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ABSTRACT

The NW Iberian margin is a hyperextended continental margin, formed during the opening of
the North Atlantic Ocean, where a subsequent partial tectonic inversion has undergone during
the Alpine Orogeny. This succession of tectonic episodes determines the magnetic signature of
the margin. The Spanish Exclusive Economic Zone Project has carried out seven one-month
cruises between 2001 and 2009. To extend and densify the spatial coverage, we have used
data from the World Digital Magnetic Anomaly Map. Here, we describe the methodology
used for the acquisition and data processing of the magnetic field data. The use of diverse
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instrumentation, a non-complete external field’s cancelation, and the use of different
magnetic core field models, contributed to the total error budget. To reduce it, we have used
a leveling algorithm which minimizes all these contributions. Finally, a statistical analysis was
applied using crossover residuals, showing a resolution better than 28 nT.

1. Introduction

Potential fields’ methods have been used widespread for
the analysis of the structure and geodynamics of the
Earth’s interior (e.g. Blakely, 1995; Reeves, 2005). The geo-
magnetic method is the oldest technique for Earth’s sub-
surface exploration, and it is generally used in
conjunction with other geophysical and geological data.
It is based on the measurement and analysis of anomalies
in the Earth’s magnetic field, caused by lateral variations in
their magnetic properties. This methodology is used for a
large variety of applications ranging from shallow, detailed
investigations (archaeological and engineering sites) (e.g.
Reynolds, 2011), exploration of economic resources (e.g.
Dentith & Mudge, 2014), deep lithospheric structures
and tectonics, geothermal and asthenospheric processes
studies (e.g. Cataldn, 2003; Dyment et al., 2015; Martos
etal.,2017,2018,2019). Following this, the analysis of geo-
magnetic anomalies allows the discrimination between
continental and oceanic domains, and the interpretation
of the geodynamic evolution of a region. At sea, the high
expenses of geological and geophysical exploration make
difficult to accomplish extended and detailed studies, but
the application of the magnetic method allows a low-cost
first approximation to the general structure of a region.
In general terms, we consider an anomaly as the
difference between the measured variable (i.e. total
magnetic field) at a determined location and the

expected measurement at the same place (i.e.: calcu-
lated from a magnetic model of the Earth interior).
The total magnetic field is the result of several magnetic
contributions. Electrical currents associated with con-
vective movements in the Earth’s outer core cause
the so-called main field contribution (about 98% of
the total measured magnetic field) (Reeves, 2005; Thé-
bault et al., 2006). In order of importance, the second
group of magnetic sources contributing to the total
field have a strength on average 3 to 4 orders of magni-
tude lower than the main field (in quiet solar con-
ditions) (Thébault et al., 2010). They are commonly
referred as external fields contribution, as their sources
lie in the ionosphere and the magnetosphere. Finally,
there is a minor contribution to the total magnetic
field due to magnetization carried by rocks in the
crust and upper mantle. This last contribution is called
lithospheric field contribution, and commonly known
as magnetic anomaly, as it is what remains once the
main and the external fields’ contributions are sub-
tracted from the total field measurements.

The first magnetic anomaly mapping in the NW
Iberian margin region was published by Black et al.
(1964), who deduced a continental origin for the sea-
mounts region observed on the northern sector of the
west Iberia margin. After that study, the Groupe
Galice (1979) published, among other studies related
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to the Leg 103 of the Deep Sea Drilling Project (Boillot
et al., 1988), a magnetic anomaly map of the west margin
of Iberia. Later on, Verhoef et al. (1986) made a compi-
lation map of the NE Atlantic, from surveys carried out
between 1956 and 1984, and Srivastava and others (Sri-
vastava et al., 2000; Srivastava & Tapscott, 1986; Srivas-
tava & Verhoef, 1992) made a detailed interpretation of
the magnetic anomalies observed in the conjugate mar-
gins of Iberia and Newfoundland. Other surveys, related
to the Deep Sea Drilling Program (Leg 149), led the pub-
lication of a detailed magnetic study of the south of the
Iberia Abyssal Plain (Whitmarsh & Miles, 1995). These
authors dated the onset of the Atlantic oceanic seafloor
spreading, and provided hypotheses about the formation
of ocean-continent transition in the study area.

More recently, in the frame of the World Digital
Magnetic Anomaly Map (WDMAM), global magnetic
anomaly grids, with 2 or 3 arc-minute resolution, have
been published for the EMAG2 and WDMAM compi-
lations respectively (Lesur et al., 2016; Maus et al.,
2009). Partially based on a subset of the marine track-
lines used for the WDMAM grid, Catalan et al. (2015)
showed a magnetic anomaly map of the west Iberian
margin, with a 6km grid resolution. This map
included the dataset from the Spanish Exclusive Econ-
omic Zone Project (SEEZ), using a special leveling for
that study area.

The aim of this work is to present a new and
improved magnetic anomaly map of the whole NW
Iberia continental margin, including a detailed descrip-
tion of the methodology used for the acquisition and
data processing of the magnetic field data. This new
map merges previous compilations and available data-
sets with the measurements collected during the SEEZ
cruises, with a 4 km grid resolution.

As the present magnetic anomaly map includes the
northwest Iberia’s ocean-continent transition, it con-
tains valuable information for the study of continental
rupture processes and the beginning of oceanic accre-
tion, as well as for the initiation of tectonic inversion
of this hyperextended margin.

1.1. Geological setting

The area mapped here is located northwest of Iberia,
comprising part of the West and the Northwest Iberia
margins, from 13.85°W to 6.45°W longitude and
between 40.05°N and 45.5°N latitude. It is character-
ized by an abrupt relief with a seamounts region
where depths rise below 1000 m in areas 200 km
offshore. To the west and north of this seamounts
region, an abrupt increase in depth is found, ranging
from less than 3000 m to more than 4000 m, separated
only few kilometers. This area is an example of a non-
volcanic hyperextended continental margin and it has
been used as a reference in the scientific literature for
the study of the rift to drift processes (e.g. Boillot
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et al., 1989, 1995; Groupe Galice, 1979; Sibuet, 1992;
Whitmarsh et al., 1996).

Several rift pulses underwent in the west Iberia mar-
gin from Late Triassic to Early Cretaceous times (e.g.
Dean et al, 2015), including a westward rift axis
jump (Manatschal & Bernoulli, 1999), in the vicinity
of a triple ridge junction connecting the west and
north Iberia margins. The first Late Triassic-Early Jur-
assic extensional phase involved the Galicia Interior
Basin (GIB). The younger Aptian phase was character-
ized by a progressive continental crustal thinning until
its final breakup and formation of the proto-Atlantic
Ocean at Early Cretaceous (Aptian times). As a result
of this staged rifting, there is an along-strike segmenta-
tion of the margin, as well as an across-strike succes-
sion of the different deformation domains related to
the rift process (Druet et al, 2018), matching the
wide-ranging seafloor physiography. From east to
west, it is distinguished (Figure 1): the GIB, that is a
marginal basin originated during the first rift episode
of the margin (e.g. Murillas et al., 1990; Pérez-Gussinyé
et al.,, 2003); a horst, locally uplifted area (e.g. Druet
et al., 2018 and references therein), here called sea-
mounts region, located between the GIB aborted rift
axis and the westward final rift axis location; the
Deep Galicia Margin area, where mantle exhumation
occurs (e.g. Lymer et al, 2009; Whitmarsh et al,
1996); and the Iberia abyssal plain, surrounding the
margin to the west and south of the seamounts region.
Northwest of Iberia, some marginal platforms can be
identified (marginal platforms region), which are for-
mer half-graben basins, tectonically inverted (Druet
et al., 2018, p. 5; Murillas et al., 1990); to the north
and northwest, the Biscay abyssal plain is found.

The conjugate of the NW Iberia margin is the south-
east of the Flemish Cap (East of Newfoundland). Both
present different structural characteristics, forming an
asymmetric pair (e.g. Mohn et al., 2015; Sibuet et al.,
2007). While the southeast of the Flemish Cap margin
is narrow, with an ocean-continent transition (the
transition from the normal continental crust to the
normal oceanic crust) of only 30 km-width, the West
Iberia Margin extends widely towards the ocean, nar-
rowing northwards from ~190km at the southern
IAP (Dean et al., 2000; Minshull et al., 2014) until dis-
appearing by Cenozoic tectonic inversion at the north
of the seamounts region (Druet et al., 2018, and refer-
ences therein). The width of the transitional crust
(exhumed mantle) identified along the ocean-conti-
nent transition is still under discussion, measured
with differences of almost 70 km (from less than
100 km to 170 km) at the south IAP depending on
the authors (e.g. Davy et al.,, 2016; Dean et al., 2000,
2015; Whitmarsh et al., 1996).

The magnetic pattern of the study region is then
determined by two not simultaneous processes: first,
the previously cited northward propagation of the



682 (&) M.DRUETETAL.

FRANCE

PORTUGA,

V4

4 A
44°N JH I
/ A CORUNA
SEAMOUNTS
177 A s
v

/|

43°N

42°N

= Normal fault
—4—A—4—& Thrust
41° N
—4- -4 -4 -+ Blind thrust
— Fault
—+—— Anticline
———— Syncline

+++++++ Peridotite ridge

11°W

13°W 12°W

25 50 100

9°W 8°W oW

10°W

Figure 1. Structural sketch of NW lberia, modified from Groupe Galice (1979), Boillot et al. (1988, 1995), Grimaud et al. (1982),
Murillas et al. (1990), Malod et al. (1993), Alvarez-Marrén et al. (1997), Ramirez et al. (2006), Vazquez et al. (2008), Druet (2018),
and Druet et al. (2018). Gray-shaded background is a digital terrain elevation models from the EMODnet (offshore) and SRTM
(onshore) open databases. The red star shows the location of the magnetic reference station at El Ferrol. GB, Galicia Bank. Inset
shows the location of the study area represented on the Main Map. Modified from Druet et al. (2019).

Atlantic Ocean opening, mainly during Early Cretac-
eous; second, the N-S trending convergence between
Eurasian and Iberian plates during Cenozoic times.

2, Data set and methods
2.1. Data acquisition and processing

The dataset used in this study was mainly acquired
during seven one-month surveys, between the years
2001 and 2009 onboard the R/V Hespérides, in the
frame of the Spanish Exclusive Economic Zone Project
(SEEZ). A total amount of 16,620 nautical miles of data
acquisition were sailed during the SEEZ project cruises.
As the main objective of the SEEZ project surveys is to

obtain multibeam bathymetry with 100% seafloor cov-
erage, the survey lines are planned according to multi-
beam echosounder requirements. As a result, the
spatial distribution of both the magnetic and gravity
measurements is not uniform, with an irregular spa-
cing and variable orientation of the surveyed lines
(Figure 2). The across-track distance range between
13 km (oceanic areas) and 500 m (close to the conti-
nental shelf). The along-track distance between read-
ings is 50 m on average. During the surveys, time and
position information was acquired via a differential
GPS navigation system. Throughout the campaigns of
the SEEZ project, three different marine proton-preces-
sion magnetometers have been used: Geometrics
model G-801 and G-876, and a Marine Magnetics
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Figure 2. Ship navigation lines with magnetic data acquisition during the different SEEZ project surveys (color coded), track lines
compiled for the WDMAM (black lines), and the WDMAM grid points (blue stars) used here to broaden and densify the new grid,
over the shaded relief model obtained from EMODnet (offshore) and SRTM (onshore) open datasets.

SeaSpy model 300 M. In order to extract the external
fields’ contribution, a reference base station was
installed and maintained at El Ferrol (Galicia, NW
Spain, see Figure 1). There, two different proton-pre-
cession magnetometers were used: a GEOMAG
SMI0R for the 2001 and 2002 surveys, and a Scintrex
Envimag model for the rest of the surveys. Later,
ship’s position was shifted sternwards using a lag cor-
rection algorithm, as the sensor was deployed at an
average distance of 200 m from the stern during the
data acquisition. Taking into account the accuracy of
the differential GPS system (better than 20 m) and
the magnetic gradients characteristic of the area, it
seems reasonable to expect a contribution of less than
1 nT rms error from positioning in areas far from the
coast. To derive the corresponding magnetic anomaly
values these datasets were reduced using the Definitive
Geomagnetic Reference Field (DGRF).

Besides to the SEEZ dataset, we have used data
from the World Digital Magnetic Anomaly Map
(WDMAM), which have helped to broaden and
cover data gaps in the study area. Particularly for the
oceanic region, we have used marine track lines data
from a variety of oceanographic institutions gathered
by the National Oceanic and Atmospheric Adminis-
tration (see https://ngdc.noaa.gov/mgg/geodas/trackline.
html). These data were carefully selected and repro-
cessed by Quesnel et al. (2009), performing data clean-
ing, using the comprehensive model CM4 (Sabaka
et al., 2004) to remove external field and core field con-
tributions, and finally performing line leveling. These
data were the base for the WDMAM version 1 and 2
(Lesur et al., 2016).

In order to facilitate studies of lithospheric tran-
sition from the continental margin to a fully oceanic
domain, we have used the data provided for Iberia
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by the WDMAM database (https://wdmam.org).
These data are computed with reference to geomag-
netic field model CM4 for year 1990 at an altitude
of 5 km above the WGS84 ellipsoid. They have been
referred to the DGRF model, restoring the corre-
sponding CM4 core field contribution. The data
were then downward continued to sea level, combined
with the marine data into a single database and then
leveled using the Oasis Montaj™ package to obtain
the final anomaly map.

Before merging the WDMAM data with marine
data, we separate WDMAM continental and WDMAM
oceanic data. Continental data was downward continued
to sea level before merging with the leveled marine dataset
(see Error Budget sub-Section). While upward continu-
ation is a stable transformation and it can be performed
for any height level, downward continuation is an
unstable operation and it should be applied carefully as
it can amplify the short wavelength part of the spectrum
if the continuation downward to the depth of the nearest
source (Blakely, 1995).

Hereafter, the continental data were combined with
the marine data into a single database and then leveled
using the Oasis Montaj TM package to obtain the final
map. The final map shows a smooth continuity (Main
Map 1) and no distortion at the transition between
continental and oceanic areas probably caused by the
facts: (a) the continental area doesn’t present large
magnetic anomalies, (b) the highest peak onshore
(1200 m over sea level) is reached in the eastern
boundary (far from coastline), and (c) the horizontal
resolution of the WDMAM is 5 km, which restricts
the spectral content in the most unstable part of
the spectrum.

The final magnetic anomaly map of 4 km resol-
ution for the study region was created using a Kriging
algorithm of interpolation (Cressie, 1990). This
interpolation differs from simpler methods, such as
Inverse Distance Weighted Interpolation, Linear
Regression ... that it determines the most likely
value at each grid node based on a statistical analysis
of the entire data set. This algorithm helps to avoid
possible distortions caused by random data locations,
when along-track and across-track density reading are
unbalanced (Figure 2), or when the data acquisition
lines have random directions, as is the case when we
merge different SEEZ cruises, or the WDMAM
cruises. The 4 km grid spacing was selected in order
to avoid aliasing effects caused by the ship track-
lines separation.

2.2. Error Budget

The anomaly crossover difference statistics between
two tracks at tie points should reflect the error budget,
allowing an evaluation of the accuracy and internal
coherence of the whole dataset.

After obtaining the anomaly values along every mar-
ine track-line, we performed a cleaning phase by a
visual inspection of the whole dataset extracting anom-
alous values. Subsequently, we carried out a first level-
ing process, which corrects for intersection errors that
follow a specific pattern. We obtained the intersection
points (crossovers) between track-lines. After visualiz-
ing the magnetic anomaly differences at crossovers, we
disregard tie point readings whose differences are
anomalous (spikes), generally caused because the tie
point was located in a high gradient magnetic anomaly
area. Finally, we got 20479 crossovers. For the magnetic
anomaly residuals at tie points, we obtained a mean
value of 0 nT and a standard deviation of 60 nT.

Using the clean crossover marine data set, and after
applying the statistical leveling, we obtained an average
residual value of 0.65 nT and a standard deviation of
27.52 nT. Afterwards, we obtained a new tie point
readings data set using the leveled marine track-lines
and the WDMAM grid at the oceanic realm. The
differences at tie points between both data sets pro-
vided an average value of 15.2 nT, and a standard devi-
ation of 50 nT. This bias means that the marine
magnetic anomaly surface is almost 15 nT above the
WDMAM compilation map. By conducting a new
leveling process, and using 20693 crossovers, we
reduced the bias at crossovers between the marine
track-lines and the WDMAM data at the oceanic
domain to 0.65nT and a standard deviation of
27.54 nT (Figure 3).

The WDMAM shows on-land in this geographical
area a quality similar to the presented marine map.
According to this, the final marine survey presents an
acceptable quality, not being affected by any relevant
systematic error.

3. Brief magnetic anomaly map description
and interpretation

The map of magnetic anomalies (Main Map) has been
represented in color-coded scale. In the study area, the
ranges of anomaly values vary from —310nT to
660 nT, both located in the northern area (north of
44°N). According with regional magnetic anomaly
trends, the map shows a very clear distribution. At
the southwestern quarter, some north—south long
wavelength trends of up to 300 nT amplitude can be
identified. The upper half of the map (north of 42.5°
N) presents multiple magnetic anomaly highs and
lows located and aligned according to two main trends
(E-W, and NE-SW).

The east-west high amplitude alignments in the
northern area with dominance of negative values
coincide with the Charcot seamounts chain (Figure 1.
See Magnetic anomaly map over the shaded relief
model in Main Map). Generally speaking, the presence
of north—south trends in the southwestern tip area, are
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Figure 3. Histogram showing the distribution of magnetic anomaly differences at crossovers for the final data set.

related to the tectonic process of the Atlantic Ocean
opening. The south central area of the map shows a
dipolar anomaly (around 11.5°W longitude and
42.4°N latitude) that correlates with the Galicia
Bank region (the highest and biggest of the sea-
mounts, see Figure 1 for location), but slightly shifted
towards the southeast with respect to the highest area
(See minimum bathymetry point in the Magnetic
anomaly map over the shaded relief model, Main
Map). The same displacement to the southeast is
also observed in the corresponding Bouguer Anomaly
map (Druet et al., 2019), associated to a relatively
thicker continental crust in this area of the seamounts
region (Druet et al., 2018). The NE-SW trending posi-
tive anomaly that borders the seamounts region to the
northwest and north can be correlated to the exist-
ence of a peridotite ridge to the northwest of the sea-
mounts region (e.g. Dean et al., 2015; Druet et al.,
2018; Whitmarsh et al., 1996), and with an oceanic
crust thrust also to the north of this region (Druet
et al., 2018). Westwards from the seamounts region,
and south of the A Corufia Seamounts (Figure 1),
there is another NE-SW trending positive anomaly
that does not have a clear correspondence to any
bathymetric or gravimetric feature. Dean et al.
(2015) propose that these western ridges may result
from a combination of oceanic core complex and gen-
eration of new oceanic crust.

4, Conclusions

The new magnetic anomaly map of the NW Iberian
continental margin and the adjacent abyssal plains
presented here, is built upon an improved magnetic
database, bringing together the marine magnetic
measurements from the SEEZ project surveys, and
those compiled by the WDMAM project. The map is
represented at a 1:800,000 scale, using a 4 km-squared
regular grid.

The calculation of magnetic anomalies offers
information on the distribution of magnetized
bodies, which in turn provides insight into those geo-
dynamic processes that caused them. Particularly,
this magnetic anomaly map delivers a unique win-
dow to the geodynamic history of this sector of the
North Atlantic Ocean, as well as important infor-
mation regarding the continental break-up of this
margin, considered as the archetype of the hyperex-
tended continental margins.

Software

Data were reduced and processed using Oasis Mon-
taj™ software from Geosoft. The three maps showed
on the final chart (Main Map and complementary
ones) were made using ArcGIS, with a customized
rainbow color-coded scale to emphasize magnetic
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anomaly values. The final layout was performed with
ArcGIS.

Geolocation information

The map and dataset presented are located between
40.05° N and 45.5° N latitude and 6.45° W and
13.85° W longitude.
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