first order similarities (e.g., Reston 
2009; Péron-Pinvidic et al. 2013). In some studies, 
these rifted margins are characterized from continent to 
ocean by five structural domains, which are referred to 
as proxi-mal, necking, hyperthinned, exhumed mantle, 
and oceanic domains (Fig. 2) (Tugend et al. 2015). The 
hyperthinned and exhumed mantle domains are referred 
together as the distal domain (Péron-Pinvidic et al. 2013) 
or hyperextended domain (Tugend et al. 2015).

These five rift domains are characterized by different 
structures, particular basin geometries and basement 
type (Fig. 2), suggesting that they result from different 
modes of deformation (Sutra et al. 2013) that migrate 
progressively toward the area of the future breakup 
(Péron-Pinvidic and Manatschal 2009). The boundaries 
between domains are commonly considered as 
transitional rather than sharp, which may hamper their 
identification in some settings. This is related to the 
fact that the domains are associated with specific 
deformation processes that can overlap (and interact) in 
time and space (Péron-Pinvidic et al. 2013). In reactivated 
magma-poor rifted margins, the mapping of rift domains 
can provide important constraints about the rift 
architecture (Tugend et al. 2014), thus facilitating 
quantita-tive restoration of hyperextended domains (Sutra 
et al. 2013) in the absence of well-constrained magnetic 
anomalies (Nir-rengarten et al. 2017).

The proximal domain is characterized by classical graben 
and half-graben basins as a result of minor lithospheric thin-
ning (Sutra et al. 2013; Tugend et al. 2015). Basement 
top and the Moho are approximately parallel (Péron-
Pinvidic and Manatschal 2009). Deformation is decoupled, 
with brit-tle faults in the upper part of the crust detaching at 
mid-crus-tal depth (decoupling level), and with the lower 
continental crust exhibiting ductile behaviour (Sutra et al. 
2013). Due to moderate thinning, little accommodation 
space is created (Sutra et al. 2013). The continental crust 
is interpreted to be > 25 km thick at the transition into 
the necking domain (Dean et al. 2000).

The necking domain has been defined as the area 
where 30 (± 5) km continental crust is thinned to about 
10 km (Mohn et al. 2012; Péron-Pinvidic and Manatschal 
2009; Sutra et al. 2013) (Fig. 2b). Crustal thinning results 
in the shallowing of the Moho, the deepening of the top 
basement and the creation of significant amounts of 
accommodation space, recorded by progressive 
thickening of the syn-rift sequences and deepening of 
depositional environments (Tugend et al. 2015). The 
outboard limit of this domain cor-responds to a break in 
the crustal taper geometry, where crustal thickness is 
reduced to the order of 10 km or less (Osmundsen and 
Redfield 2011) (Fig. 2a).This usually coin-cides with the 
coupling point (Pérez-Gussinyé and Reston 2001; Sutra 
et al. 2013; Péron-Pinvidic et al. 2013; Nirren-garten et al. 
2017). The coupling point represents the loca-tion where 
crustal deformation changes to involve the entire upper and 
lower crusts (coupled deformation), with faults 
penetrating across the thinned crust directly into the 
mantle (Sutra et al. 2013), due to the embrittlement of 
the lower crust (Pérez-Gussinyé and Reston 2001).

Within the hyperextended domain, crustal thickness is 
less than 10 km. Extreme crustal thinning leads to the 
gen-eration of a substantial amount of accommodation 
space (Tugend et  al. 2015). Extensional faults 
penetrate and 



exhume the continental lithospheric mantle under a sim-
ple shear regime (Pérez-Gussinyé et al. 2003; Sutra 
et al. 2013; Doré and Lundin 2015), and serpentinization 
of the lithospheric mantle may occur (Pérez-Gussinyé and 
Reston 2001). As tectonic thinning progresses, the 
serpentinized mantle may be exposed and may crop out 
on the seafloor and overlain directly by sediments (e.g.; 
Boillot et al. 1987 and 1988; Sutra et al. 2013). Local 
magmatic additions, continental-derived extensional 
allochthons, serpentinized mantle rocks, locally reworked 
in syntectonic breccias, and sag-type basins filled by thick 
aggradational and prograda-tional sequences that wedge 
out oceanward, are also typical features of this domain 
(Tugend et al. 2015) (Fig. 2a).

In this work we differentiate the hyper-thinned 
domain (where a thinned continuous continental crust 
remains) from the exhumed mantle domain (where a 
serpentinized mantle with only isolated continental cortical 
blocks appears below the sediments).

The establishment of stable oceanic spreading and 
the presence of seafloor-spreading magnetic anomalies 
char-acterize the oceanic domain (Eagles et al. 2015; 
Cadenas et al. 2018). The landward limit of this domain 
remains strongly debated owing to the gradational 
character attrib-uted to breakup (Péron-Pinvidic and 
Manatschal 2009) and the uncertainties in the interpretation 
of magnetic anomalies within ultra-distal rifted margins 
(Sibuet et al. 2007; Nir-rengarten et al. 2018; Fernández 
et al. 2020).

Data sources and methodology

In order to carry out a regional study including all the West-
ern Iberian Margin with different types of data, it has 
been necessary to use and homogenize various sources of 
infor-mation and databases. In this way the information is 
com-parable throughout the range with enough resolution. 
Used data in this work come from diverse sources.

Bathymetry/topography

Bathymetry, used in Figs. 1 and 11a, is from the 2018 
ver-sion of the EMODnet digital terrain model (DTM) 
(http:// portal. emodn et- bathy metry. eu/). EMODnet DTM 
released with a grid resolution of 1/16 * 1/16 arc-minutes 
using the best available bathymetry data sets from an 
increasing num-ber of data providers. This DTM included 
data from plum-mets, single beam, multi beam, and 
LIDAR observations, from composite DTMs and Satellite 
Derived Bathymetry for selected coastal stretches. To 
prevent gaps in the EMODnet DTM layer, these areas have 
been filled with the GEBCO 2014 data.

Seismic data

Available multichannel seismic (MCS) reflection profiles, 
seismic refraction profiles, as well as deep seismic sound-
ings (DSS) within the study area were compiled in order to 
construct representative regional transects for crustal-
scale gravity modelling.

ISE1 (Iberia Seismic Experiment; Zelt et al. 2003) was 
acquired in 1997 and first published and discussed by Zelt 
et al. (2003) and Henning et al. (2004).

Lusigal 12 (LG12) line across the Southern Iberia Abys-
sal Plain was acquired in 1990 (Boillot 1990; Beslier 1996) 
with the TGS extension (Sutra and Manatschal 2012).

IAM9 line is a long wide-angle seismic profile acquired 
in the southern Iberia Abyssal Plain (Dean et al. 2000).

IAM5 is a 370 km long seismic transect acquired and 
interpreted by Afilhado et al. (2008) that includes a multi-
channel near-vertical and wide-angle reflection data.

ISE9 is a 200 km long N-S multichannel seismic reflec-
tion and ocean bottom seismometer reflection/refraction 
sec-tion (Clark et al. 2007).

TGS-Nopec data (2 lines integrated with a 2D Austin 
line) that was first published in Sutra et al. (2013) and 
after modeled by De la Muela et al. (2015).

Moho geometry

Regional-Scale Moho geometry has been obtained from sev-
eral sources: GOCE Exploitation for Moho Modeling and 
Applications (GEMMA) Project (Reguzzoni and Sampietro 
2015) and Diaz et al. (2016). Moho topography beneath 
the Iberian-Western Mediterranean region mapped from 
con-trolled-source and natural seismicity surveys. We 
constrain the regional Moho-models with the Moho 
geometry along the deep seismic sections cited above.

Sediment thickness

For the sediment thickness where no well data or seismic 
profiles are available, we used a database for the 
world’s oceans compiled by the NOAA at the National 
Geophysical Data Centre (Whittaker et al. 2013), which 
consists in a grid with spacing of 5 arc minutes and 
represents the most recent regional database available.

Well data

Well data comes from hydrocarbon exploration wells, Deep 
Sea drilling Project wells (DSDP) Leg 13, Site 120, and 
Ocean Drilling Program wells (ODP) Legs 149 (Sawyer 
et al. 1994), 173 (Whitmarsh et al. 1998) and 103 (Boillot 

http://portal.emodnet-bathymetry.eu/
http://portal.emodnet-bathymetry.eu/


et al. 1987), as well as dredge data (Baldy 1977; 
Matos 1979; Mougenot et al. 1979). We describe 
the particular constraints used in each gravity 
model below (Sect. 4).
Gravity data

As the gravity anomalies are largely affected by the 
bathym-etry and topography, we calculated the 
Bouguer anomaly. Gravity Onshore Bouguer gravity 
anomalies (BA) have been taken from a recent 
compilation of gravity data on Iberia, Topo-Iberia 
project (Ayala 2013). Offshore Bouguer gravity 
anomalies come from Spanish Economic Exclusive 
Zone Project obtained between 2001 and 2008 
(Druet et al. 2019) and Multi-Satellite Altimeter 
Gravity Program (Multi-Sat) GETECH 
2016 compilation data. The Bouguer anomaly was 
obtained by subtracting the gravity contrast 
produced by the water–sediment from the Free-air 
anomaly grid, using den-sities of 1.03 g/cm3 for
the water layer and 2.67 g/cm3 as a mean value for
the Bouguer Slab.

Gravity reduction has been executed with the 
WGS84 Ellipsoidal Gravity Formula, and the final 
Bouguer anomaly 

includes sea-bottom and terrain correction 
(Carbó et al. 2003; Kane 1962; Nagy 1966). The 
used density for the upper terrain level was 2.2 g/
cm3 and it was selected after checking different 
density values along several profiles across 
bathymetric features. This sea-bottom and terrain 
cor-rection was carried out up to 20 km using 200 m-
size Digital Elevation Model for proximal correction 
(until 5 km) and 1 km size for distal correction. The 
final complete Bouguer anomaly grid grid was 
calculated with the continuous cur-vature splines 
in tension method (Smith and Wessel 1990) using 
GMT software (Wessel and Luis 2017), with a 
tension parameter of 0.25 and 2-min interval 
regular grid (Fig. 3).
Magnetic data
The magnetic anomaly datasets used in this study 
are from World Digital Magnetic Anomaly Map 
version 2.0 (Lesur et al. 2016). We applied the 
reduction to the magnetic pole for a better 
comparation with gravity data, using the same 
parameters as in Miles et al. (1996) for Iberia. 
The final regular grid was calculated with the 
continuous curvature 

Fig. 3  a Complete Bouguer anomaly map, and b 
Reduced to the Pole (RTP) Magnetic anomaly map 
of the WIM. Magnetic data have not been used in 
the modelling, but we have used these data to 
locate and constrain the oceanic crust beginning 
as well as the igneous intru-sive bodies. Location 
of modelled lithospheric cross-sections, ODP 

drill holes locations and main seismic lines are 
shown. On the RTP magnetic anomaly map J-
magnetic anomaly (white dash line) and M3 
isochrone (blue dash line) have been plotted. (See 
text for data descriptions and sources)



splines in tension method (Smith and Wessel 
1990) using GMT software (Wessel and Luis 
2017), with a tension parameter of 0.25 and 2-
min interval regular grid (Fig. 3).
Use of gravity tools to define boundaries 
between tectonic domains

The use of gradients and filters is a common tool to 
enhance data, as well to assist interpretation of 
geophysical data. Gra-dient or derivative filters 
resolve variations in the geophysi-cal response 
with distance, with time, or with frequency. They 
are valuable in locating subtle changes in the 
gravity field.

Horizontal gradients are very sensitive to the 
edges of bodies and are ‘edge detectors’. These 
gradients emphasize changes in the measured 
parameter, but only in the direction in which they 
are calculated, so changes in geology oriented 
perpendicular to the gradient direction produce the 
strongest gradient response. They -x and -y 
oriented gradients can be combined as the square 
root of the sum of the squares of the derivatives to 
form the Total Horizontal Derivative (THD) (Blakely 
1996). The THD (Fig. 4a) represents the maximum 
gradient in the vicinity of the observation point 
and, there-fore, is perpendicular to contours of the 
measured param-eter, and peaks over lateral 
contacts, or forms a ridge if the 

source is narrow. This enhancement creates a band 
along the lateral limits of the body, delineating the 
lateral density con-trast (Dentith and Mudge 2014). 
The vertical gradient (dZ) (Fig. 4b) is simply the 
result of calculating the first deriva-tive of the 
anomaly in the vertical direction and enhances the 
position of the minimum or maximum anomaly zones 
gener-ated by the bodies with property contrast 
(Blakely 1996).

Upward continuation is a smooth, low-
wavenumber pass filter which emphasizes the 
anomalies from the broader, deeper sources at the 
expense of the shallow-sourced anoma-lies and noise 
in the anomaly field (Hinze et al. 2013). 20 km of 
height for the upward continuation to achieve an 
appropri-ate image of the crust was proposed in 
Angola and Gabon margins (Fernández et al. 
2020). Therefore, enhancement observed 
anomalies are mainly depicting the Crust-Man-tle 
boundary. We have applied an upward 
continuation of Bouguer anomaly grid before to 
calculate both the THD and dZ due to the regional 
scale of this work.
Forward modelling and geophysical/geological 
constraints
Available multichannel seismic reflection profiles 
and Deep seismic soundings (Fig. 1) within the 
study area were com-piled in order to construct 
representative regional transects 

Fig. 4  Total Horizontal Derivative (a) and vertical derivative (b) of Bouguer anomaly along WIM



for crustal-scale gravity modelling. Finally, four 
transversal (E-W) and four longitudinal (N-S) 2 + 
1/2D density models were performed along the 
Western Iberia Margin, in order to analyze the 3D 
structure (Figs. 1 and 3). The location of gravity 
models is conditioned by the existing seismic profiles 
and IODP sites to constrain them and they are drawn 
normal to the main gravity anomaly changes.

We used the GMSYS commercial package 
integrated with Geosoft Oasis Montaj to perform 
the 2D forward model-ling. Calculations of the 
gravity model response are based on the standard 
iterative methods and algorithms (Talwani and 
Heirtzler 1964; Talwani et al. 1959; Won and Bevis 
1987). The transverse extension of the modeled 
blocks has been made considering the lateral 
extension of Bouguer anoma-lies, and THD and dZ 
maps, and it oscillates between 20 km and more 
than 100 km.

Most of the gravity models constructed during 
this study are supported by multichannel 
reflection seismic profiles (MCS) and also by 
previous deep reflection and refrac-tion seismic 
profiles carried out by previous authors and cited 
above. Refraction seismic profiles have been 
used to constrain the crustal density structure 
and differentiate upper and lower crust (based on 
seismic velocities) and to define the depth to the 
Moho. To set Moho depth where no refraction 
seismic information is available, we have used the 
Moho depth model published by Diaz et al. (2016), 
and that derived from the GOCE satellite data 
(GEMMA Pro-ject; Reguzzoni and Sampietro 2015) 
as starting point for modelling. It must be noted 
that the GEMMA model is a low-resolution global 
model that shows correlation errors in continental 
margins. These misfits are due to a simplistic 
description of the oceanic seafloor used for the 
model and, locally, to a lack of seismic 
observations (Sampietro et al. 2013). This 
procedure has allowed modelling first-order 
structures that imply an important lateral density 
contrast, such as those of the continent-ocean 
transition and Moho geometry. Modelling the first-
order tectonic features along the whole WIM 
allows the comprehension of the margin structure 
at large regional scale.

Due to the regional scale of this work, 15 different 
density units are distinguished on it. Sedimentary 
units stablished from high resolution seismic data 
(Table 1) have been rear-ranged. Their densities 
have been calculated from wide angle seismic 
velocities (González et al. 1999; Banda et al. 1995; 
Sibuet et al. 1995; Krawczyk et al. 1996; 
Whitmarsh et al. 1996; Dean et al. 2000; Pérez-
Gussinyé et al. 2003; Zelt et al. 2003; Henning 
et al. 2004; Afilhado et al. 2008; Jimé-nez-Munt 
et al. 2010 and Sutra et al. 2013) based on Barton 
1986; Brocher 2005; Christensen and Mooney 1995; 
Ludwig et al. 1970). Differentiated units are shown 
in Table 1 and in Fig. 5.

Gravity models have been adjusted in a stepwise 
manner. The process has started by fixing the 
interpretation of the 

shallow part of the structure, based on well and 
MCS data. Crustal body and Moho geometry have 
been initially based on deep reflection and refraction 
seismic sections and on the GEMMA regional model 
(Reguzzoni and Sampietro 2015). On this initial 
model, the mismatches between the measured 
gravity and the gravity curves generated from the 
density model were analyzed. The adjustment 
between both curves has begun with the larger 
wavelength, starting by adjusting the Moho (or top 
of mantle) geometry. After this, where necessary, 
the geometry of the top of the basement or the 
geometry of the upper and middle crust has been 
modified. Finally, and only in some cases, it has 
been necessary to modify the densities assigned 
to some blocks of the upper crust, always taking 
into account reflection seismic data and previous 
works.

Misfits are observed in the models. There are 
several pos-sible sources:
– Density values taken from bibliography are

assumed for the units where not direct
observation or velocity/density relationships
exist.–

2D potential fields modelling assume that the 
properties (density, velocity or magnetic 
susceptibility) are constant for the whole block, in 
both vertically and laterally. This limitation is 
overcome by using 3D inversion. However,

Table 1  Density values assigned to different seismic 
velocities fol-lowing empiric relationship curves 
(Barton 1986; Brocher 2005; Christensen and Mooney 
1995; Ludwig et al. 1970)

Used seismic velocities from (Córdoba et al. 1987: Banda 
et al. 1995; Sibuet et  al. 1995; Krawczyk et  al. 1996; 
Whitmarsh et  al. 1996; Dean et al. 2000; Pérez-Gussinyé 
et al. 2003; Zelt et al. 2003; Hen-ning et al. 2004; 
Afilhado et al. 2008; Jiménez-Munt et al. 2010; and Sutra 
et al. 2013)

Units Density (g/cm3)
Seismic 
velocity 
(km/s)

2.67 1.5Water
Post-rift sediments 2.2 2

2.3 2.5
2.4–2.6 4–4.5

Syn-rift sediments 
Jurassic sediments 
Triassic sediments 2.55 4.5

2.1 2
2.6–2.65 5–5.5
2.7–2.75 6
2.8–2.85 6.5
2.7–2.9 6–6.6
2.85–2.9 6.6
2.8 6.5
3 7.4
2.6–2.85 5.7–6.5
2.9–3.1 7.5

Triassic salt
Upper continental crust 1 
Upper continental crust 2 
Upper continental crust 3 
Intrusive rock
Lower continental crust 
Upper oceanic crust
Lower oceanic crust 
Highly serpentinized 
mantle Medium 
serpentinized mantle 
Mantle 3.3 8



Fig. 5  Adjusted transversal Gravity models TGM1 and 
TGM2 (see location on Figs.  1 and 3). Some horizons 
from previous published authors are plotted (and 
referenced) over the gravity model (dashed coloured 
lines) The base of the upper crust and the Moho 
along the northern ISE1 profile were constrained by 
refraction data of the ISE1 profile (Zelt et  al. 2003). 
Above the models: Thinning Factor 

(γ), Total Horizontal (THD) and Vertical (dZ) derivatives 
of Bouguer anomaly calculated along the sections have 
been plotted. Top: Pro-posed Tectonic domains 
distribution (See text for the explanation). GIB Galicia 
Interior basin; GB Galicia bank; DGM Deep Galicia 
Margin; IAP Iberia abyssal plain; LB Lusitanian basin; 
PB Peniche basin



if a huge amount of microblocks is created to reduce 
the misfit and their presence is not constrained by 
external geological and/or geophysical data, the 
resultant model may have a perfect match but not 
geological sense.

– Potential field modelling has the property of non-unique-
ness solution. That means that different sources can 
gen-erate the same signal, depending of its density/
magnetic susceptibility contrast, depth, size.

The stretching (β) and thinning (γ) factors

McKenzie’s (1978) model is a widely used method to 
relate crustal stretching, subsidence, and heat flow 
during passive rifting. The key term in the model is the 
stretch-ing factor (β = L/L0) which is defined as the 
ratio of the final length, L, to the initial length,  L0, of 
the lithosphere for any increment of lithospheric 
stretching. This factor is proportional to the 
subsidence of a rift basin, which is in turn controlled 
by faulting in the upper crust. As originally proposed, 
β is usually determined by solving for the best fit of 
the modeled tectonic subsidence curve to the back-
stripping curve calculated from borehole and/or seismic 
data (Steckler and Watts 1978). But as crus-tal 
thickness profiles from seismic and gravity data have 
become more widely available, direct estimates for 
crustal thinning have been used to calculate β (Reston 
et al. 2007; Reston 2009; Reston and McDermott 
2014).

Another way to approach the rifting and 
subsidence process is via the thinning factor (γ), 
which accounts for how much the thickness of the 
block decreased dur-ing a certain amount of 
stretching, varying from 0 (no thinning) to 1 (100% of 
thinning) (Hellinger and Sclater 1983; Davis and 
Kusznir 2004). By describing a pre-rift block that has 
an initial length equal to its initial thick-ness  (L0 =  
t0), one can calculate the thinning factor that is 
equivalent to the crustal stretching factor, as given 
by:

In this work we have selected the thinning factor (γ), to 
compare the degree of crustal stretching along the whole 
WIM, because it is a factor that goes from 0 to 1 and 
allows its simplest comparison with values of Bouguer 
anomaly and gradients. We have used 30 km as initial 
crustal thickness  (t0) before rifting (Diaz et al. 2016).
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0
− tf

t
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Results: structure and tectonic domains 
along the WIM

Here we present the adjusted gravity models. The different 
sections are described from north to south for the transverse 
cross sections and from west to east for the longitudinal ones. 
All transverse models have the same vertical scale exaggera-
tion (× 2). Longitudinal models have a 4 × vertical exaggera-
tion. All models have been represented with the same range 
of anomaly and gradients variations in order to be easily com-
pared. Finally, for each model, we compare the thinning factor, 
and both the THD and dZ Bouguer anomaly values with the 
modeled structure, in order to establish criteria to define the 
tectonic domains.

Transversal gravity models

All Transversal gravity models (Figs. 5 and 6) show a proxi-
mal domain characterized by 20 to 26 km thick continental 
crust (similar to Zelt et al. 2003; Dean et al. 2000; Afilhado 
et al. 2008). The boundary between the proximal and necking 
domains is associated with the presence of major extensional 
faults that cross-cut into the lower continental crust and con-
tributes to the thinning and exhumation of the lower crust. 
The necking domain is characterized by a progressive rise of 
the Moho and a drop in the depth to the top of the basement 
across normal faults. The hyperthinned domain is defined 
where faults are interpreted to cut across the entire continental 
crust into the mantle (coupling of deformation) or where con-
tinental crust thins to less than 10 km. Along the hyperthinned 
domain the continental crust is stretched and delaminated until 
the lower crust disappears. Westwards a high-density unit of 
serpentinized mantle is modeled, with some undifferentiated 
small continental crustal blocks resting on it. The densities of 
the serpentinized bodies are variable depends on the degree 
of serpentinization. In this work, we evaluate quantitatively 
the degree of serpentinization using existing seismic veloc-
ity models (Zelt et al. 2003; Dean et al. 2000; Sallarès et al. 
2013), identifying a highly serpentinized mantle unit (from 
2.6 to 2.85 g/cm3) and a medium serpentinized mantle unit 
(from 2.9 to 3.1 g/cm3) assuming a total thickness of 5–6 km, 
that correlated well with the thickness observed through the 
seismic sections (e.g. IAM9 seismic section at the IAP; Pinto 
et al. 2016).

Magnetic data suggest the limit with oceanic domain must 
be at the western end of each section, usually associated with 
the first well-defined magnetic anomaly. We discuss the crite-
ria used for this limit below (Sect. 5).





Transverse Gravity Model 1 (TGM1) (Fig. 5)

Gravity model TGM1 crosses the main Early Cretaceous rift 
structures of the west Galicia margin, including the Galicia 
Interior Basin (GIB), Galicia Bank (GB) and ends in the 
Deep Galicia Margin (DGM, Figs. 1 and 5). It is supported 
by refraction and reflection seismic and ODP data described 
above (Boillot et al. 1987; Sibuet et al. 1995; Whitmarsh 
et al. 1996; González et al. 1999; Pérez-Gussinyé et al. 
2003). Mesozoic and Cenozoic sediment sequences are con-
strained by the re-interpretation of ISE 1 seismic reflection 
made by previous authors (Manatschal 1999, 2015; Reston 
2007; Sutra and Manatschal 2012; Mohn 2015; Amigo-Max 
et al. 2019). The base of the upper crust and the Moho 
along the northern ISE1 profile were constrained by 
refraction data of the ISE1 profile (Zelt et al. 2003).

The WIM is over 250 km wide on this section. Conti-
nental crust thins from over 20 km in the proximal domain 
near the coast, down to just over 10 km thickness in 
the GIB. Eastward, the continental crust thickens again to 
over 15 km on the GB, and thins again progressively 
into the DGM. Based on the crustal thickness of the GB 
and the geometry of the faults, detaching within the 
middle crust, it is interpreted that the GB corresponds to a 
proximal domain. The thinned crust in the GIB is 
interpreted to represent an aborted necking domain. 
Thinning west of the GB defines a necking domain that 
transitions into the hyperthinned domain of the DGM. 
A ridge of serpentinized mantle reaches the seafloor in 
the DGM (ODP Site 637, km 10) (Boillot et al. 1987). To 
adjust the relative gravity high at the GIB the Moho has 
been modeled as rising to a depth of 16 km, under a 
thick (> 6 km) depocenter. Refraction and reflection 
seismic data indicate a crustal thickening to the west of 
the GIB (Pérez-Gussinyé et al. 2003) reaching 18 km 
thickness and typical continental crust density values 
(2.72 g/cm3). To fit the Bouguer anomaly minimum values 
observed west of the GB (130–140 km from the western 
end of the section) it has been necessary to assume a 
lower density upper continental crust (2.65 g/cm3). This 
change in upper crust density coincides with a thinning of 
the lower continental crust westwards.

To fit the Bouguer anomaly maximum at the DGM 
(25–65 km from the western end of the section) the Moho 

has been modeled as rising to a depth of 9 km (Lymer 
et al. 2019) and it has been included an 
undifferentiated crust block (2.6 g/cm3) resting on it.

Transverse Gravity Model 2 (TGM2) (Fig. 5)

This model is composed of two sections (TGM2A and 
TGM2B) whose ends are offset by 15 km in the N-S direc-
tion: TGM2A is located in the Iberian Abyssal Plain (IAP) 
and TGM2B is its continuation into the Peniche Basin 
(Figs. 1, 3 and 5). This model is supported by MCS pro-
files that were used to constrain crustal basement 
thickness and Moho depths: Lusigal 12 (Beslier 1996) 
and its TGS extension (see Sutra et al. 2013) and also 
by ODP Legs 149 (Sawyer et al. 1994) and 173 
(Whitmarsh et al. 1998). ODP Sites 899, 1065, 1069 and 
1070 lie in the proximity of the section. The shallow 
structure follows the interpre-tation of Amigo-Marx et al. 
(2019) and is constrained by well data, and MCS data 
from Portugal Deep 2000 survey by TGS-Nopec PD00 
(PD00-902, PD00-117), line ISE11 and a vintage seismic 
line (SH74-832).The Moho’s first approximation has 
been modified from Díaz et al. (2016). The base of the 
crust along this section was constrained by reflection 
data of the IAM9 profile (Dean et al. 2000).

The main feature in TGM2 is that the proximal domain 
is broader than in TGM1 and that thinning of the conti-
nental crust occurs over 200 km. A ridge of serpentinized 
mantle reaches the seafloor in the IAP (ODP Site 900, km 
15, lies close to a north to south transition from thinned 
continental crust to what is interpreted as basement 
of mainly serpentinized peridotite; Dean et al. 2000).

To adjust the BA values in the proximal to necking 
domain transition while honoring the Moho depth pro-
posed by Díaz et al. (2016), thick (> 6 km) 
depocenters, not completely evident on MCS, have been 
modeled. To fit the increment of BA values observed 
under the Pen-iche Basin (140–160 km from the 
western end of section TGM2B, in the necking domain) it 
has been necessary to assume a lower density upper 
continental crust (2.65 g/cm3). Refraction and 
reflection seismic data indicate a crustal thickening to 
the west of the Peniche Basin (similar to Sutra et al. 2013) 
reaching 18 km thickness and typical continental crust 
density values (2.7 g/cm3). The change in upper crust 
density coincides with a thinning of the lower continental 
crust westwards. Along the western section (TGM2A), a 
serpentinized mantle has been modeled along its entire 
length, that consists of a highly serpentinized mantle 
unit (from 2.7 to 2.85 g/cm3) and a medium ser-
pentinized mantle unit (3 g/cm3).

Fig. 6  Adjusted Gravity models TGM3 and TGM4 (see location on 

Figs. 1 and 3). Some horizons from previous authors are 
plotted (and referenced) over the gravity model (dashed 
coloured lines) the deep structure is constrained with 
seismic velocity models from Afilhado et  al. (2008). Above 
the models: Plot of calculated Thinning Factor (γ), Total 
Horizontal (THD) and Vertical (dZ) derivatives of Bouguer 
anomaly along the sections. Top: Proposed Tectonic 
domains distri-bution (See text for the explanation). LB 
Lusitanian basin; PB Pen-iche basin; DPB Distal Peniche 
basin; MTR Madeira-Tore rise; Tagus AP Tagus abyssal 
plain; Alentejo B Alentejo Basin

◂





Transversal Gravity Model 3 (TGM3) (Fig. 6)

This model is a 390 km long W-E section that starts in the 
Tore Rise, crosses the Peniche Basin and the adjacent Lusi-
tanian Basin (Figs. 1 and 6). The easternmost portion of this 
section is coincident with the model proposed by Sánchez 
de la Muela et al. (2015). The model is supported by a TGS-
Nopec reflection seismic profile integrated into a 2D gravity 
database of Austin Exploration. These authors defined the 
pre-salt mega-sequence and the evaporitic units. The 
density of each unit has been obtained by correlation with 
refraction seismic velocities (Krawczyk et al. 1996; Dean 
et al. 2000; Druet et al. 2018).

As opposed to TGM1 and TGM2, this section displays a 
much narrower necking domain: the proximal domain is 
55 km wide, and transitions into a roughly 30 km wide neck-
ing domain that gives way to an extremely broad 
hyperex-tended domain (hyperthinned and exhumed mantle 
domains) to the west from 280 km.

The proximal domain is characterized by the presence of 
thick depocenters in several grabens and half-grabens con-
trolled by normal faults. Further west, in the Peniche Basin, 
the depocenter located between km 315 and 345 
matches well with the G Basin defined by Alves et al. 
(2006), with up to 8.5 km of sedimentary infilling. To adjust 
the increase in BA across the Peniche Basin, the Moho has 
been modeled at a shallower depth (16 km), than in the 
GEMMA model. It has also been necessary to assume a 
higher density upper crust to the west (2.75 g/cm3, as 
opposed to 2.65 g/cm3). The change in upper crust density 
coincides with a thinning of the lower continental crust 
westwards.

Transversal Gravity Model 4 (TGM4) (Fig. 6)

This is a 345 km long W-E section that begins close to the 
Madeira-Tore Rise, crossing the TAP and adjacent Alentejo 
Basin (Figs. 1 and 6). It is supported by multi-channel seis-
mic-reflection line IAM-5 (Banda et al. 1995) and the deep 
structure is constrained with seismic velocity models from 
Afilhado et al. (2008).

As in the case of TGM3, the continental crust thins very 
rapidly, with the transition between the proximal domain 
and exhumed mantle domain occurring in only 80  km. 
However, the thickness of depocenters in the proximal and 

necking domains is smaller than those in the TGM3 model. 
The model shows a proximal domain 40 km wide that tran-
sitions across a 25 km wide necking domain into a very 
broad hyperextended domain (hyperthinned and 
exhumed mantle domains). To adjust Bouguer anomaly 
local maxima under the TAP (km 235–255), interpreted to 
be upper crust extensional allochthons, it has been 
necessary to increase the continental crust density (from 
2.75 to 2.8 g/cm3). Finally, the beginning of the oceanic 
crust does not present a signifi-cant gravimetric signal, but 
it has been established from the presence of magnetic 
isochrone M3 (Fig. 3b).

Longitudinal gravity models

Longitudinal gravity models present two types of large-scale 
structure (Figs. 7 and 8). On the one hand, the more 
dis-tal section (LGM1) extends through the exhumed 
mantle domain, highlighting only variations in the 
thickness of the serpentinized mantle units (thicker in 
the southern half), some igneous intrusive bodies 
(Miranda et al. 2010; Pereira et al. 2017) and variations in 
the, generally low, thickness of the Mesozoic-Cenozoic 
cover thickness. On the other hand, the general structure 
of LGM2, LGM3 and LGM4 consists of a thick continental 
crust in the north (proximal and neck-ing domains) and a 
hyperextended domain (hyperthinned or exhumed mantle 
domain) in the south (as already observed by Pickup et al. 
1996; Dean et al. 2000). The northern, thick continental 
crust has a sharp northward transition to an area of oceanic 
crust across a zone of tectonic inversion (Druet et al. 
2018).

The models are constrained in their northern half by 
ISE-1 seismic refraction data (Zelt et al. 2003) and by the 
reflection and refraction seismic profile ISE-9 (Clark et al. 
2007). The southern half is constrained by the IAM-5 deep 
seismic profile (Afilhado et al. 2008). The GEMMA Moho 
depth model (Reguzzoni and Sampietro 2015) has been also 
used as a first approximation along these sections.

Longitudinal Gravity Model 1 (LGM1) (Fig. 7)

The LGM1 starts in the TAP, northwest of the Gorringe 
Bank, crosses the Madeira-Tore Rise, the IAP, transects the 
DGM and ends up north of it (Figs. 1 and 7).

The entire section runs along the exhumed mantle 
domain of the WIM. The exhumed mantle is serpentinized, 
as indi-cated by ODP wells 1070 and 637, and two layers of 
varying serpentinization have been distinguished based on 
the grav-ity signal (upper unit from 2.8 to 2.85 g/cm3; 
lower unit 3 g/cm3). The thickness of serpentinized mantle 
is greatest in the south than in the north, with the sharpest 
change in thickness occurring across the Tore Seamount. 
The Bouguer anomaly low across the Tore Rise is 
accounted for by the igneous nature (probably basic or 
ultra-basic) of the Tore Seamount, 

Fig. 7  Adjusted Longitudinal Gravity models LGM1 and LGM2 

(see location on Figs. 1 and 3). Moho surface GEMMA 
(Reguzzoni and Sampietro 2015) is plotted over the gravity 
model (dashed col-oured line). Above the models: Plot of 
calculated Thinning Factor (γ), Total Horizontal (THD) and 
Vertical (dZ) derivatives of Bouguer anomaly along the 
sections. Top: Proposed Tectonic domains distri-bution. 
DGM Deep Gaicia Margin; BAP Biscay abyssal plain; GB 
Galicia Bank; IAP Iberian abyssal plain; TAP Tagus abyssal 
plain; ES Estremadura Spur. (See text for the explanation)

◂



Fig. 8  Adjusted Longitudinal Gravity models LGM3 and LGM4 
(see location on Figs.  1 and 3). Moho surface GEMMA 
(Reguzzoni and Sampietro 2015) is plotted over the gravity 
model (dashed coloured line). Above the models: Plot of 
calculated Thinning Factor (γ), Total Horizontal (THD) and 
Vertical (dZ) derivatives of Bouguer anomaly 

along the sections. Top: Proposed Tectonic domains 
distribution. BAP Biscay abyssal plain; GIB Galicia Interior 
Basin; PB Peniche basin; AB Alentejo basin; ES Estremadura 
Spur. (See text for the explanation)



as suggested by the magnetic data and observations 
made by Miranda et al. (2010).In the northern part of the 
model, high Bouguer anomaly values (300–400 mGal) are 
adjusted by means of a thinning of the serpentinized 
mantle unit and the rising of the unaltered Mantle.

Longitudinal Gravity Model 2 (LGM2) (Fig. 7)

This gravity model (Figs. 1 and 7) starts in the TAP, north 
the Gorringe Bank, crosses the IAP, transects the east 
of Galicia bank and finishes in the Biscay Abyssal Plain 
(BAP). The model is constrained in its northern half by 
model GM6 of Druet et al. (2018). This section transitions 
from a exhumed mantle domain in the TAP and IAP, in the 
south, to an area of relatively thick continental crust in the 
GB in the north. In its northern end the section enters the 
oceanic domain of the Bay of Biscay.

As with LGM1, basement in the southern exhumed man-
tle domain is interpreted to consist of a 2-layered 
serpen-tinized mantle (upper unit from 2.9 g/cm3; lower 
unit 3 g/cm3). This domain is punctuated by a positive 
gravity anom-aly interpreted to be caused by roughly 
100 km of undiffer-entiated thinned crust (density = 2.6 g/
cm3 and 2.5 km thick) and an adjacent igneous body (as 
suggested by magnetic data). This crustal block 
correlates well with the western prolongation of the 
Estremadura Spur. The southern limit of this block fits 
well with a reverse-type contact, possibly with a Cenozoic 
sedimentary depocenter close to this limit.

In the Northern part of the section the transition from 
the exhumed mantle domain to the continental crust 
occurs at km 345, by means of a north-dipping contact. 
This thicken-ing and change of crustal properties are well 
marked by a strong gravity gradient. In order to hold 
the Moho depth proposed by Clark et al. (2007), it is 
necessary to model a relatively thicker lower continental 
crust unit.

A series of short-wavelengths gravity highs are observed 
between 365 and 435 km, with also high frequency 
strong magnetic anomalies, that have been modeled as 
high-density basement bodies. From the thickest crust zone 
(km 550) the Bouguer anomaly rises sharply northwards 
with two short-wavelength and great amplitude gravity 
highs. To adjust these data it is necessary to model a 
reverse contact between the continental and oceanic crusts 
and a narrow ocean-con-tinent transition. This solution is 
similar to that proposed by Druet et al. (2018). The 
reverse nature of the contact is supported by the 
downward flexure of the oceanic crust and presence of a 
depocenter in the footwall, as indicated by the relative 
gravity low.

Longitudinal Gravity Model 3 (LGM3) (Fig. 8)

This gravity model starts in the Alentejo Basin, crosses 
the Peniche Basin and the GIB, and finishes in the Biscay 

Abyssal Plain (Figs. 1 and 8). The structure of this profile 
is very similar to that observed on LGM2 and has been 
adjusted with similar criteria. This section transitions from 
a exhumed mantle domain in the Alentejo Basin and the 
southern part of the Peniche Basin, to an area of 
relatively thick continental crust in the GIB in the north. In 
its north-ern end the section enters the oceanic domain of 
the Biscay Abyssal Plain.

As with previous models, basement in the southern 
exhumed mantle domain is interpreted to consist of a 2-lay-
ered serpentinized mantle (upper unit 2.9 g/cm3; lower 
unit 3.1 g/cm3). This domain is punctuated by two positive 
grav-ity anomalies interpreted to be caused by roughly 
70 km of undifferentiated thinned crust each one, first 
one at the Alentejo Basin (density = 2.75 g/cm3 and 
2.5 km thick), the second one(density = 2.65 g/cm3 and 
4.5 km thick), and an adjacent igneous body (as 
suggested by magnetic data, Fig. 3b). This last crustal 
block correlates well with the pro-longation of the 
Estremadura Spur. The southern limit of this block fits well 
with a reverse-type contact, possibly with a Cenozoic 
sedimentary depocenter close to this limit.

In the Northern part of the section the transition 
between the exhumed mantle domain and the continental 
crust occurs at km 260, by means of a south-dipping 
contact. This thick-ening and change of crustal properties 
are well marked by a steeped gravity gradient. It is 
necessary to model a relatively thicker lower continental 
crust unit (2.65 g/cm3), faulted and tilted to the south. 
The thickening of the continental crust generates a 
gravity gradient reaching higher values in the area of 
maximum crustal thickening (km 550). This gradi-ent is 
accompanied by a change in crustal density (2.75 g/cm3) 
and a thicker lower continental crust along the GIB (km 
440). From the thickest crust zone (500–550 km) the 
Bouguer anomaly rises sharply northwards with two short-
wavelength and great amplitude gravity highs. To adjust 
this anomaly, it is necessary to model a reverse contact 
between the continental and oceanic crusts and a narrow 
ocean-con-tinent transition. This solution is similar to 
that proposed for LGM3.

Longitudinal Gravity Model 4 (LGM4) (Fig. 8)

This 870 km length section is the closest to the western 
Ibe-rian continental shelf. It starts in the Alentejo Basin, 
crosses the Peniche Basin, transects the GIB, and 
finishes in the Biscay Abyssal Plain (Figs. 1 and 8).

The southern part of the section corresponds to 
the hyperthinned domain. It transitions north into a 
domain of thicker continental crust (necking domain) in the 
vicinity of the Estremadura Spur. At its northern end, it 
enters into the oceanic domain of the Biscay Abyssal Plain.

Local gravity lows in the Alentejo and Peniche Basins 
correlate with sedimentary depocenters. In the between 
both 



basins, a sharp gravity high located near km 200 has 
been adjusted by interpreting the presence of an 
ingneous body, as suggested by magnetic data. This 
body also coincides with the transition from the 
hyperthinned into the necking domain that underlies the 
Peniche Basin and GIB. Further north, near km 300, a 
major popped-up block of continen-tal crust corresponds 
to the Estremadura Spur, North of the Peniche Basin, the 
continental crust becomes thicker under the GIB, with 
limited depocenter thickness on this section. As with the 
previous models, the northern limit of the WIM is 
interpreted to be a reverse contact placing the WIM unit 
over oceanic crust at the Biscay Abyssal Plain.

Discussion

Relationships between Tectonic Domains 
and Gravity data

The values of BA, THD and Dz obtained from our modelling 
have been compared with the conceptual section of 
Tugend et al. (2014) and Cadenas et al. (2018), (Figs. 2a 
and 9) by calculating its gravimetric signal, assigning 
densities based 

on the WIM refraction seismic data. The model results are 
displayed in Fig. 10, right panel.

This conceptual section allows us to compare the Bouguer 
anomaly value and the crustal thinning factor in the different 
domains. The values of the gradients have been 
calculated on a 2D model, so their absolute values are not 
directly com-parable to the data of the actual gradients 
obtained from the Bouguer Anomaly grid (3D).

In Fig. 10, left panel we have plotted the values of BA 
(A), THD (C) and dZ (D) for all of the transverse mod-
els presented above, along with the magnitude of 
crustal thinning (B). The values plotted correspond to 
5–10 km sampling intervals along the adjusted gravity 
models and classified depending on the structural domain 
defined along the sections. For each domain, the values 
are represented in a box-plot graph (Fig. 10, left panel) 
and summarized in Table 2.

BA, THD and dZ show significant variations in their 
absolute values along the margin, but clear patterns 
emerge:
(A) The BA clearly reflects the thinning of the continen-
tal crust and gradual mantle shallowing (e.g., Cowie 
et al. 2015; Stanton et al. 2016; Druet et al. 2018) and 

Fig. 9  Adjusted Theoretical Gravity model based on 
Tugend et  al. (2015) and Cadenas et al. (2018), with the 
distribution of conceptual tectonic domains. Density values 
has been assigned following veloc-ity/density empirical 
correlations (Table 1). Above the model: Plot of 

calculated Thinning Factor (γ), Total Horizontal (THD) and 
Vertical (dZ) derivatives of Bouguer anomaly along the 
sections (See text for the explanation)



this increase correlates well with the trend in thinning 
factor. The exhumed mantle and oceanic domains 
are difficult to differentiate as both have positive and 
stable values of BA (> 300 mGal).

(B) BA THD values in turn reveal an increase in magni-
tude from the proximal to the hyperthinned domain. 
Maximum values in the hyperthinned domain decrease 
oceanward rapidly, with the exhumed mantle and 
oce-anic domains displaying THD values lower than all 
the other domains.

(C) Finally, BA dZ values display a maximum in the hyper-
extended domain (hyperthinned and exhumed 
mantle), with lower, positive, values in the oceanic 
domain and with null to negative magnitudes in the 
necking and proximal domains.

These results indicate that the combination of BA, THD 
and dZ can be used, together with seismic sections and ODP 
wells, to identify the transitions between almost all crustal 
domains of the WIM or even to improve the estimations 
in regions with no seismic coverage. From ocean to conti-
nent: the exhumed domain transitions to the 
hyperthinned domain at a point of increase in THD and 
drop in BA; and the hyperthinned domain transitions to 
the necking domain (the coupling point) at a point of 
decreasing dZ. The only exception is the boundary 
between the proximal and necking domains, which is 
characterized by an increase in all three parameters. 
Finally, to more precisely define the beginning of the 
oceanic domain to the west, the position of the first 
significative magnetic anomaly has been used as an 
addi-tional indicator (see “Discussion” section below).

Fig. 10  Left panel: Box-plot distribution of a Bouguer 
anomaly, b Thinning Factor (γ), c Bouguer anomaly THD 
and d Bouguer anomaly dZ values along the transverse 
models (GMT1 to GMT4). Right panel: The same 
parameters calculated along the conceptual 

model shown in Fig. 9. Note the closed correlation between 
Bouguer Anomaly and Thinning factor (γ) and that necking 
and Hyper-thinned domains are defined by high THD 
values of BA (see text for explana-tion)

Table 2  Resumed values for the four parameters (Bouguer anomaly, Thinning Factor, THD and dZ) calculated along 
the lithospheric sections shown in Fig. 11

Tectonic domains Oceanic (min/max) Exhumed mantle 
(min/max)

Hyper-thinned 
(min/max)

Necking (min/max) Proximal (min/max)

Bouguer anomaly (mGal) 305/355 295/355 205/350 100/260 25/195
Thinning factor (γ) – – 0.75/1 0.3/0.82 0.2/0.55

0.09/1.05 0.5/1.8 0.4/1.8 0.4/1.3Bouguer anomaly ThD (mGal/km) 0.11/0.5 
Bouguer anomaly DZ (mGal/km) 0.1/0.75 0.5/1.3 0.25/1.4 (− 1.1)/0.7 (− 1)/(− 0.4)



Trends in BA (A), THD (C) and dZ (D) from the con-
ceptual section (Fig. 10, right panel) deviate significantly 
from our own results, but so does the overall 
interpretation of the margin.

Other authors have used the sections previously 
published by Zelt et al. (2003) and Sutra et al. (2013), at 
the NW of the Iberia margin, to construct crustal-scale 
models, using the same type of data, identifying 
boundaries between tectonic domains:

The results of magnetic and gravity forward modeling 
published by Stanton et al. (2016) are very similar to the 
TGM1 and TGM2 gravity models presented in this work, but 
it differs in the criteria of distribution of tectonic domains 
along those sections. The major difference lies in the loca-
tion of the landward limit of the necking domain and its 
boundary with the distal domain. The definition of these 
boundaries is more accurate with the use of total horizon-
tal (THD) and vertical gradients (dZ) of Bouguer anomaly 
as additional indicators. The final results of the work pre-
sented by Stanton et al. (2016) show a comparison 
between the distribution of domains over the sections 
based on the seismic and ODP observations and the 
domain’s boundaries derived from the interpretation of the 
gravimetric and mag-netic anomaly maps.

The major differences between the forward modeling 
made by Cowie et al. (2015) over the ISE 1 and LG12-TGS 
seismic sections and our models lie in the geometry of the 
Moho (calculated by gravimetric inversion) and the distri-
bution of tectonic domains along those sections. The main 
difference lies in the location of the oceanward boundary 
of the necking domain. To identify the boundary between 
the crustal necking zone and hyperextended crust they 
used a combination of changes in crustal basement 
thickness, variations in residual depth anomaly (RDA) and 
changes in continental lithosphere thinning factors.

The present study provides criteria to identify tectonic 
domains from the results obtained from the gravity modeling 
of the seismic sections, and the observations made in 
the maps of AB, THD and Dz.

A similar approach to defining crustal domains based on 
gravity gradients was used in another Atlantic passive mar-
gin by Fernandez et al. (2020). In their case, the 
patterns observed were different to those presented here. 
Whereas the THD in the WIM reaches a maximum in the 
hyperthinned domain, the THD in the southwestern African 
passive mar-gin displays two distinct maxima: one along 
the necking domain and one along the distal to oceanic 
domain transition (Fernandez et al. 2020). The difference in 
gravimetric signal for both margins is yet to be explored. 
One possible cause, however, is the fact that the 
southwestern African margin contains a significant 
amount of magmatic additions and limited or no mantle 
exhumation (Fernandez et al. 2020) whereas the WIM is 
magma-poor with broad areas of mantle 

exhumation. The presence of salt is definitely a big differ-
ence. There are examples in Kwanza Basin (Lavier et al. 
2019; Fernández et al. 2020) where a step in the basement 
is observed associated to the transition from continental 
crust. This step can be explained by the volcanic addition at 
break-up time. Fernández et al. (2020) suggested that 
volcanism continues during the precipitation of Ezanga-
Loeme evapo-rites, which act as a buttress, creating the 
step. In the case of Iberia, the absence of salt may 
facilitate the opening of the oceanic domain, showing a 
smoothing transition.

Another case of 2-D forward gravity modeling is the work 
made by Dragoi-Stavar and Hall (2009) to examine changes 
in crustal structure of conjugate portions of the South Atlan-
tic volcanic margins. Models were constrained with availa-
ble seismic data, and geologic information. Correspondence 
between residual anomalies and deep structure 
suggested that changes in gradient may be used to 
approximately delin-eate crustal domain boundaries.

The modelling results of the NE Atlantic made by Haase 
et al. (2016), together with the tilt derivative gravity, is 
another example of the used of these techniques to 
better understand the location of the continent-ocean 
boundary.

This type of analysis might fail in those areas where a 
limited amount of constraints are available. For instance, 
in salt passive margins like Angola or Brazil, it is neces-
sary to understand the nature and behavior of the salt. It 
is assumed that the average salt density is 2.18 g/cm3, 
however, a detailed study in these areas reveals a huge 
range, based on its chemical composition. Following with the 
Angola margin (Fernández et al. 2020) demonstrated the 
presence of vol-canic bodies and show its lateral 
extension but was neces-sary an intense drilling campaign 
before to recognize them. In the same way, the presence 
of large carbonate platforms (i.e. South China Sea) can 
alter the modeling. At crustal-scale, refraction profiles can 
recognize high-velocity areas.

Proposed Tectonic Domains along the WIM

Given the relationships between the gravity data and 
the tectonic domains described above, we have 
mapped the thinning factor (Fig. 11) and the tectonic 
domains along the margin, constrained along the eight 
calibrated sections (Fig. 12). A comparison with the 
definitions proposed by previous authors is shown in 
Fig. 13.

Two sectors of the WIM are clearly differentiated 
(Fig. 12):

(A) In the north, the extensional structure is more complex, 
with two necking domains, at the GIB and at the DGM. This 
suggests the presence of two rift branches: one aborted 
rift (GIB) and the one further west (Murillas 
et al. 1990; Manatschal and Bernoulli 1999; Druet et al. 
2018), whose evolution led to Atlantic oceanic crust 



formation. This complex extensional pattern is associ-
ated with a narrower exhumed mantle domain 
when compared to the south WIM. The outer 
necking zone merges southwards with the eastern 
one (the GIB) fol-lowing a NW–SE orientation.

(B) The southern sector is characterized by a narrower con-
tinental domain (proximal, necking and hyperthinned), 
(Manatschal et al. 2015; Stanton et al. 2016) with 
thin-ning of the continental crust occurring in a much 
nar-rower band and juxtaposed with a very broad 
exhumed mantle domain.

The limit between the northern and southern sectors 
fol-lows then a NW–SE orientation that can be observed 
clearly on the Bouguer anomaly gradient maps (THD 
and dZ) (Fig. 12b and c). This limit has the same trend 
that the main Variscan fabric presents in the onshore 
continental crust.

The NW–SE orientation of the limit between the north 
and south sectors looks quite sharp, similarly to the 
other segments that are offset by transversal transfer 
zones in the south. We consider that our maps 
suggest similar, unrecognized yet, transfer structures 
existing at the tran-sition between the two sectors to 
explain this transition; 

not only because it follows the trend of Variscan fabric 
but the radical change in the width of the crustal 
domains northern and southern of this feature, the drastic 
reduction in the continental crust thickness to the SW 
of the GB, with a necking zone (that may not be just a 
necking zone, but rather a combination of extensional 
deformation and a transfer zone) with NW–SE orientation. 
A similar transfer zone SW of the GB is been suggested in 
previous work by Pinheiro et al. (1992) and Whitmarsh 
et al. (1993) based primarily on the analysis of magnetic 
anomalies.

There is a similar lineament in the distal domain facing 
the TF (Fig. 12a–c) that coincides with another possible 
transfer zone at the TAP, also suggested by Pinheiro 
et al. (1992) and Whitmarsh et al. (1993)

The transfer zones highlight on this work (Figs. 12 and 

13) separate the three segments into which the WIM is

classically divided, from south to north: Tagus Abyssal 
Plain sector, South Iberia Abyssal Plain sector and West 
Galicia Margin sector. This segmentation is due to the 
succession of different extensional pulses, Late Jurassic 
(∼150 M.a.) to Early Cretaceous times (∼120 M.a.) (e.g. 
Murillas et al. 1990).

Fig. 11  Thinning factor (γ) represented by proportional circles 
colored by γ value and contour each 0.1 of this factor calculated 
from the continental crustal thickness calibrated along the eight 
lith-

ospheric sections. The values are represented over the elevation 
map (a) and on the Bouguer Anomaly map (b) (see text for 
explanation)





Several oblique structures, both extensional and 
inver-sion-related, are superimposed on this general pattern. 
These structures, especially visible in the longitudinal gravity 
mod-els, displace the crustal domains laterally (e.g.; 
Estremadura Spur), or making some extensional domains 
disappear in the NW of the Iberian margin, where the 
alpine compressional deformation is more intense (Druet 
et al. 2018) (the thrust juxtaposing the Galicia Bank on the 
Biscay Abyssal Plain).
Discussion of proposed Tectonic Domains 
versus previously defined domains

Figure 13 shows the map with the different tectonic domains 
proposed in this work and those of previous authors 
that cover most of the margin.

The boundaries between the previously proposed domains 
have similar positions in the seismic sections where they 
have been defined, but they differ according to the 
criteria used by each author. However, the greatest 
differences occur in areas where there is no seismic 
information. It is just in these areas where the positions of 
the limits of the previous authors clearly differ from the 
trend of the Bouguer anomaly gradients, which mark 
density variations with lateral conti-nuity throughout the 
entire margin.

The Péron-Pinvidic et  al. (2013) model (Fig.  13b) 
assumes a very broad proximal domain along the entire 
mar-gin, with only a northward opening “embayment” 
leading to the necking domain over the Galicia Interior 
Basin. The band of maximum cortical thinning in this 
model is contin-ued to the N of the Galicia Bank, because 
these authors do not consider the Cenozoic compressional 
deformation (e.g., Boillot et el. 1995; Vázquez et al. 2008; 
Druet et al. 2018), and clearly cuts the areas of maximum 
values of Bouguer anomaly THD.

The Welford et al. (2010) domains map (Fig. 13c) shows 
a distribution of the continental crust domain more similar 
to our proximal zone, although with less extension over the 
Galicia Bank. The map also shows fluctuations along the 
limits that do not follow the trends of the Bouguer anom-
aly gradients. The greatest difference in this map occurs 
in the south half, where the exhumed mantle domain 
disap-pears, and the oceanic domain is directly in contact 
with the stretched continental crust zone.

The Nirrengarten et al. (2018) domains map (Fig. 13d) 
shows an oceanward edge of the thinned domain 
more 

similar to our hyperthinned domain at the northern half 
of the WIM following the trend of the BA THD; but it 
is broader than ours at the southern half. The 
exhumed domain is broader than ours at the 
northern half and slightly narrower at the south of the 
WIM. The main dif-ference of this model with respect to 
our map is that they do not differentiate a proximal 
domain in the north of the WIM and also that they 
maintain the continuity of the exhumed mantle 
domain north of the GB. Another dif-ference is that 
these authors include M3 anomaly in the exhumed 
mantle domain. The landward limit of the oce-anic crust 
is oceanward (LaLOC) of the J anomaly at the northern 
segment (Deep Galicia Margin), at the central segment 
matches approximately the LaLOC; and at the 
southern segment the LaLOC is continentward of the J 
anomaly.

In our map, the presence of a compressive domain in 
the N overridest the necking and hyperthinned domains in 
the NW of the Iberian Peninsula. The Cenozoic 
compressional deformation also generates (or reactivates 
as reverse faults) a series of fragile NE-SO structures in the 
Estremadura Spur (including the Nazare fault). These faults 
produce a displace-ment in the limits of the domains and 
folds the Bouguer anomaly gradients (Figs. 12 and 13a). 
These changes in the distribution of the tectonic domains 
of the extensional mar-gin could not have been detected if 
the longitudinal sections (N-S) had not been modelled 
across the margin, which allow the domains to be 
accurately constrained laterally.

Finally, there is a great difference in the location of the 
oceanic domain between each of the previously proposed 
domains cited above due to two factors: (a) the difficulty 
of delimiting the beginning of the well-defined oceanic 
crust, and (b) what each author considers by the term 
“oceanic”.

Because gravity data does not allow discrimination 
between oceanic crust and exhumed mantle domain, 
and because the definition of the beginning of the oceanic 
crust is not a fundamental objective of this work, we have 
resorted to the use of magnetic data (Fig. 3b) to establish 
this limit. The most common criteria for defining the 
beginning of the oceanic crust is the use of the 
magnetic anomaly that represents the most recent 
isochrone. However, it should be remembered that 
serpentinization in the exhumed man-tle domain can 
produce magnetic alignments similar to the expansion 
characteristics of the ocean floor, with the dif-ference 
that they are weaker and more variable in intensity 
(Sibuet et al. 2007). With this in mind, we have used 
the presence of the first magnetic anomaly representing the 
most modern isochrone M3-124 My- (Whitmarsh et al. 
1990, 1996; Catalán et al. 2013).

Thus M3 anomaly does not clearly demonstrate the exist-
ence of oceanic crust, it has been used as a criterion to 
locate the beginning of the oceanic crust, in the absence 
of other information.

Fig. 12  Proposed Tectonic Domains distribution for the Wester Ibe-

rian Margin over a Bouguer anomaly, b Bouguer anomaly 
Total Hori-zontal Derivative, c Bouguer anomaly vertical 
derivative. J anomaly and M3 isochrone are also plotted 
in the maps. The limits between domains have been 
defined along the eight lithospheric sections and mapped 
following gravity signal (see text for explanation). The 
white and grey dash lines are possible transfer zones. TF 
Tagus Fault; NF Nazare Fault; AF Aveiro Fault
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In this work, we are proposing a mapping methodology to 
identify important features of the margin. The structure of 
passive margins is still debated and the interpretation of these 
features will vary depending on the dominant para-digm at the 
time. This technique significantly improves the certainty and 
accuracy with which passive margin plate tectonic 
reconstructions can be undertaken according to the methods 
of Peace et al. (2019) and Nirrengarten et al. (2018), by a 
better definition and mapping of the Necking line and the 
oceanward edge of the continental crust. As well as the 
importance of the location of the necking zone for geodynamic 
restoration, as the coupling point represent the location where 
crustal deformation changes to coupled that leads to the onset 
of mantle.

Conclusions

The aim of this study was to define the WIM 3-D crustal 
structure by modelling eight lithospheric sections, using a 
methodology based on the integration of seismic, wells and 
gravity data. The continuous nature of gravity data allowed 
us to propose an improved mapping of tectonic domains 
within the WIM showing the limits between proximal, 
necking, hyperthinned, exhumed mantle and oceanic areas.

The methodology used to analyze the 3D structure of the WIM 
and the mapping of its tectonic domains has involved the following 
stages:

1. The performance of gravity forward-modeling on exist-ing 
seismic sections and well data.

2. The construction of longitudinal and/or transverse grav-ity 
models calibrated in the previous models, forming a mesh as 
regular as possible.

3. The definition of the tectonic domains and their limits in all 
gravity models.

4. The calculation of the BA THD and dZ gradients along the 
entire margin, identifying its characteristics in each tectonic 
domain, and the gravity features of the limits.

5. The mapping of the limits between the tectonic domains 
following the gravity gradients.

The main observations of this work can be summarized as 
follow:

1. We have mapped the crustal domains along all the WIM using 
calibrated gravity models and also gravity gradi-ents (THD 
and dZ). This methodology is likely to be applicable in 
other magma poor margin; for example the Angola-Gabon 
rifted system, based on the results of previous published 
work (e.g. Péron-Pinvidic et al. 2015; Fernandez et al. 2020). 
Detailed interpretation of passive margin structure integrating 
all available data and including continuous potential data 
results in more sturdy interpretations than relying on a 
single source (e.g. seismic). This makes it also possible to 
contemplate correlations with domains over which scarce 
seismic data is available.

2. The WIM has a complex extensional structure, devel-oped as 
a linear margin in SW Iberia, but branched into two main rift 
arms in NW Iberian margin. This pattern is locally offset by 
Mesozoic transfer structures and by Cenozoic compressional 
structures that modifies previ-ous extensional domains.

3. The limit between the northern and southern sectors fol-lows a 
NW–SE orientation, clearly observed on the BA gradient maps. 
This limit has the same trend that the main Variscan fabric 
presents in the onshore continental crust.

4. Two possible transfer zones can be highlight on this work 
with NW–SE orientation that separate the three classical 
segments of the WIM.

Beyond the particular interpretation of each margin, this 
methodology can also help us better understand the 3D 
kinematics of conjugate margins and have a critical impact on 
plate restoration in the early stages of their formation.
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