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SUMMARY

El Hierro is the youngest of the Canary Islands, a volcanic archipelago in the central At-
lantic, near the African coast. The subaerial part of the island shows the characteristic shape
of three convergent ridges that has been interpreted as a triple-arm rift system. At least four
giant landslides formed wide, horseshoe embayments that separate these ridges. Recent stud-
ies based on high-resolution bathymetry, however, showed that the submarine rift structure
is much more complex. We analysed an aeromagnetic anomaly data set acquired in 1993 by
the Spanish National Geographic Institute in order to obtain a structural model of the island
from a magnetic point of view. A digital elevation model of the volcanic edifice was divided
into a mesh of prismatic cells, each of them with a top corresponding to the topographic
height (or bathymetric depth in the marine area) and a bottom at a constant depth of 4000 m
below sea level. A three-dimensional (3-D) inversion algorithm and forward modelling along
representative profiles provided us with a magnetization distribution containing valuable in-
formation about the inner structure of the island. The magnetic model cast new light on the rift
structure of El Hierro. In particular, high magnetization values have been mainly interpreted as
intrusive complexes on which rift zones are rooted. Their location confirms the hypothesis of a
complex rift structure in the marine area. The inverse magnetization that characterizes the NE
submarine rift area implies that this part of the volcanic edifice formed during the Matuyama
and, therefore, predates the NW submarine rift zone, which is normally magnetized. The N—S
rift zone extending southwards from the island seems to be shifted to the west with respect to
the bathymetric high in this area. This result suggests that the original rift zone was located
in the area where the highest magnetizations presently occur so that the present morphology
may reflect the westward collapse of the original ridge. In addition, very low magnetizations
characterize the areas affected by giant landslides, indicating that magnetic anomalies can
provide important constraints on the distribution of these catastrophic events.
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represent about 90 per cent of the subaerial volume of the ocean
island. The growth of the volcanic edifice in this stage usually de-

1 INTRODUCTION

Ocean island volcanoes start their history as seamounts. During this
early stage, they grow as a body of pillow lava, until eruptions be-
come sufficiently shallow for gas expansion to lead to fragmentation
ofthe lava (e.g. Jones 1966; Staudigel & Schmincke 1984). The pro-
portion between pillow lavas and fragmental debris (hyaloclastites)
in the bulk volume of oceanic islands is a matter of debate (e.g.
Moore & Chadwick 1995; Garcia & Davis 2001).

After the formation of the seamount, the subaerial evolution of an
ocean island continues through the shield stage, which consists of
the outpouring of large amounts of basaltic magma, mainly through
fissure eruptions. Generally, materials emplaced during this phase
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velops along rift zones (MacDonald 1949; Fiske & Jackson 1972)
and is accompanied by the intrusion of mafic dykes or sheets which
make up coherent intrusion complexes (Walker 1986, 1987, 1992).
The term ‘coherent’ was chosen by Walker (1992) to illustrate the
high degree of parallelism and the high intrusion density (more than
the 40 per cent and up to the 70 per cent of the bulk rock volume),
which falls rapidly to near zero at the margins of the complexes.
Knowledge about these intrusion complexes is crucial because they
play a key role in volcano development. In fact, the structure of rift
zones seems to control the stability of the volcanic edifice, and there-
fore, the occurrence of major collapses (Carracedo 1994; Carracedo
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1999; Walker 1999; Walter et al. 2005). In the Canary Islands, the
importance of giant landslides as major destructive processes in the
evolution of the islands has been recently recognized after the iden-
tification of at least 14 such events (e.g. Watss & Masson 1995;
Urgeles et al. 1997; Carracedo et al. 1999; Ablay & Hiirlimann
2000; Gee et al. 2001a; Krastel et al. 2001; Masson et al. 2002).

Volcanic areas typically involve rocks with high magnetic min-
eral content that yield very intense magnetic anomalies. Thus, the
internal structure of a volcanic edifice can be investigated from its
magnetic anomaly pattern for new insights on its evolution (e.g.
Hildenbrand et al. 1993; Lénat et al. 2001). Magnetic studies car-
ried out on the Canary Islands of Tenerife (Blanco-Montenegro
1997; Araia et al. 2000), Gran Canaria (Blanco-Montenegro et al.
2003) and Lanzarote (Blanco-Montenegro et al. 2005) interpreted
the sources of the most intense anomalies as intrusive bodies em-
placed during the early stage of growth of the islands (mafic core)
and the feeding system of the subaerial volcanism.

Airborne surveys are especially effective for mapping the spec-
trum of magnetic signals from both the emerged and submerged
portions of the volcanic edifice. These signals include the higher
resolution effects mapped at a few hundred metres above the topo-
graphic surface from structures buried at shallow depths beneath the
volcanic edifice (e.g. Blanco-Montenegro et al. 2007) to the lower
resolution effects acquired at more than a kilometre from the terrain
from deep intrusive bodies (e.g. Blanco-Montenegro et al. 2005).

El Hierro is the youngest of the Canary Islands, and is located
on the westernmost edge of the archipelago (Fig. 1). The subaerial
part of the island includes three convergent ridges that have been
interpreted for a triple-arm rift system (Fuster et al. 1993; Carracedo
1994; Miinn et al. 2006). These ridges are separated by wide, horse-
shoe embayments, related to the occurrence of at least four giant
landslides (Holcomb & Searle 1991; Masson 1996; Urgeles et al.
1997; Carracedo et al. 1999; Gee et al. 2001a; Masson et al. 2002).
The combined volume of these collapses is more than 400 km?® and
considerably exceeds the island’s present subaerial volume of about
140 km® (Carracedo et al. 1999; Gee et al. 2001a).

An aeromagnetic survey carried out by the Spanish National Ge-
ographic Institute in 1993 in the Canary Islands (Socias & Mézcua
1996) revealed a dipolar magnetic anomaly over El Hierro. From
this anomaly, Nicolosi et al. (2006) found the island’s principal mag-
netization direction (D = 13°, I = 40°) using an equivalent source
approach. In this paper, we focus on modelling and interpreting the
magnetic anomalies of El Hierro with the goal of further character-
izing the island’s volcanic rift zones.

2 GEOLOGICAL SETTING

The Canary Islands are a group of volcanic ocean islands located
in the eastern central Atlantic near the African coast (Fig. 1a).
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Figure 1. (a) Location of the Canary Islands, showing the position of El Hierro inside the archipelago (1 = El Hierro, 2 = La Palma, 3 = Gomera, 4 = Tenerife,
5 = Gran Canaria, 6 = Fuerteventura, 7 = Lanzarote). Marine magnetic anomalies S1 and M25 are also displayed (from Verhoef et al. 1991); (b) shaded relief
model of El Hierro, showing: (1) the areas affected by the giant collapses mentioned in the text, (2) the subaerial triple-arm rift system proposed by different
authors and (3) the reversely magnetized outcrops ascribed to the Tiflor volcanic phase (from Carracedo et al. 2001).
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Volcanism in this area is related to a sheet-like mantle plume ex-
tending from the eastern Atlantic Ocean to central Europe, recently
discovered by means of seismic tomography (Hoernle et al. 1995;
Oyarzun et al. 1997; Montelli et al. 2004). The origin of these islands
has been the subject of intense debate, since they present some char-
acteristics that differ from classical examples of intraplate, hotspot
volcanism (e.g. long-lived magmatism, absence of significant sub-
sidence). An up-to-date review of the different proposed theories
can be found in Anguita & Hernan (2000).

The islands were constructed on very old oceanic crust (150—
180 Ma) ascribed to the so-called Jurassic Magnetic Quiet
Zone, near the western African passive continental margin. The
archipelago is bounded by anomalies S1 to the east and M25 to the
west (Verhoef et al. 1991; Roest et al. 1992), with only the island
of La Palma slightly shifted out of these limits (Fig. 1a). It is worth
noting that the location of anomaly M25 is questionable because of
its very small amplitude (Verhoef ef al. 1991) which, in the vicinity
of the Canaries, is indeed masked by the strong magnetic signal of
the volcanic edifices. Volcanism seems to have started in the Upper
Cretaceous in the easternmost islands (Le Bas et al. 1986; Blanco-
Montenegro et al. 2005), which emerged above sea level in the
Miocene. Radiometric dating reveals a rough east-to-west age pro-
gression for early subaerial activity, from about 20 Ma for Lanzarote
and Fuerteventura (Coello ef al. 1992) to 15 Ma for Gran Canaria
(McDougall & Schmincke 1976), 12 Ma for Tenerife (Guillou et al.
2004), 11 for La Gomera (Ancochea et al. 2006), 2 Ma for La Palma
(Ancochea et al. 1993) and 1.1 for El Hierro (Guillou ef al. 1996).

The different stages of evolution of oceanic volcanic islands
pointed out for Hawaii by Walker (1990) (submarine, followed by
shield-building, declining, erosive and rejuvenation stages) can be
also recognized in the Canaries: Fuerteventura, Lanzarote, Gran Ca-
naria and Tenerife are at present in the post-erosional stage, while
La Gomera is in the erosional phase and La Palma and El Hierro in
the shield-building one (Carracedo ez al. 2002).

El Hierro is the westernmost and youngest of the Canary Islands
(Fig. 1b). The volcanic edifice rises 5500 m from the seafloor, lo-
cated at about 4000 m depth. The emerged part of the island was
built in the last 1.12 Ma during the upper Matuyama and the Brunhes
chrons (Guillou ez al. 1996). The present-day island of El Hierro is a
fraction of the three successive volcanoes accreted onto earlier, par-
tially destroyed edifices. The present subaerial volume is probably
less than a third of the total volcanic products erupted (Carracedo
etal.2001). Its subaerial ‘stellate” geometry has been interpreted as
aclassic case of a triple-armed rift system (Fig. 1b), where updoming
magma produced least-effort fractures intersecting at angles of 120°
(Fuster et al. 1993; Carracedo 1994). However, Miinn et al. (2006)
proposed that this rift configuration is due to gravitational spreading
over deformable basal substrata. Thus, the characteristic ‘stellate’
morphology, typical of many oceanic seamounts and islands, re-
sulted from concentrated volcanic activity along radiating rifts fed
from central vents, where each rift is associated with the injection of
dyke swarms and the building of a linear ridge (MacDonald 1949;
Fiske & Jackson 1972). Nevertheless, an interpretation based only
on the emerged part of the island is overly simplistic and may not
account for the much larger submarine components. In fact, the
high-resolution bathymetry data of El Hierro revealed wide areas of
irregular morphology, mainly to the NE and NW, suggesting that the
rifting may be more widespread beyond the narrow emerged zones
of the island (Gee et al. 2001b). These authors also proposed that
the anomalously long and steep-flanked Southern Ridge is part of
an old and eroded volcanic edifice that evolved independently from
the rest of El Hierro.
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Radiometric dating and magnetic stratigraphy have allowed a pre-
cise reconstruction of the volcanic evolution of the emerged part of
El Hierro (Guillou et al. 1996; Carracedo et al. 2001). Three main
subaerial volcanic phases have been recognized: (i) the Tifior vol-
cano, (ii) the El Golfo edifice and (iii) rift volcanism. The Tifior
volcano, outcropping on the NE flank of the island, was the first
stage of subaerial growth of El Hierro, between 1.12 and 0.88 Ma.
Three subunits with distinct magnetozones reflect this volcano’s
construction. The first is a basal unit of relatively thin, steeply dip-
ping flows emplaced during the Matuyama pre-Jaramillo reverse
polarity chron. The second is an intermediate unit of thicker lavas
erupted during the Jaramillo normal polarity subchron that progres-
sively trend to subhorizontal flows in the centre of the edifice and
fill canyons on the flanks. The third is the Ventejis volcano group
of emission vents emplaced the Matuyama post-Jaramillo reverse
polarity chron. The Ventejis eruptions, with wide, well-preserved
craters and lavas occupying valleys and canyons carved into older
rocks, may have been the terminal explosive stage immediately pre-
ceding the collapse of the NW flank of Tifior volcano. This collapse,
which occurred at about 882 ka, was the first of the island’s giant
landslides. It may have removed more than half of the volume of the
subaerial part of the Tiflor edifice.

A new volcanic edifice, known as El Golfo, developed after the
Tinor landslide, between 545 and 176 ka, filled the NW-facing col-
lapse embayment and spilled lava towards the E coast overlying the
Tinor volcano. El Golfo volcano developed entirely in the Brun-
hes period, and formed the bulk of El Hierro. It includes a lower
basal unit composed mainly of strombolian and surtseyan pyro-
clastics with subordinate lava flows, and an upper unit composed
predominantly of lava flows. The lower unit is cut by numerous
dykes forming NE-, ESE- and WNW-trending swarms that match
the present volcanic vent system and indicate that a triple rift system
was an important feature of El Golfo edifice. The upper El Golfo
unit is topped by several differentiated volcanics (trachybasalts and
trachytes).

The rift volcanism is defined as the late stage of growth of the
island, with simultaneous activity of all three rift arms. Materials
from this phase were erupted from vents distributed all over the
island and are represented by a thin layer of basic lavas, some of them
filling the El Julan embayment and part of the E1 Golfo embayment.
Activity continues through present times with moderate eruptive
rates. The last eruption (Lomo Negro) may have taken place in
1793 within the northwestern rift zone (Hernandez-Pacheco 1982).

Besides the Tiflor collapse, at least four other giant landslides
have dismantled the island (Fig. 1b). The El Julan landslide took
place at least 200 kyr ago, removing about 130 km® of material of
the SW flank of El Golfo edifice (Holcomb & Searle 1991; Gee
et al. 2001a). In addition, the El Golfo collapse removed between
150 and 180 km? of volcanic products from the NW flank of the vol-
canic edifice. This is the best known of the Canary Island landslides
(Holcomb & Searle 1991; Masson 1996; Urgeles et al. 1997; Gee
et al. 2001a; Masson et al. 2002), although its age is a matter of
debate. Evidence from the offshore island flank indicates an age of
about 15 ka (Masson 1996); however, onshore data suggest a much
greater age, in the range 100—-130 ka. This apparent contradiction
has been overcome with the hypothesis of a two-phase collapse
(Carracedo et al. 1999; Carracedo et al. 2001). The most recently
discovered flank failures are two much smaller volume events on the
eastern flank of the island. Day et al. (1997) initially interpreted the
San Andrés normal fault system outcropping on the eastern flank of
El Hierro as evidence for an aborted giant flank collapse. However,
new offshore data proved the existence of debris deposits related to
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two landslides in this area: the San Andres collapse (also named Las
Playas II), with an estimated age between 176 and 250 ka, and the
Las Playas collapse (also named Las Playas I), dated at 145-176 ka
(Gee et al. 2001a; Masson et al. 2002).

3 MAGNETIC DATA AND MODELLING

3.1 Magnetic data

In 1993 October the Spanish National Geographic Institute carried
out an aeromagnetic survey of the Canary Islands. The region was
divided in seven blocks which were flown at different altitudes and
with different spatial resolution. The details of the survey as well
as of the data processing can be found mainly in Socias & Mézcua
(1996) as well as in Blanco-Montenegro e al. (2003). Over El Hierro
Island and offshore, the survey altitude was 2000 m, with main
survey lines flown N—S with a separation of 5000 m between lines.
In addition, tie-lines were flown E-W with a separation of 20000 m
between lines. External field variations were corrected using two
base stations deployed at Tenerife and Lanzarote. The main field
was removed from the data using the 1995 version of the IGRF
(TAGA 1995). The data were levelled and interpolated into a regular
grid using the method of Akima (1970).

For this study, we used the 2 km-cell magnetic anomaly grid
of the whole Canary region upward continued to 3800 m, which
is just above the Teide peak in Tenerife that is the highest point
of the archipelago. From this grid, we have extracted the magnetic
anomaly map of El Hierro shown in Fig. 2 for analysis. We obtained a

magnetic model of the internal structure of El Hierro using anomaly
interpretative techniques described in the three sections that follow
below.

3.2 Reduction to the pole

Reduction to the pole is a useful transformation that converts a mag-
netic anomaly map into its equivalent at the geomagnetic pole, where
the inducing field is vertical (Baranov & Naudy 1964). Therefore,
in the transformed map the spatial correlation between an anomaly
and its source body becomes more straightforward than in the gen-
eral case of an inclined magnetic field and magnetization. For this
reason, reduction to the pole is a common strategy in magnetic in-
terpretation.

Most reduction-to-the-pole algorithms assume that both the am-
bient magnetic field and the magnetization have constant directions
along the studied area, which must be known in advance. In the case
of El Hierro, we used the main magnetic field direction given by the
IGRF at the time of the survey (D = —10°, / = 40°) whereas for the
magnetization we used the value obtained by Nicolosi ez al. (2006)
through the analysis of the main magnetic anomaly (D = 13°,/ =
40°). The reduced-to-the-pole magnetic anomaly map of El Hierro
is shown in Fig. 3.

3.3 3-D inversion

The magnetic anomaly pattern of El Hierro (Fig. 2) is character-
ized by an intense normal dipolar anomaly that overlies the island.
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Figure 2. Aeromagnetic anomaly map of El Hierro. Two main anomalies can be easily identified: an intense normal dipole over the island and a much weaker
reverse dipole in the marine area to the northeast of the island. Coordinates correspond to the Universal Transverse Mercator projection (zone 28N).

© 2008 The Authors, GJI, 173, 339-350
Journal compilation © 2008 RAS



Magnetic imaging of the feeding system of oceanic volcanic islands

28"

222

27°45"

2730

-145

180000
18%15"

-18°158"

-18*

200000
-18"
10000 0 10000

220000

20000

J—
LS BN
(meters)
WIGS B4 / LITM zone 280

-17°45

-17°45'

Sh.dE

343

Figure 3. Reduced-to-the-pole acromagnetic anomaly map of El Hierro, calculated using the magnetization direction obtained through the analysis of the main
dipolar anomaly (D = 13°, I = 40°) (Nicolosi et al. 2006). The three profiles used for the forward modelling are also shown. Coordinates correspond to the

Universal Transverse Mercator projection (zone 28N).

Offshore to the east a much weaker inverse dipolar anomaly is also
evident. In the reduced-to-the-pole map (Fig. 3), these anomalies
appear as a magnetic high over the island and a magnetic low over
the northeastern submarine edifice. We designed a modelling strat-
egy aimed at investigating whether the observed anomaly could be
explained by uniformly magnetized topography or whether, on the
contrary, lateral magnetization contrasts are present inside the vol-
ume of the volcano. We chose to approach this modelling through
inversion.

Magnetic inversion is limited by the non-uniqueness inherent to
potential fields, where an infinite number of magnetization distri-
butions can reproduce an observed magnetic anomaly field (see,
for instance, Blakely 1995). In particular, it is especially difficult
to obtain the depth to the sources and, therefore, to identify hori-
zontal magnetic contacts. Considerable efforts have been made in
recent years to overcome this difficulty (e.g. Li & Oldenburg 1996;
Fedi & Rapolla 1999; Pignatelli e al. 2006; Caratori Tontini et al.
2006). However, the location of lateral magnetization contrasts can
be achieved quite easily through inversion.

Let us consider a continuous distribution of magnetization J(r)
inside a source volume V, with a constant direction given by the
unit vector t. The magnetic anomaly A7 measured at the position
r’ outside the volume V is given by:

2
Aty = o [ 0 _g,, (1)
ofot J, [r — |
where f is the unit vector along the ambient magnetic field direc-
tion. If the source volume is divided into a set of N homogeneous
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prismatic subvolumes, and the magnetic anomaly is measured at a
discrete set of M points, then eq. (1) can be rewritten as:

N
AT, =" GinJr) m=1,M, 2)

i=1

where

92 1
Gim= —f ———dv,
’ ofot J, |r; —r,|

J(r;) is the magnetization of the subvolume V;, and AT, is the
magnetic anomaly measured at station m. The kernel G; ,, represents
the magnetic anomaly at station m due to the subvolume V; with unit
magnetization along direction t.

In matrix form, eq. (2) becomes

T=0GJ, 3)

where T is the M-vector of magnetic data, J is the N-vector of
magnetizations and G is the M x N kernel with elements that were
determined using the magnetic effect for the rectangular prism from
Sharma (1986).

The estimation of the source magnetization, J, can be achieved
by solving the linear system reported in eq. (3). In general, systems
of this kind are underdetermined and overconstrained, and their so-
lution must be found by means of numerical techniques (Jackson
1972; Press et al. 1992).

In the case of El Hierro, we have considered a source volume
made up of a single layer of 3 km x 3 km prismatic cells, each
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of them with a top corresponding to the topographic height (or
bathymetric depth, in the marine area) and a bottom at the con-
stant depth of 4000 m, which is approximately the depth of the
seafloor in the area surrounding the island. For the digital terrain
model, we used the SRTM data (ftp://eOsrpOlu.ecs.nasa.gov) for
topography and the global 2-min bathymetry grid (http://topex.
ucsd.edw/WWW _html/mar_topo.html) from Smith & Sandwell
(1997), as well as the results from Gee ef al. (2001b).

We assumed that all cells were magnetized with D= —13°and / =
40°, which is the direction that characterizes the total magnetization
vector of the main magnetic source and, therefore, can be considered
representative of the volcanic edifice as a whole (Nicolosi et al.
20006).

The magnetization distribution obtained through the described
inversion process is shown in Fig. 4. These results clearly sug-
gest strong lateral contrasts in magnetization intensity within the
volcanic edifice of El Hierro. However, this approach cannot con-
strain the vertical extension of the magnetic sources because the
inversion assumed each cell to be homogeneously magnetized from
the topographic top to the bottom at 4 km b.s.l. Further modelling
is necessary, as described in the next section, to investigate possible
depth extents of these magnetization contrasts.

3.4 Forward modelling

To resolve possible depth attributes for the magnetization variations
in Fig. 4, we modelled the magnetic crust along the three profiles
crossing the main rift zones (see Fig. 3). Fig. 5 gives the results
from 2.75-D forward modelling of the reduced-to-the-pole mag-
netic anomalies. For the modelling, we used the algorithm proposed
by Won & Bevis (1987) based on the analytical expressions from
Talwani & Heirtzler (1964) and Rasmussen & Pedersen (1979).

We considered all the crust to be magnetic, which is to say that
magnetic sources are present down to about 15 km b.s.1., the esti-
mated Moho depth in this area (Bosshard & MacFarlane 1970; Watts
1994). It is obvious, however, that most of the magnetic signal is due
to structures located within the upper few kilometres of the crust.

We assumed that the volcanic edifice extends from the surface
down to a depth of 4 km b.s.l. which is roughly the depth of the
seafloor around El Hierro. The total magnetization assigned to the
volcanic edifice (3 A m~") is an average value based on the available
paleomagnetic results (Watkins 1973; Abdel-Monem et al. 1972;
Guillou et al. 1996). Beneath the volcanic products of El Hierro,
we included an 11-km-thick oceanic crust with the bulk normal
magnetization of 2 A m~' that agrees with magnetization models
of the Jurassic crust (e.g. Hayling & Harrison 1986).

In areas where debris deposits have been identified and related to
giant flank collapses, we considered the presence of weakly mag-
netized materials overlying the lava piles of the volcanic edifice.
These layers are several hundred metres thick, in accordance with
the results of Gee et al. (2001a). The low magnetization value as-
signed to these structures (0.5 A m~') is related to the fact that only
the induced component of the magnetization vector is expected to
contribute to the magnetic anomaly pattern, since the volcanoclastic
nature of these deposits leads to a chaotic distribution of remanence
within them.

The lateral geometries of the intrusive complexes, which are the
main sources of the anomalies, are based on the magnetization dis-
tribution of Fig. 4. We extended these bodies to the crust-mantle
boundary, since volcanic activity in El Hierro has been fed by a
deep magmatic source during its entire history and evidence of shal-

low magma chambers is lacking (Carracedo et al. 2001). The total
magnetization intensity contrasts for the intrusive complexes of the
different rift zones were obtained by fitting the observed anomalies.
However, magnetization intensities must not be interpreted in abso-
lute terms, since it is clear that assuming a smaller vertical extension
for the anomalous structures would lead to higher magnetization
values.

4 INTERPRETATION AND DISCUSSION

In Fig. 4 we show the magnetization distribution obtained through
the described inversion procedure that neglects the horizontal mag-
netization contrasts that could be present inside the volume of the
volcanic edifice. We can interpret the magnetization at each node of
the grid as a value representative of the volume of the cell beneath,
and as an average of the actual magnetization along the vertical
direction.

If the homogeneous topography were the source of the observed
anomaly pattern, then the inversion would produce an almost con-
stant magnetization distribution. However, the results shown in
Fig. 4 demonstrate that intense lateral magnetization contrasts are
present within the volcanic edifice. It is worth mentioning that, using
a forward approach, we also verified that a uniformly magnetized
terrain cannot account for the observed magnetic anomalies of El
Hierro.

As was mentioned in Section 1, oceanic volcanic islands in their
early growth stages evolve along rift zones rooted in intrusive com-
plexes of dyke clusters. Given the intense magnetizations that usu-
ally characterize volcanic dykes and their vertical extensions, we
expect these intrusion complexes to be sources of intense magnetic
anomalies. In particular, the geometry of these structures causes the
magnetization contrasts between them and the surrounding bedrock
(i.e. piles of lava flows and hyaloclastites) to occur across nearly
vertical boundaries that our inversion can readily image. Thus, the
results of our magnetic inversion suggest that deep intrusive com-
plexes are present within El Hierro and that they are more intensely
magnetized than the surrounding lavas. In Fig. 4(a), we identified
with capital letters the most noteworthy magnetic sources in order to
discuss their origin from a volcanological point of view. In addition,
we plotted in bold dashed lines the rift zones through El Hierro from
Carracedo ef al. (2001), Gee et al. (2001b) and Miinn ef al. (2006)
to investigate their possible correlations with the magnetic sources.

It is interesting to mention the striking correlation among the low-
est magnetization values and the areas affected by landsliding (see
Figs 1b and 4). In these areas, an important volume of volcanoclastic
material is present resulting from the different flank collapses of the
volcanic edifice. The chaotic distribution of volcanic debris from the
flank collapses of the volcanic edifice broke up remanent magneti-
zation. Thus, only the relatively weak induced component survives
to produce the low magnetic signals of the landslides. This fact, as
well as a low density in comparison with the surrounding massive
volcanic structures (dykes, lava flows), would explain the low mag-
netic signal associated with landslides. In the forward models shown
in Fig. 5 we have included several hundred metres of thick debris
deposits overlying the volcanic edifice that reproduce the observed
magnetic anomalies.

In the subaerial part of the island, the highest magnetization values
correspond to the E-W rift zone (structure A in Fig. 4, see also
profile aa’ in Fig. 5). This strongly magnetized structure exhibits a
linear geometry with the same strike as the rift. We can therefore,
relate this source to the dyke system that fed the activity of El Golfo
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Figure 4. Magnetization distribution obtained through 3-D inversion of the magnetic anomalies of El Hierro on the topographic slab. For the sake of clarity, we
have interpolated the results of the inversion onto a 1-km cell grid: (a) the areas of interest discussed in the text are identified with capital letters. The dashed grey
lines show the rift zones in both the subaerial (Carracedo 1994) and submarine parts of the island (Gee et al. 2001b). Black contours correspond to bathymetric
depths and topographic heights, with labels in metres. The white line shows the zero-magnetization contour; (b) and (c) 3-D plots of the magnetization
distribution, where the magnetization grid has been superimposed onto the 3-D model of the terrain used for the inversion. Coordinates correspond to the
Universal Transverse Mercator projection (zone 28N).
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volcano. This edifice represents, from the volumetrical point of view,
the most important stage of activity of El Hierro, so it is reasonable
that the intrusive complex beneath this rift zone contain the largest
dyke concentration in the island, a situation that would explain the
high magnetization values obtained in the model.

Contrary to the E-W rift zone, the NE subaerial rift is not related
to an elongate magnetized structure. Instead, a magnetization high
in the area (structure B in Fig. 4) is truncated by an almost N—S dis-
continuity, to the east of which the magnetization intensity decreases
considerably. Indeed, the zero-magnetization contour suggests the
presence of reversely magnetized structures in the eastern part of
this area. This result is strongly consistent with the magnetostrati-
graphic models that place the initial formation of the Tiflor edifice in
the reverse polarity upper Matuyama as shown in Fig. 1(b) (Guillou
et al. 1996; Carracedo et al. 2001). The superposition of reversely
and normally magnetized structures in the eastern part of El Hierro
may then mask the linear magnetic effects of the intrusive complex
underlying the rift. Structure B of Fig. 4 probably represents the
feeding system of the latest stage in the formation of the eastern
rift, magnetized during the Brunhes chron.

One possible model that accounts for the observed anomalies
along profile bb’ is that proposed in Fig. 5, in which two adjacent
vertical bodies, normally and reversely magnetized respectively, are
present beneath the eastern part of the island. These structures may
reflect normally and reversely magnetized intrusive complexes em-
placed during the formation of El Golfo and Tiflor edifices, re-
spectively. The low negative magnetization intensity contrast re-
quired to fit Tiflor anomalies may account for the likely presence
of both reversely and normally magnetized dykes within this intru-
sive complex, since the Tifior chronology include the reverse po-
larity Matuyama chron and the normal polarity Jaramillo subchron
(Guillou et al. 1996; Carracedo et al. 2001). This intrusive complex
would extend towards the northeast where most of the Matuyama
components of the Tifior edifice developed.

The third arm of the subaerial rift is essentially oriented N—S and
includes the magnetization contrast labelled C in the southern part
of'the island that probably also represents an intrusion complex that
extends to the south seaward. However, this high intensity magne-
tization is offset west of the rift zone axis proposed by Carracedo
et al. (2001) and Miinn et al. (2006). This disagreement suggests
the limitations of deducing the subsurface properties of a rift zone
only from outcropping dykes, cone alignments, topographic ridges
and other shallow crustal evidence.

In the offshore areas west of El Hierro, two divergent, approxi-
mately linear magnetized structures labelled E and F are evident in
Fig. 4. These results are strikingly consistent with high-resolution
bathymetric data that suggest the seaward bifurcation of the onshore
rift zones along NE and SW trends (Gee et al. 2001b). However, the
magnetic inversion results put the rift axis E slightly south of the
bathymetrically constrained axis proposed by Gee et al. (2001b).
To the end of the two rifts the magnetic model of Fig. 4 reveals
the presence of highly magnetized areas that could represent lava
flows associated with the rift activity. Gee et al. 2001b identified
two bathymetric features in this area that they interpreted as lobes
of ponded lava (see also fig. 1b of Mitchell ez al. 2003).

The magnetic structure on the NE flank also agrees with the idea
of two separate rift zones (labelled I and J in Fig. 4). In this case,
however, the submarine rifts appear to be characterized by a negative
magnetization value, providing us with very valuable information
about their age. Gee et al. (2001b) claimed that the similar morpho-
logical features of the NW and NE ridges might indicate a similar age
and origin, although they recognized that no other data supported
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this conclusion. Our magnetic data prove that the NE rifts were
formed in a period of reverse polarity of the Earth’s magnetic field,
while the NW rifts formed during a normal polarity chron. Taking
into account the magnetic stratigraphy of El Hierro of Guillou et al.
(1996), it seems likely that the NE submarine rifts formed during the
Matuyama chron, thus predating the emplacement of the NW rifts,
which probably took place in the Brunhes chron. Indeed, the oldest
reversely magnetized materials of El Hierro (Tifior edifice), which
acquired their remanence during the upper part of the Matuyama,
outcrop near this area (see Fig. 1b). The fact that anomaly J has a
non-linear morphology might indicate that, in addition to the dyke
system underlying the rift, its source could be also related to a pile of
submarine lava flows pertaining to the Tifior edifice. In fact, Mitchell
et al. (2002) identified some terraces of lava in this area.

The low positive magnetizations displayed in the central zone of
the northeastern submarine edifice, between areas I and J, is similar
to the magnetizations obtained over the areas affected by the giant
collapses of El Golfo, El Julan y Las Playas (Fig. 1). This could
suggest that the area between rift zones I and J may also have ex-
perienced a landslide, a result that is in accordance with its smooth
bathymetry (Mitchell 2007, personal communication).

In the area of the southern ridge, and as an extension of zone C in
Fig. 4, we see a linear zone of high magnetization values (zone D)
that is shifted to the west with respect to the ridge itself and to the
rift zone axis proposed by Gee ez al. (2001b). This is also evident in
the reduced-to-the-pole magnetic anomaly map (Fig. 3), and cannot
be explained in terms of the IGRF-induced magnetization or the
magnetic remanence that we assumed for the inversion.

Furthermore, we have downloaded some marine magnetic profiles
of the US National Geophysical Data Center (NGDC) GEODAS
database (http://www.ngdc.noaa.gov/mgg/geodas/geodas.html) to
verify the location of the magnetic high in the area of the southern
ridge. Three surveys (TAG711DO, V2908 and DSDP46GC) carried
out in the 1970s acquired magnetic data along tracks that included
profiles to the south of El Hierro traversing the southern ridge. In
all of them there appears a clear magnetic high shifted to the west
with respect to the ridge axis that confirms the location of the aero-
magnetic high.

This result suggests that the bathymetric ridge is offset to the east
of the main intrusion complex underlying the rift zone as inferred
by the modelling in Fig. 5. Thus, the feeding system of the southern
ridge is probably located west of the bathymetric high that may be
largely the consequence of the massive landslides in this area. Gee et
al. (2001b) also noted that ‘some parts of the Southern Ridge north
of 27°30'N may have been affected by landsliding, although the ex-
act boundaries are unclear.” Therefore, magnetic data interpretation
might provide with fresh evidence on this point.

To the south of the rift, and at both sides of it, the model shows
two strongly magnetized structures (G and H in Fig. 4), which could
be interpreted as lava piles that flowed from the ridge.

Gee et al. (2001b) identified a saddle in the southern ridge, at
a distance of about 15 km from the coastline, that divides it into
two parts with different morphological characteristics (see Fig. 4b).
They also proposed that the southern ridge south of the saddle is a
structure older than the other submarine rift zones. The magnetic
model shown in Fig. 4 clearly reveals the different natures of the
northern and the southern parts, showing that to the south of the
saddle the ridge is almost demagnetized, although unfortunately
our magnetic data do not cover its complete extension.

This low normal magnetization could be explained in several
ways. For instance, it could be a consequence of the formation of the
rift during a time span comprising both normal and reverse polarities
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ofthe Earth’s magnetic field. The superposition of reversely and nor-
mally magnetized materials, the latter being the most important in
terms of volume and/or the shallowest, would produce a low normal
bulk magnetization. This would be in accordance with a chronology
for the southern ridge spanning from the Upper Matuyama (includ-
ing the Jaramillo or even the Olduvai normal polarity subchrons)
to the Lower Brunhes. In this case, the southern ridge would be
roughly coeval with the NE submarine rifts, but previous to the
NW submarine rifts, as previously discussed. If the formation of the
southernmost part of the southern ridge were restricted to a normal
polarity chron, however, then any straightforward conclusion about
its age could be drawn (Olduvai?, Jaramillo?, Brunhes?), and indeed
the origin of such anomalous low magnetization should be further
investigated.

Finally, it is interesting to mention a recent gravimetric survey
that has led to a 3-D density model of El Hierro (Montesinos et al.
2006). The gravity study is based mainly on a land survey, therefore,
allowing an appropriate description of the gravity anomalies in the
subaerial part of the island, but less reliable in the marine area. For
this reason, it is possible to compare the magnetic and gravimetric
models only in the emerged part of the edifice. The magnetic and
gravity crustal models are quite similar. In fact, the gravity anomaly
also points to a N-S rift shifted to the west of the location proposed
by previous authors, coincident with magnetic structure C from
Fig. 4. The main difference between magnetic and gravity results
is the location of the high density body in the area of the NW rift,
which appears to be shifted to the north compared to the magnetic
structure that appears to represent the feeding system of this rift
(structure A in Fig. 4). However, this different location could be
linked to a poor definition of the gravity anomaly field in the area
of El Golfo embayment, due to the lack of gravity data in the near
offshore.

5 CONCLUSIONS

Magnetic anomalies constitute a powerful tool in the characteriza-
tion of volcanic rift zones, since the intrusive complexes underneath
them are strongly magnetized structures that create an intense mag-
netic signal. In comparison with other methods, which are generally
based only on surface data, magnetic anomalies provide a more
complete image of the internal structure of a volcanic island, since
they contain information about the whole of the volcanic edifice.
Furthermore, the interpretation of magnetic models in light of the
geomagnetic chronology of a volcanic island can provide fresh con-
straints on the timing of rift zone formation.

The method proposed in this paper to model magnetic anomalies,
which consists of 3-D inversion on a topographic slab (i.e. the source
volume is limited by the topographic surface and a flat bottom at
the base of the volcanic edifice), constitutes an ‘ad hoc’ approach to
the identification and location of volcanic rift zones, since it effec-
tively detects nearly vertical magnetization contrasts. In addition,
the algorithm has the advantages of being stable and fast. Taking
into account that most of the magnetic signal in volcanic areas is
due to remanent magnetization, it is best to estimate the average di-
rection of the total magnetization vector before applying the inverse
procedure.

The interpretation of the magnetic anomalies of El Hierro has
provided us with very interesting results regarding the island’s inter-
nal structure. The location of highly magnetized vertical structures,
interpreted as intrusive complexes, confirms previous hypotheses
about a complex rift structure in the marine area, although these
new results suggest that some rift axes may be shifted with respect

to previous interpretations. The inverse magnetization that char-
acterizes the NE submarine rift area implies that this part of the
volcanic edifice formed during the Matuyama, and therefore, pre-
dates the normally magnetized NW submarine rift zone. The N-S
rift zone, which extends from the southern part of the island to the
south in the submarine edifice, seems to be shifted to the west with
respect to the bathymetric high in this area. One possible interpre-
tation for this shift is that the rift zone was originally located where
the highest magnetizations are now detected, and that the present
morphology is a consequence of the giant landslides that occurred
in this area in the past. The magnetic model also provides new ev-
idence about the different nature of the southern submarine ridge
south of the bathymetric saddle located at 27°30'N, where the rift
appears to be almost demagnetized. In addition, very low magneti-
zations characterize the areas affected by giant landslides (El Golfo
embayment to the north, El Julan embayment to the south and Las
Playas embayment to the east), indicating that magnetic anomalies
can provide important constraints on the distribution of these catas-
trophic events.

Further refinement of this study with new high-resolution aero-
magnetic data over El Hierro would allow a more precise defi-
nition of the rift zones of this oceanic volcanic island. In addi-
tion, palacomagnetic sampling of the southern ridge would pro-
vide new information about the magnetic properties of this structure
that, interpreted in the framework of the geomagnetic chronology
of the island, could contribute to understanding the timing of its
formation.
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