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Foreword of the Director of the Oceanographic Spanish Institute

The eight papers contained in this special MGR issue reflect partly the successful collaboration
between a group of institutions and researchers working on a major research program since 1995:
the Spanish EEZ Program (Exclusive Economic Zone Program).

The Spanish EEZ program was set up in 1995 after a political mandate of the Spanish government
to prepare a full study - comprising hydrography, geology, geophysics and oceanography - of the
Spanish EEZ. Leaders of the study were the Instituto Espahol de Oceanografia (IEO) and the
Instituto Hidrografico de la Marina (IHM).

Since its beginning, the program disposed one month per year on the use of the R/V Hespérides
and other Spanish oceanographic research ships like the R/V Cornide de Saavedra, the Vizconde
de Eza and the Tofiro.

Other research groups, universities and private companies also have collaborated in the sea-
cruises.

Present special issue shows the first scientific results of the EEZ Program in the Canary Islands
area. Moreover, due to its scientific quality, the Program could be considered as an example of
cooperation between different institutions, teams and individuals working on the same project.

Finally, the IEO, which supports part of the program, should express its deep gratitude to all
captains, crews and technicians of the different oceanographic vessels that participated in the
research campaigns. Their work made this issue possible.

Concepcion Soto
Directora del IEO

Foreword of the Director of the Hydrographic Marine Institute

Article 132.2 of the Constitutional Law sets the grounds for public property of the natural
resources of the Spanish Exclusive Economic Zone (ZEE for its Spanish acronym), implying the
sovereign right to explore, exploit, conserve and administer all living and non-living resources
coming from the sea-bed and the adjacent waters of the maritime area that goes from the end of
the territorial sea to a distance of two hundred sea miles, counting from the base line from where
its width is measured.

According to the agreement of the Council of Ministers of April 23", 1993, the Ministry of
Defence is authorized to use the BIO ““Hespérides™ to carry-out research campaigns for data
gathering during one month per year.

The Hydrographical and Oceanographic Research Plan of the Spanish Exclusive Economic Zone
(ZEE) was approved by Ministerial Order 55/1994 of May 30", amplified by the Ministerial Order
94/1993 of September 21, in which the FAS Cartographic Plan was approved.

On May 25" of 1994, the framework cooperation agreement between the Ministry of Defence and
the Spanish Oceanographic Institute (IEO for its Spanish acronym) concerning Hydrographical
and Oceanographic Research on the ZEEE was approved. This Framework Agreement assigns



the hydrography of the area to the Marine Hydrographic Institute, using the multi-beam
sounding devices installed on the BIO “Hespérides”; and the data gathering that leads to a better
knowledge of the physical structures of the seabeds to the IEO.

During the years 95, 96 and 97 data gathering has been carried-out on the Balearic Islands and
during the years 98, 99 and 2000 on the Canary Islands with campaign heads coming alternatively
from IHM and IEO personnel.

The results of the various campaigns were extraordinaire, especially because of the very close
collaboration between the participating Institutions, more specific with the IEO, a collaboration
of which the results clearly can be seen in this scientific work about the Canary Archipelago and in
future joint works that surely will be carried-out

CN. D. Fernando Quiro6s Cebria
Director del Instituto Hidrografico de la Marina
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Abstract

In this paper we discuss the results of a swath bathymetric investigation of the Canary archipelago offshore area.
These new data indicate that volcanism is pervasive throughout the seafloor in the region, much more that would
be suggested by the islands. We have mapped tens of volcanic edifices between Fuerteventura and Gran Canaria
and offshore Tenerife, La Gomera, El Hierro and La Palma. Volcanic flows are present between Tenerife and La
Gomera and salic necks dominate the eastern insular slope of La Gomera. This bathymetry also supports land
geologic studies that indicate that the oceanic archipelago has acquired its present morphology in part by mass
wasting, a consequence of the collapse of the volcanic edifices. In the younger islands, Tenerife, La Palma and El
Hierro, the Quaternary (1.2 to 0.15 Ma) debris avalanches are readily recognizable and can be traced offshore for
distances measured in tens of km. Off the older islands, Lanzarote, Fuerteventura, Gran Canaria and La Gomera
(<20 to 3.5 Ma), the avalanches have been obscured by subsequent turbidity current deposition and erosion as well
as hemipelagic processes. The failure offshore western Lanzarote is in the form of a ramp at the base of the insular
slope bound on the seaward side by a scarp. Its size and the lack of evidence of rotation along its landwards side
precludes the possibility that it is a slump. It probably represents a slide whose outer scarp is caused by break-up
of the slide. Mounds on the ramp’s surface may represent post-displacement volcanic structures or exotic blocks
transported to their present locations by the slide. The failures offshore Fuerteventura are so large that, although
they occurred in the Miocene-Pliocene, exotic blocks displaced from upslope are still recognizable in the insular
margin morphology. The Canary Island insular margin appears to be a creation of Miocene-Pliocene mass wasting
and more recent turbidity current deposition and erosion, and hemilepagic deposition. Failures offshore La Gomera
are due to debris flows and/or turbidity currents. These events have obscured earlier mass wasting events.

Introduction

In this study we use multi-beam data acquired in
the Canary Islands by the Instituto Espafiol de
Oceanografia to determine the role that landslides
have played in the construction of the islands present
morphology. In the course of our investigation we

discovered that volcanic edifices are quite extensive,
much more that expected from the extent of volcan-
ism in the islands. Volcanic structures were imaged
by multibeam recordings between Fuerteventura and
Gran Canaria and offshore Tenerife, La Gomera, El
Hierro and La Palma. Probable volcanic flows also
were imaged between Tenerife and La Gomera as
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Figure 1. Submarine topography of the Canary Island archipelago region. Bathymetric contours are from GEBCO sheet 5.08 and base map
from U.S. Naval Oceanographic Office 51017. Insert map is modified from Wynn et al. (2000). Contour in meters. 1= Alegranza; 2= Graciosa;

3= Roque del Oeste; 4= Roque del Este.

well as salic necks on the eastern insular slope of La
Gomera. The most spectacular of these features are
the mega-avalanches, particularly those off Tenerife,
El Hierro and La Palma. As other studies have demon-
strated, landslides are amongst the most significant
processes in the creation of the morphology of ma-
ture oceanic volcanic islands. They have been reported
from the Hawaiian Islands (Moore et al., 1989, 1994),
Reunion Island (Labazuy, 1996) and the Canary Is-
lands (Watts and Masson, 1995; Urgeles et al., 1997,
1999; Carracedo et al., 1999a, 1999b). Moore et al.
(1989, 1994) recognized at least 68 such flows off
Hawaii, some of which are 200 km long, incorpo-
rate as much as 5000 km? of volcanic material and
cover an area of 100,000 km?. Mass wasting facies
off Hawaii take two forms: (1) slow moving slumps,
up to 110 km wide and up to 10 km thick, character-
ized by transverse blocky ridges and steep toes that
are up to 230 km long, and (2) 0.05-2 km thick, fast
moving debris avalanches (Moore et al., 1989). To
date eleven giant slides also have been mapped in the
Canary Islands affecting the subaerial and submarine

slopes of the islands of La Palma, El Hierro, Tenerife,
Fuerteventura and Gran Canaria (Navarro and Coello,
1989; Holcomb and Searle, 1991; Carracedo, 1994,
1996; Masson and Watts, 1995; Watts and Masson,
1995; Masson, 1996; Masson et al., 1997; Guillou
et al., 1998; Urgeles et al., 1998, 1999; Teide Group,
1997; Stillman, 1999). Masson et al. (2002) have
summarized the results of these investigations.

Regional setting

The Canary archipelago is located on the continen-
tal rise off Cape Juby, northwest Africa (Figure 1).
Fuerteventura and Lanzarote at the eastern end of the
chain are 100 km from the African coast, and El Hierro
and La Palma at its western end are 500 km from the
coast. Lanzarote and Fuerteventura are along the crest
of the northeast trending Canary Ridge, on the upper
continental rise at a water depth of about 2000 m. Its
northeast terminus is defined by the less than 200 m
deep, flat-topped Conception Bank. This ridge may be
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Figure 3. Geologic maps of Lanzarote and Fuerteventura. Compiled from Coello et al. (1992), Carracedo and Rodriguez-Badiola (1993),

Ancochea et al. (1996) and Stillman (1999).

aligned along the contact between attenuated con-
tinental crust on the east and oceanic crust on the
west (Emery and Uchupi, 1984). The rest of the
archipelago, Gran Canaria, Tenerife, La Gomera, La
Palma and El Hierro, at water depths of 3000 to
4000 m, are on oceanic crust of Jurassic age (Uchupi
et al., 1976). Gran Canaria, Tenerife and La Gomera
trend east-west parallel to the oceanic fracture zone
trends in the region with Tenerife’s long axis being
oblique to this trend. La Palma and El Hierro, at the
western end of the island chain, are offset to the north
and south of this trend (Figure 1).

A subsurface oceanic basement high appears to
link La Palma to Ilhas Selvagens (Figure 1) (Uchupi
et al., 1976). From the Ilhas to the northeast end of
the Canary Ridge are two northeast trending ridges,
subparallel to the Canary Ridge, along whose cres-
ts are seamounts (Dafiobeitia and Collette, 1989). One

of these volcanic structures, Dacia Seamount, is flat-
topped. Sediments in the lows between the ridges
grade south into the Canary Island Basin west of the
Canary Ridge and north into the Agadir Canyon with
the drainage divide located near 30°30' N (Figure 1).
The seafloor of the Canary Islands Basin ranges from
3000 m on its eastern side to 4000 m along its west-
ern side. Here a slight shallowing of the basin floor
to less than 4000 m reflects the subsurface high link-
ing La Palma and Ilhas Selvagens. A gap in the high
near 17°30' W, 29°30' N serves as passageway for tur-
bidity currents into the Madeira Abyssal Plain to the
west (insert, Figure 1). Gaps between the Canary Is-
lands along the southern side of the basin serve as
passageways for the southerly flowing North Atlantic
Deep Water (NADW) at a depth of 2000-3800 m and
northerly flowing Antarctic Bottom Water (AABW)
below 3800 m.
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Figure 4. A. Shaded relief image of the western margins of Lanzarote and Fuerteventura and side slopes of Banquete and Amanay Banks .
Illumination is from northwest. B. Shaded relief image of Lanzarote and Fuerteventura margins and Banquete and Amanay Banks showing the
distribution of landslide areas west and south of Fuerteventura (Puerto Rosario, Southern Puerto Rosario and Las Palmas debris avalanches)
and east of Gran Canaria. We infer that the highs along the northwest edge of the Puerto Rosario avalanche are exotic blocks. No such features
appear to be present off Lanzarote where the margin consists of westerly dipping platform cut by northwest aligned channels and ridges some of
which are capped by circular highs. This terrain probably is the creation of slumping and subrecent and historical lava lava flows. The seafloor
beyond the platform is dominated by northeast trending highs and lows. We infer that this morphology is the creation of southerly flowing North
Atlantic Deep water (NADW) and named the region the Lanzarote Sediment Drift. The mounds and moats east of Lanzarote and Fuerteventura
are described and discussed in Acosta et al. (this issue).



Depth in meters

Figure 5. 3D diagram of the western margin of Lanzarote and Fuerteventura looking north. The two flat-topped highs south of Fuerteventura
are Banquete (attached to Fuerteventura) and Amanay Banks. The high at the extreme right of the diagram is the tip of Gran Canaria.

Volcanism in the Canary Islands region has oc-
curred at various times since the Late Cretaceous, the
oldest represented on Fuerteventura, to the present in
the western, La Palma and El Hierro (Le Bas et al.,
1986). Based on their eruptive histories Carracedo
(1994) divided the islands into three groups, those
that have had eruptions in historic times (<500 years;
Tenerife, La Palma; Lanzarote and probably El Hi-
erro), those with a history of Quaternary volcanism
(Fuerteventura and Gran Canaria) and those lacking
evidence of Quaternary volcanism (La Gomera). Indi-
vidual islands appear to have gone through four geo-
morphic phases: a seamount phase, a shield-building
submarine and subaerial phase characterized by rapid
growth and massive slope failures, a period of qui-
escence and deep erosion (erosional gap), and post-
erosional stage of volcanic activity. In some islands the
last phase also is characterized by renewed mass wast-
ing. Lanzarote, Fuerteventura and Gran Canaria are in
the post-erosional phase, Gomera in the repose stage
(gap stage) and Tenerife, La Palma and El Hierro are
in the shield stage of development (Carracedo, 1999).
The tectonic setting of the Canary Islands consists

of rift-type clusters of aligned eruptive vents (sin-
gle or triple) and caldera-type depressions (Carracedo,
1994). Where the wide arcuate landslide depressions
are related to triple rift geometry, they tend to be lo-
cated at the junction between the two most active rifts
with the third one acting as buttress for the landslide.
It is the development of these triple rifts and the con-
centration of dikes leading to the destabilization of
the flanks through magma overpressure and mechan-
ical and thermal overpressure of pore fluids that lead
to gravitationally unstable volcanic flanks (Carracedo,
1994, 1996; Elsworth and Day, 1999).

Methods

In 1995 the Instituto Espafiol de Oceanografia and
the Instituto Hidrografico de la Marina began an in-
vestigation of the Spanish Exclusive Economic Zone.
During this investigation the bathymetry of the region
was mapped using a multibeam system during which
100 per cent coverage was obtained. At the same time
high-resolution parametric seismic reflection profiles,
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Figure 6. Geologic maps of Gran Canaria and La Gomera. Compiled from Hausen (1965), Cantagrel et al. (1984), Funck and Schmincke
(1998), Mehl and Schmincke (1999), Van den Bogaard and Schmincke (1998) and Schmincke and Sumita (1998).

as well as gravity and magnetic, were also recorded
in the surveyed areas (Muiioz et al., 1998). This pa-
per describes the results of the multibeam bathymetric
investigation of the Canary archipelago from 27°10' N
to 29°15' N and from 13°30' W to 19°15’ W.

The survey of the archipelago during four cruises
from 1998 to 2001, aboard the R/V Hespérides and
R/V Vizconde de Eza, was carried out using a variety
of multibeam sounding systems that were used sepa-
rately or in combination. Simrad EM1000, EM 1002
and EM 300, in conjunction with GPSD and inertial
navigation systems, were used to survey shallow wa-
ters and EM12S in deep waters. Acoustic backscatter
data were displayed in real time by means of sides-
can sonar trace. A Microsystems SV-Plus Velocimeter
was employed to correct depths for variation of sound
velocity in the water column. The multibeam data

were logged and post-processed in a Unix environ-
ment. Simrad Mermaid-Merlin software was used at
sea for logging and real time quality assessment of the
acquired data using color swaths bathymetric plots.
As data collection per day in excess of 300 Mbytes
is not uncommon, data validation is a major problem
with multibeam systems. A Neptune package was used
in post-cruise processes of the data. This post-cruise
processing included the application of cleaning and
editing tools for attitude, navigation and bathymetric
data. The use of statistical analyses was of consid-
erable help in detecting spurious data. The use of
Geographic Information Systems (Cfloor from Roxar
and IberGIS from ICI) allowed us to create, not only
bathymetric maps, but also digital terrain models and
3D block diagrams of the surveyed area. In addition
to computer mapping, the application of GIS also al-



lowed complex spatial analyses of data. Thus, for the
first time, the availability of such swath bathymetric
and terrain maps of the whole Canary archipelago al-
lows us to appreciate the extent of catastrophic slope
failures. In the present study we describe for the first
time the landslides that contributed to the present mor-
phology of the seafloor surrounding the older islands
of Lanzarote, Fuerteventura, Gran Canaria and La
Gomera. We also incluce a brief discussion on the
landslides of the younger islands, Tenerife, La Palma
and El Hierro.

Recognition of gravity driven facies

Mass wasting is important in the geologic evolu-
tion of oceanic islands edifices during the shield-
building phase. As described by Normark et al. (1993)
landslides produced by the collapse of volcanic edi-
fices take various forms ranging from slumps, debris
avalanches to debris flows. Slump movement is an
elastic-plastic flow involving rigid blocks that are in-
ternally undeformed and are displaced along curved
slip surfaces. If not modified by concurrent or sub-
sequent volcanism, slumps tend to have well-defined
amphitheaters at their proximal ends that broadly cor-
respond to the detachment surfaces of the slumps. The
displaced material is generally found on the volcano
flanks, reflecting the limited seaward transport of the
displaced strata. The surface of the slump structures
may be characterized by transverse ridges and scarps
and on their seaward ends by scarps onlapping the
undisturbed seafloor. These structures are rare in the
Canary Islands and to date have only been described
in El Hierro (Masson et al., 2002) and off the eastern
side of Gran Canaria (Funck and Schmincke, 1998).
Data from the present investigation suggest that such a
structure may be present along the western margin of
Lanzarote.

Debris avalanches cutting the flanks of volcanic
edifices are elastic flows made up of internally rigid
blocks that roll, slide and glide along shear planes.
The avalanches are longer and thinner than slumps,
with their inner side being marked by embayments. In
Hawaii avalanches display a middle and distal train of
hummocky debris (Normark et al., 1993) and scattered
over their surfaces are blocks tens of km in horizontal
dimension on their proximal ends to <1 km on their
distal end. Jacobs (1995) proposed that avalanches
might be the end result of slumping and suggested that
as slumps travel across uneven slopes they break down

9

and accelerate into avalanches. Why some terrains fail
by slumping, while others having the same structure
and petrology fail by formation of debris avalanches is
yet to be resolved.

Debris flows are plastic flows that are character-
ized by shear throughout the flow. Such a flow may
develop when a debris avalanche breaks apart. As de-
fined by Masson et al. (2002) such flows only affect
the sedimentary cover of the submarine island slopes,
whereas debris avalanches and slumps cut into the ex-
trusive and intrusive rocks of the island. Such a debris
flow in the Canary Islands is the Canary Debris Flow
off El Hierro that supposedly was triggered by the El
Golfo Debris Avalanche. Both debris avalanches and
debris flows in turn can evolve into turbidity currents,
a viscous fluidal flow (Varnes, 1958).

Turbidity currents triggered by debris avalanches
and debris flows are recorded in the Madeira Abyssal
Plain. Volcanic turbidites on this plain go back 17 Ma
with their occurrence increasing markedly at 7 Ma, a
time when the volcanic edifice in Tenerife was grow-
ing (Weaver et al., 1998). According to Masson et al.
(2002) turbidites during the last 7 my reached the
Madeira Abyssal Plain every 100 ky. Thus Masson
et al. postulated that if each turbidite event documents
a debris avalanche in the Canary Island archipelago,
then the 80 volcaniclastic turbidites at Ocean Drilling
Program ODP Site 951 in the Madeira Abyssal Plain
since 7 Ma is a minimum record of the volcanic
collapses in the Canaries during that time.

In the present investigation we use data provided
by the multi-beam bathymetric map and relief and 3D
diagrams to identify the facies described above. Even
though avalanche scars and valleys have been modified
by later lava flows, sedimentation and by subaerial and
submarine erosion, scars created by mass wasting can
still be recognized in Gran Canaria and exotic blocks
on the Fuerteventura insular margin. Slope segments
not affected by such avalanches tend to terminate
abruptly down slope, are more irregular and much
steeper than scarps created as a result of an avalanche;
they have gradients as high as 30°. In contrast, those
slope segments affected by avalanches tend to be
smoother than the original rough volcanic slope and
have gradients ranging from 10° on mid slope to 5° on
the lower slope/upper rise (Gee et al., 2001a; Masson
et al., 2002). Slope segments created by avalanches
also can be distinguished from those created by tur-
bidity currents by their concave upward profile, their
low relief and their linear flat-bottomed channels. In
contrast, slopes created by turbidity currents are con-
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vex upward and are characterized by a high relief trunk
tributary/distributary system (Masson et al., 2002). V-
shaped channels in a slope created by an avalanche are
restricted to the uppermost insular slope and merge
down slope into a single flat-bottomed low, a chan-
nel that lacks distributaries and maintains its character
to its distal end. These valleys also display features
that have not been observed in the V-shaped turbidity
current canyons, such as arcuate steps and longitudi-
nal parallel ridges undulating down channel disrupting
the valley floors. Such ridges, described from known
volcanic avalanches, are either the creation of com-
pression or scour. If compressional, they were created
by velocity differences in adjacent flows such as in the
ridges in the Mount St. Helens Avalanche, offshore
British Columbia and offshore Norway (Voight et al.,
1981; Prior et al., 1982; Bugge et al., 1988). The
distal ends of avalanches consist of lobes onlapping
each other and the undisturbed deep-sea sediments be-
yond the catastrophic flow. The surface of these lobes
tends to be disrupted by linear hummocks and lows
that Voight et al. (1981) have interpreted as grabens
and horsts formed as a result of lateral spread within
the apron.

The most unique feature displayed by 3D dia-
grams created from the multibeam surveys is the rough
surfaces of the avalanches. Side-looking sonar and
seismic reflection recordings demonstrate that some of
these features represent post-avalanche volcanic cones
and others represent exotic blocks scattered over the
surface (Moore and Clague, 2002). The dimensions of
the exotic blocks (hundreds of meters long and tens
of meters thick) are clear evidence that they could
only have been transported by a massive flow, not
by turbidity currents. The lack of coherent deforma-
tion structures (e.g. transverse fault zones and scarps)
in the avalanche deposits is another argument against
slow and episodic slumping. Furthermore, the dis-
tances of the exotic blocks from probable sources also
demonstrate that they could not have been transported
to their present site by slumping.

Various processes may account for the present lo-
cation of the blocks. They may have glided along the
surface of the avalanche to their present sites with the
excess pore water pressure in the avalanche acting as
a lubricant. Possibly they were carried to their present
location within the flow or along its surface where they
were supported by a matrix of fine sediment (Bugge
et al., 1988; Lee et al., 1993). As the blocks retained
their identity during their transport it indicates that the
blocks were more resistant to the internal shear of the

flow than the other material making up the avalanche.
Teide Group (1997) noted that some of the blocks
had enough momentum to outrun the main part of the
flow. Offshore Tenerife these blocks also controlled
the locations of the post-avalanche turbidity current
fans beyond the exotic blocks.

Ages assigned to the various debris avalanche de-
posits mapped in the Canary archipelago are generally
(but not always) based on the ages of the collapse
structures onshore from which the debris avalanche
deposits appear to originate; alternative approaches
include inferences from the thicknesses of later sed-
iment cover as imaged by backscatter measurements,
and indirect upslope correlations from major turbidite
units in adjacent basins (Masson, 1996; Masson et al.,
2002). However, as documented by the bathymetry
map compiled by the present swath data, the onshore
and offshore structures are not continuous, but are sep-
arated by a several hundred meter high scarp on the
upper insular slope. Also differences in backscatter
measurements between adjacent flows may not reflect
different ages, but the presence of a volcanic cover or
differences in rate of deposition.

Collapse of the Canarian Volcanoes

Islands in posterosional stage

Lanzarote-Fuerteventura: Inshore

Lanzarote and Fuerteventura, at the eastern end of the
Canary Island archipelago, are separated by the less
than 50 m deep La Bocaina Channel (Figure 1). They
form a contiguous high, the Canary Ridge, with its
northern end being defined by Conception Bank at
30-31°N. Ancochea et al. (1996) proposed that the
Canary Ridge was constructed by a row of volcanoes
aligned subparallel to the African coast, volcanic ed-
ifices that were built during several submarine and
subaerial phases. The ridge and the islands along its
crest appear to be the result of three igneous episodes
and one erosional cycle. The earliest volcanic episode,
the seamount phase, is represented by the Basal Com-
plex along the west side of Fuerteventura (Figure 3).
In Lanzarote this complex may be buried in the center
of the island at depths of 900-2700 m below sea level
(Coello et al.,1992). The tabular lavas and pyroclastic
rocks resting unconformably or comformably on the
Basal Complex represents the shield phase. This vol-
canic phase was followed by an erosional cycle that
in turn was followed by another volcanic cycle repre-



sented by lava flows and volcanic cones oblique to the
long axes of the islands.

Two Miocene volcanic edifices, Famara and Los
Ajaches, constructed during the shield phase have
been mapped over the Basal Complex in the northeast-
ern and southwestern parts of Lanzarote (Figure 3).
Famara, with an elevation of over 600 m, was built
during late Miocene-Pliocene eruptive cycles 10.2-
8.7, 6.5-5.7 and 4.9-3.9 Ma (Carracedo and Rodriguez
Badiola, 1993; Coello et al., 1992; Ibarrola et al.,
1988; Hausen, 1959). Los Ajaches edifice, with a
maximum elevation of 560 m, was build up in the
Miocene between 16 and 12 Ma (Ibarrola et al.,
1988; Coello et al., 1992). The western part of this
volcano is covered by younger flows (Abdel-Monen
et al., 1971; Coello et al., 1992; Carracedo and
Rodriguez Badiola, 1993). Ancochea et al. (1996) in-
ferred that Famara was originally 1.0—1.3 km high and
Los Ajaches 1.1-1.4 km high. The post erosional vol-
canic phase in Lanzarote that followed a 2 my long
erosional phase following the construction of Famara
(Miocene-Pliocene) and Los Ajaches (Miocene) con-
sists of scattered volcanoes and associated lava fields
of late Pliocene-Holocene age trending northeast and
east-northeast (Coello et al., 1992). Some of these
flows were extruded as recently as the 18th century.
Raised marine terraces and beaches and Tertiary ma-
rine and lacustrine limestone at elevations of 55-60,
20 and 10 m document uplift of Lanzarote since the
Pliocene (Hausen, 1959; Coello et al., 1992; Still-
man, 1999). 12 Quaternary marine terraces from 0 to
70 m above sea level support such uplift (Zazo et al.,
2002). The terraces document an uplift of 1.7 cm/1000
years for Lanzarote and Fuerteventura for the last mil-
lion years. Present elevation of the last interglacial
deposits further suggest that during the last 300,000
years Lanzarote has experienced subsidence of about
0.7 cm/1000 years whereas Fuerteventura has been
stable during that time. Limestone and conglomeratic
layers composed of rounded pebbles of colored lime-
stone also occur in Graciosa and limestone ejecta in
Roque del Este. Sediments similar to these, unsorted
coral breccia-conglomerates, also have been described
from Molakai and Lanai, Hawaiian Islands. Moore
and Moore (1984, 1988), Moore et al. (1994) and
Moore (2000) proposed that these sediments, occur-
ring <60 m above sea level and nearly 2 km inland
from the present shoreline in Molokai, were deposited
by a giant tsunami wave triggered by one of the
submarine slides mapped on the lower slopes of the
Hawaiian Islands. However, the association of the
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deposits in Lanzarote and Fuerteventura with marine
terraces and their occurrence at elevations of less than
10 m above sea level in Graciosa and Roque del Este
suggest that such an origin is unlikely for these de-
posits. Some workers have even rejected a tsunami
origin for the deposits in the Hawaiian Islands and
have interpreted the elevation of these sediments in
Molakai as a result of uplift due to lithospheric flexure
rather than deposition by a giant tsunami wave (Grigg
and Jones, 1997).

Fuerteventura can be divided into three topo-
graphic provinces parallel to the island’s long axis
(Figure 2). Along the west side is the Western Domed
Area, in the center a Central Depression and on the
east side the Eastern Rise. The Western Domed Area
is an elongate oval area, with an elevation of 200 to
300 m, in which the seamount Basal Complex is ex-
posed (Figure 3). Stillman (1999) inferred that the
uplift, which occurred as a result of either isostatic
rebound or thermal uplift, is recent. Prior to the uplift
of the Western Domed Area the Central Depression
extended westward to the coast. The Central Depres-
sion, with an elevation of 100 m to 200 m, probably
first formed as much as 18 Ma (Stillman, 1999) and is
now covered by a succession of recent sediment and
Pliocene and Pleistocene volcanic rocks. The East-
ern Rise dips eastward with a 20° gradient and is
cut by ‘barrancos’ separated by sharp-crested divides
(Cuchillos) draining radially away from the center of
the island toward the west (Ancochea et al., 1996).
This terrain is a remnant of the shield phase.

Volcanism in Fuerteventura was initiated sometime
after the Cenomanian (Late Cretaceous) and before
or during the Paleocene (Stillman, 1999). Submarine
volcanic activity occurred, perhaps only episodically,
between the Paleocene and the late Oligocene with
initial emergence of parts of the island taking place
before 20 Ma (Figure 3). Fragments of plutonic rocks
indicate part of the island was undergoing erosion at
that time (Robertson and Stillman, 1979). During the
shield stage volcanic phase three volcanic structures
were built in the northern (Northern Volcanic Com-
plex, 14-12 Ma), central (Central Volcanic Complex,
20-18 Ma and from 17.5-13 Ma) and southern (South-
ern Volcanic Complex, 16-14 Ma) parts of the islands
(Figure 3). Amanay Bank and El Banquete (Figures 1
and 2) offshore the southern end of Fuerteventura may
correspond to other volcanic edifices. The summits
of the northern central and southern volcanic com-
plexes may have reached heights of 2300-3000 m,
2600-3300 m and 1600-2100 m above sea level (Still-
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man, 1999). The Southern Volcanic Complex at the
southern tip of Fuerteventura in the Jandia peninsula
is separated from the Central Volcanic Complex by
El Jable, a narrow low covered by eolian sands and
calcrete (Figures 1 and 3). Like the Central Volcanic
Complex this volcano also was centered offshore of
the present shoreline (Ancochea et al., 1996). The
volcano remnant of the Southern Volcanic Complex
consists of a northward facing convex scarp, La Pared,
cut by radial ‘arroyos’ draining westward and sepa-
rated by narrow divides (Cuchillos). North of La Pared
is an arcuate low marked by prominent valley formed
by the convergence of the gullies cut on La Pared.
At least half or more of the South Volcanic Complex
slid seaward in the Miocene producing the 3 to 7 km
wide, 45 km long north-northwest trending low east
of Amanay Bank. As in Lanzarote the shield phase in
Fuerteventura was followed a major phase of erosion
during which the Basal Complex was exposed and re-
lief was decreased to around 200 m in less than 2 m.y.
(Stillman, 1999). After the erosional phase Miocene
basalts and Pliocene to Pleistocene volcanic rocks cov-
ered a small area of the Basal Complex and the Central
Depression.

Stillman (1999) proposed that denudation of Lan-
zarote and Fuerteventura during the erosional cycle
was by massive landslides, multiple slips that trans-
ported the volcanic structures northwestward into the
sea. Stillman calculated that during this cycle as much
as 3000 km? was removed from Fuerteventura in less
than 2 m.y. The 17.6 to 16.5 Ma debris deposit cored at
Deep Sea Drilling Project (DSDP) Site 397 (Figure 1)
are evidence of such destruction in Fuerteventura or
Banquete Bank southwest of the island. The flow has
an average thickness of 20 to 30 m, forms a 5 to 25 km
wide narrow tongue trending southwesterly along the
base of the African continental slope, has an area of
2000 km? and a volume of 50 km3 (Arthur et al.,
1979). As the debris flows are mainly hyaloclastics
with abundant palagonitized sideromelane shards they
probably reflect a submarine shield-building stage of
Fuerteventura or the bank (Schmincke and Von Rad,
1979). The microgabbro fragments in the flow suggest
that part of Fuerteventura, or the bank, was already
above sea level.

Lanzarote-Fuerteventura: Offshore

Our present discussion is limited to the west side of
the Canary Ridge. In another paper (Acosta et al., this
issue) we discuss the nature and origin of the mor-
phology of sea floor of the Canary Channel east of the

ridge. The characteristic topographic features of the
western insular margins of Lanzarote and Fuerteven-
tura are ambiguous. The presence of features that may
be exotic blocks, however, has led us to infer that
mass wasting has played a major role in the shaping
of the margin. We argue that, the margin has been
created by mass wasting, turbidity current activity and
hemipelagic deposition.

Evidence of debris avalanches due to the collapse
of the volcanic edifices is not apparent on the offshore
swath bathymetry west of Lanzarote. The multibeam
relief diagram of this slope does not display the mor-
phologic characteristics of debris avalanches, such as
coastal embayment and scars created by avalanches
(Figure 4). Instead it indicates that the margin is dom-
inated by a seaward-dipping platform bound by scarps
on the landward and seaward sides. Seaward of the
ramp is a northeast-oriented sediment wave, the Lan-
zarote Sediment Drift, that we infer to have been
sculptured by the southerly flowing North Atlantic
Deep Water (NADW) at a depth of 2000-3800 m.
The ramp’s surface is cut by narrow gullies or rills
and above it rise 100 m high circular mounds (Fig-
ures 2, 4 and 5). These mounds are aligned at right
angles to the slope’s contours with the gullies between
them terminating abruptly up slope. We infer that the
highs are volcanic cones and the gullies were prob-
ably eroded out of a thin sediment cover. That the
cones are volcanic structures is plausible as Lanzarote
experienced extensive volcanism in the 18th century
(1730-36). Contemporary accounts cited offshore ex-
plosions and discoloring of the water, and finding of
unknown species of deep-sea fish killed and brought to
the surface (Carracedo and Rodiguez Badiola, 1993),
(Figure 3). The origin of the ramp is yet to be resolved.
It could be a massive slump, but as no rotation appears
to have taken place along the inner scarp it precludes
such a possibility. The ramp probably represents an
avalanche that broke apart during its displacement.

Like the Lanzarote the margin offshore Fuerteven-
tura also lacks features characteristic of a mass wast-
ing terrain. It too lacks coastal embayments and slopes
scars produced by avalanches. However, the land geol-
ogy with its history of catastrophic collapses of mass
wasting indicates that landslides played a major role
in the sculpturing the island’s margin. A spur-like fea-
ture south of 28°30' N divides the northwest insular
margin of Fuerteventura in two (Figures 2, 4 and 5).
This feature was inferred by Ancochea et al. (1996)
to represent an erosional remnant of the Central Vol-
canic Complex whose center was located offshore of



Table 1. Statistics of Landslides

Dimensions of El Julan Debris Avalanche and Canary and Saharan debris flows are from Masson et al.
(2002); thickness of units used to calculate volumes are from Masson et al. (2002) and Teide Group (1997);
ages are from Cantagrel et al. (1999), Carracedo et al. (1999a), Urgeles et al. (1997; 1999), Masson et al.
(2002) and extrapolation from onshore geology. Areas of units inshore and offshore were calculated by
tracing their outlines; cutting and weighting them, and converting their weights into areas by dividing them
by the weight of a known area. DA=Debris Avalanche; DF=Debris Flow; S=Slump.

Name Type Length (km) Max. Width Area  Volume Age

(km)  (km?)  (km3)
Lanzarote S? >40 >30 >800 18-16 Ma
Fuerteventura
Puerto R. DA? 70 50 3500 >17.5Ma
S Puerto R.D.C  DA? 35 45 1200 >17.5Ma
Gran Canaria
Las Palmas DA 45 25 1100 9 Ma; 4.0-3.5 Ma
Galdar DA 30 10 300 4.0-3.5 Ma
Agaete DA 30 7 200 127/14? Ma
NW S 50 7 400 15 Ma
SW DA 30 10 250 4.0-3.5 Ma
R. Nublo DA 12 11 150 4.03.5Ma
La Gomera
1 DF? 15 10 80 4.0? Ma
1I DF? 10 15 80 4.0? Ma
1 DF? 45 15 340 4.0? Ma
v DF? 45 8 160 4.0? Ma
\" DF? 40 16 300 4.0? Ma
VI DF? 20 5 40 4.0? Ma
VII DF? 24 7 50 4.0? Ma
VIII DEF? 32 25 300 4.0? Ma
Tenerife
Teno DA 35 15 400 6 Ma
R. Garcia DA 95 30 2200 0.6-0.7? Ma
Icod DA 95 18 1500 <0.15 Ma
Tigaiga DA 30 10 200 >2.3 Ma
Orotova DA 75 40 2200 0.69/0.54 Ma
Anaga DA 33 15 500
Giiimar DA 85 45 2600 <0.84 Ma
A DA 22 4 80
B DA 17 5 80
C DA 7 5 30
La Palma
PV DA 50 35 1600 520 1.0-0.8 Ma
CN DA 43 30 700 80  <536->125Ka
W-PN DA >40 15 >300
E-PN DA 40 11 400
SC DA 50 35 1700 >1.0 Ma
El Hierro
Golfo DA 60 50 1700 170 9/15-10/17;17-9 Ka
PN DA 35 25 1300
LPI S 30 15 1300 545-261/176 Ka
LPII DA 45 340 350 <50  545-261/176 Ka
Julan Da 48 1800 130  500-300;130 Ka
Debris Flows
Canary DF 40,000 400 13-17 Ka

Saharan DF 48,000 60 Ka
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the present shoreline. The insular slope/rise north-
east of the spur is characterized by northwest-trending
lobes separated by V-shaped to box-shaped valleys.
Along the crest of one of the lobes is a meandering
valley with short distributaries. This lobe and valley
morphology terminates rather abruptly at a depth of
3000 m. Along this seaward edge are a 22 x 11 km
rectangular flat-topped high, a 4 x 4 km high and an
11 x 6 km elliptical shaped high (Figure 4). Short
box-shaped valleys separate these highs from one an-
other. We infer that these highs represent very large
exotic blocks carried to their present sites by the debris
avalanches that originated during the collapse of the
Northern and Central Volcanic Complexes. We have
named this unit, with an area of 3500 km?, the Puerto
Rosario Debris Avalanche (Figure 4; Table 1). Such an
interpretation of the highs may not be unrealistic be-
cause a seismic reflection profile recorded by Uchupi
et al. (1976) shows that basement immediately west
of Banquete Bank is 1.5 seconds (1500 m; assuming
a sediment velocity of 2 km/sec) below the seafloor.
However, in the absence of seismic reflection profiles
directly over the features themselves the possibility
that they represent peaks in oceanic basement cannot
be dismissed.

The insular slope/rise south of the spur at 28°30' N
consists of sediment lobes cut by a complex of val-
leys. Although the terrain has the appearance of being
formed by turbidity current processes, we propose that
this process only contributed to the modification of a
pre-existing terrain. We infer that debris avalanches
triggered by the collapse of the Central and South
Volcanic Complexes contributed to the original con-
struction of this terrain. At least half or more of the
South Volcanic Complex slid seaward in the Miocene
(Ancochea et al., 1996) producing part of the 3 to
7 km wide, 45 km long north-northwest trending
low east of the Amanay and northeast of Banquete
Bank (Figures 4 and 5). Banquete Bank, southwest of
Fuerteventura, is a flat-topped high with a minimum
depth of 60 m that is attached to the island. It ap-
pears to consist of two circular highs whose geometry
is suggestive of volcanic construction. If so then the
geometry of the South Volcanic Complex differs from
that described by Ancochea et al. (1996). It may have
consisted of three overlapping volcanoes, rather than a
single edifice (Figures 2, 4 and 5).

The west and southwest sides of the Banquete
Bank are scalloped suggestive of mass wasting. North-
west of the bank is an apron cut by gullies drain-
ing into a valley between El Banquete and Amanay

Banks. Northeast of Banquete Bank is a triangular
shaped smoothed top sediment lobe whose northern
tip is cut by low relief gullies radiating outward.
Its southern tip, next to the bank, terminates on a
northeast-trending scarp whose surface is gullied. The
feature may define a detachment surface suggesting
that the triangular sediment body is a debris avalanche
or slump. East of this slump is an amphitheater-like
indentation on the Fuerteventura insular slope whose
surface is characterized by small gullies and interven-
ing ridges. This feature also may document a mass
wasting episode.

Immediately north of Banquete Bank is Amanay
Bank that Ancochea et al. (1996) interpreted as a sub-
marine volcano. The apron on the southwest side of
the bank is narrow and terminates against a valley that
originates in the low between Banquete and Amanay
Banks. On the bank’s west side is a sedimentary apron
cut by gullies that fan out down slope. The bank’s
northeast side is dominated by two box-shaped valleys
whose distal ends are bordered by levee-like ridges.
Southeast of this valley system is a small circular high
that is either an exotic block or a volcanic cone and
a grid system of narrow highs and lows. These highs
and lows are flanked on their east side by a valley that
separates them from a sediment lobe off the northern
tip of Banquete Bank (Figure 4). Overall the morphol-
ogy of Banquete and Amanay Banks appears to be the
creation of mass wasting followed by a more recent
cycle of turbidity current deposition. We have named
this multiple event deposit feature, covering an area
of 1200 km?2, the South Rosario Debris Avalanche
Deposit Complex (Table 1). If this morphology does
reflect mass wasting it was created by the collapse of
the South Volcanic Complex in Fuerteventura and the
volcanic edifices in Banquete and Amanay Banks.

Gran Canaria: Inshore

Gran Canaria, a nearly circular island with a diameter
of 45 km and an area of 1532 km?, is separated from
the southwest end of the Canary Ridge by a 50 km
wide north-south trending low (Figures 1 and 2). The
highest point in the island, Pico de Las Nieves, has an
elevation of 1949 m (Figure 6). The peak is located
in the center of the island from which a radial sys-
tem of canyons, known locally as barrancos, extends
to the coast (Funck and Schmincke, 1998). Several
valley-embayments dissect the island coastal region.
The largest of these, Caldera de Tejada, extends from
the western edge of the island to nearly its center
(Hausen, 1962). Another large embayment, Caldera



de Tirajana occurs on the southeastern sector of Gran
Canaria. Young volcanic cones occur over the northern
half of the island down to the coast forming a promon-
tory, La Isleta (Figure 6). Many of the lava streams
from these structures have partly filled the barrancos,
subduing the topography. The island’s coast is gen-
erally smooth being disrupted by a few promontories
such as La Isleta in the northeast, Punta de Arinaga
in the east and Maspalomas, a broad headland, in the
south.

The major subaerial magmatic episodes, which
build the island, took place in the Miocene between
16 and 9 Ma (Figure 6) (Funck and Schmincke, 1998;
Schmincke and Sumita, 1998). Volcanic activity was
absent from 9 to 5 Ma, and the island, which had
an elevation of about 2000 m, was deeply eroded
and debris flow fans were deposited over the eroded
Miocene igneous rocks. Above these sediments are 5
Ma nephelinites and basanites and the Roque Nublo
Group, a post-erosional feature, emplaced between
4.0 and 3.5 Ma. A stratocone, possibly as high as
3000 m, was constructed above the eastern rim of
the Miocene caldera during the Roque Nublo cycle
(Funck and Schmincke, 1998; Mehl and Schmincke,
1999). A possible brief gap in volcanism was followed
by another period of volcanism 3.2 to 1.8 Ma. Qua-
ternary volcanism has been restricted to the northern
half of the island. Such activity may have constructed
the volcanic edifice off La Isleta, whose radial lobes
may represent submarine volcanic flows (Funck and
Schmincke, 1998), and the circular highs in the di-
vide between Gran Canaria and Fuerteventura. The
occurrence of 3000 year BP basanite scoria cones and
lavas flows indicates that Gran Canaria continues to be
volcanically active.

Landslides and debris avalanches took place at
the end of the Miocene basaltic shield phase 13.3-
9.0 Ma and during the Pliocene Roque Nublo phase
4.0 to 3.5 Ma (Funck and Schmincke, 1998; Mehl
and Schmincke, 1999). The Roque Nublo Debris
Avalanche resulting from the collapse of the Pliocene
Roque Nubo stratocone that crops out along the south,
northeast and northwest present coast of Gran Canaria,
a distribution that demonstrate that the flow must have
entered the sea. Included within and on top of the
avalanche are at least seven megablocks with diam-
eters of >100 m, blocks 0.25 to 100 m in diameter,
and blocks up to 100 m in diameter that were highly
brecciated during the transport. The largest of the
megablocks blocks (Roque Nublo Plateau) is 1200 m
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long, 800 m wide and about 300 m thick (Mehl and
Schmincke, 1999).

Gran Canaria: Offshore

Like the insular margin offshore Lanzarote and
Fuerteventura, the margin of Gran Canaria may
be mainly the creation of turbidity currents and
hemipelagic deposition. However, segments of the
margin appear to reflect mass wasting, particularly in
the divide between Gran Canaria and Fuerteventura
and offshore the north and west sides of the island.
The region where the Gran Canaria edifice overlaps
the Fuerteventura structure is one of the most complex
topographic regions in the Canary Island archipelago.
It is here that Amanay and Banquete Banks offshore
Fuerteventura are found. Funck and Lykke-Andersen,
(1998) and Funck and Schmincke (1998) inferred that
the a 200-m-deep and 3-km-long erosional channel
was formed in the region by bottom currents, but the
new swath data demonstrate that the topography is
more complex (Figures 7 and 8). Linking Banquete
Bank and a northeast-trending swell offshore Gran
Canaria are two small highs separated by south and
north draining channels. Along the southeast side of
the swell and highs are numerous circular highs whose
topography is suggestive of volcanism (Figures 4 and
7). Southeast of the swell is a sediment apron whose
surface is cut by low relief gullies. This apron, flanked
on the east by Banquete Bank and on the west by a
deep-sea fan offshore the south coast of Gran Canaria,
was formed from sediments washing over the divide
between Fuerteventura and Gran Canaria (Figure 7).
The contact between Banquete Bank and the overlying
apron to the north is sharp with the apron gullies curv-
ing along the edge of the bank. The contact between
the apron and the deep-sea fan to the west is one of
overlap with the apron prograding over the fan.

Two curved north-draining valleys originating on
the east side of Gran Canaria dominate the sea floor
between Amanay Bank and Gran Canaria. The north-
ern end of the valley divide is irregular and shallower,
whereas its southern end is deeper and smoother. The
rough topography of the northern end of the divide
appears to be due to mass wasting and the smooth
topography of the southern end of the divide is the
result of either recent slumping or sediment being
trapped behind the higher northern end of the divide. If
due to sedimentation, then the deposits were dammed
behind the detachment surface of debris avalanche.
At the northern end of the seaward extension of Bar-
ranco Silva (Figure 6), is a rough surfaced debris
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Figure 7. A. Shaded relief image of Gran Canaria margin. Illumination is from northwest. B. Shaded relief image of Gran Canaria displaying
the extent of possible mass movements off Gran Canaria and eastern Tenerife.
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Figure 8. 3D image of Gran Canaria margin and tip of the Tenerife margin looking north. Note high linking Gran Canaria and Tenerife. It
consists of basement highs and sediment ridges created by the southern flowing North Atlantic Deep Water. This high forced the Giiimar Debris
Avalanche off Tenerife northeast. The fan off southern Gran Canaria is separated from the apron off western Gran Canaria by a triangular
shaped high, which we infer was created by intrusive/extrusive igneous activity along a rift zone. The two terraces on the upper slope separated

by an embayment may be due to slumping. High on east side links Gran Canaria with Banquete Bank off Fuerteventura.

flow or avalanche. Roughness is due to northeast and
northwest-trending grooves segmenting the flow. A
western valley, the seaward extensions of Barranco
Guiniguada, displays low relief grooves aligned par-
allel to its axis. They represent scour marks and the
ridges flanking the distal end of this valley represent
levees. Seaward of this valley is a sediment lobe that
represents either a debris flow, on avalanche or a tur-
bidite fan. We infer that much of this topography is due
to a combination of mass wasting and subsequent tur-
bidity current activity and have named the feature the
Las Palmas Debris Avalanche (Figure 7; Table 1). The
avalanche has an area of 1100 km? and is probably the
consequence of three events, a Miocene (9 Ma) event
that led to the construction of the bulk of the unit, the
Pliocene Roque Nublo collapse at 3.5 Ma that led to
the avalanches associated with the seaward extensions

of barrancos Silva and Guiniguada, and post-Pliocene
erosion and deposition by turbidity currents.

Between La Isleta and Galdar, at the northeast tip
of Gran Canaria, is a wide valley, the seaward ex-
tension of Barranco Azuaye (Figures 6, 7 and 8). At
its mouth is a rough surface sediment lobe that can
be traced to a water depth of 3400 m. This valley
may have been formed by an avalanche, debris flow
or turbidity current with the low grooves paralleling
its axis, representing scour marks. The lobe at the
mouth of the low represents sediments deposited by
the avalanche or debris flow or turbidity currents. We
have named the event that eroded this scar the Galdar
Debris Avalanche (Table 1).

A debris avalanche origin for this valley is sup-
ported by the lithology at ODP Sites 953 and 954.
(Figures 1 and 7; Shipboard Scientific Party, 1995a,
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Figure 9. A. Shaded relief image of La Gomera margin. B. Shaded relief image of La Gomera region displaying possible debris flows on the
margin. Note that those on the northern slope merge down slope.
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Figure 10. 3D image of La Gomera (G) margin looking north. We infer that the chutes on the right and left may represent scars eroded by
debris flows. Another debris unit may be represented by the low on the southeastern slope of the island.

b). The Miocene sediment section at ODP Site 953, the
more distal site, consists volcanic debris flow and tur-
bidites, nannofossil sediment, volcaniclastic material
and distal submarine ash flows correlative with the Fa-
taga and Mogan phases of volcanism. Also included in
the section is late Miocene to early Pliocene nannofos-
sil ooze correlative with the hiatus in volcanic activity
and early to late Pliocene volcaniclastics and nanno-
fossil ooze correlative with the Roque Nublo phase.
The section at ODP Site 954, the more proximal site,
consists of 15-14 Ma breccia composed of basaltic
clasts with minor green hyaloclastic tuffs, lapillistone,
calcareous sediment and clay and late Pliocene lapilli-
stone with volcanic clasts (Shipboard Scientific Party,
1995b).

Funck and Lykke-Andersen (1998) inferred that
the breccia unit with an area of >60 km? was a debris
deposit emplaced > 14 Ma and transported 70 km from
its source. In contrast Schmincke and Segschneider
(1998) suggested that the breccia unit is a consequence

of the collapse of part of the shield volcano at the end
of its shield-building phase. The swath bathymetry is
not conclusive in regards to the origin of the breccia
unit, but the location of the breccia at the mouth of
valley appears to support Funck and Lykke-Andersen
(1998) speculation that the breccia is a debris flow that
originated 70 km away. We suggest that the valley was
formed or exhumed during the Roque Nublo phase
4.0-3.5 Ma. We further propose that the path of the
Miocene avalanche responsible for the deposition of
the breccia lay farther west, probably the low offshore
Galdar. We infer that the valley was created by a flow
that we named the Agaete Debris Avalanche (Figure 7;
Table 1). It was this Miocene flow that deposited the
lobe offshore Galdar, a lobe that was cut during the
Roque Nublo event leading to the formation of the
Galdar Scar.

The northwest coast of Gran Canaria, between
Galdar and San Nicolas, is dominated by a broad
19 km wide and 4.5 km deep coastal re-entrant. Its
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landward side is characterized by a > 1000 m high cliff
displaying a gradient of 45°. Funck and Schmincke
(1998) proposed that this feature is the head of a land-
slide comparable to those found in El Hierro. They
suggested that the collapse is related to the formation
of the Tejada Caldera during the Miocene about 15
Ma. Offshore the feature is characterized by protru-
sion on the insular shelf at the north and a re-entrant
at the south. A seismic reflection profile recorded by
Funck and Schmincke (1998) shows that two wedge-
shaped sedimentary units, pinching out at a depth of
1000 m, mantle the protrusion. The top of the wedge
forms the insular slope and its outer surface the upper
insular slope. The 180 m thick upper unit consists of
volcaniclastics and biogenic sediments emplaced after
the collapse of the coastal low. The over 200 m thick
lower unit may represent debris flows emplaced dur-
ing the collapse of the low with the shelf protrusion
representing a massive slump block. The displace-
ment of the slump supposedly formed the shelf’s re-
entrant south of the protrusion. The seafloor seaward
of the protrusion ranges from mounds to northeast-
trending furrows on the surficial sediments blanketing
the Tenerife volcanic edifice. The mound topography
may be related to sediment recently displaced from up
the Tenerife insular slope. The furrows are probably of
erosional origin and were created by southerly flowing
NADW (Teide Group, 1997).

West of Barranco Aldea (Figures 6 and 8) is a
northeast-southwest trending irregular surfaced ridge
linking the Gran Canaria and Tenerife margins. Seis-
mic reflection profiles recorded by Teide Group (1997)
indicate that the high consists of oceanic basement
highs and sediment waves formed by the south-
flowing NADW. The protrusion of Gran Canaria
shelf’s edge south of San Nicol4s is the seaward edge
of a scar in the Miocene shield volcano (Figure 6).
The low defined by this scar, the Horgazales Basin of
Schmincke (1968), is filled on land with late shield
basalts of the Mogan Group. If so this suggests that
the scar is >14.1 Ma, Funck and Schmincke (1998)
suggested that the offshore extension of this low is
filled with volcanic debris comparable to those on-
shore. They interpreted a 650 m thick lower sediment
unit imaged by seismic reflection profiles as possi-
bly representing this volcanic debris flow. Schmincke
and Segschneider (1998) speculated that this debris
flow was created by the collapse of the subaerial and
submarine flank of Gran Canaria to form Horgazales
Basin. Funck and Schmincke (1998) further spec-
ulated that the hummocky topography seaward of

Horgazales Basin represents slump blocks formed dur-
ing the creation of the low. An 80 m thick Miocene
debris flows cored at ODP Site 956 support such a
collapse model (Shipboard Scientific Party 1995c¢).

The Gran Canaria southwest slope is character-
ized by a V-shaped northeast-trending valley system,
draining into a northwest-trending trough at a depth
of 3000 m. A narrow ridge, possibly generated by
volcanism along a rift, dominates the margin off the
southwest tip of Gran Canaria. At the end of this
ridge is a smooth northwest-trending platform par-
tially fronting a sediment apron (Figure 7). The north-
east side of this platform is gullied and its southwest
side is scalloped suggesting that the high has experi-
enced mass wasting. Whether the high is a volcanic
construction or represents an exotic block displaced
from Gran Canaria cannot be determined from our
data set. That it may represent an exotic block is
not unrealistic as mass wasting deposits have been
documented at ODP Site 956 just west of the high
(Figures 1 and 8). The early Pliocene to late Miocene
nannofossil ooze at this site is characterized by slump
structures and slump debris that were emplaced dur-
ing the collapse of the shield volcano that led to the
formation of Horgazales Basin >14.1 Ma (Shipboard
Scientific Party, 1995d).

The Plio-Quaternary section at Site ODP 956 con-
sists of nannofossil ooze interbedded with coarse
debris rich in pumice whose source is Tenerife.
Schmincke and Segschneider (1998) speculated that
the 75 to 100 m thick sandstone interbedded with
turbidites of mixed volcaniclastics and biogenic sed-
iments above the debris flow is a tsunami deposit.
They pointed out that its composition indicates that the
sandstone was derived from a mafic/ultramafic source
and proposed that it was derived from La Gomera.
They also point out that Gran Canaria itself could have
been the source of this sediment if Jurassic oceanic
crustal material was transported to the island surface
by phreatic explosions.

On the southern Gran Canaria margin is a fan cut
by a system of branching canyons (Figures 7 and 8).
This fan, centered on Barranco de Arguineguin, was
probably constructed from material discharged off-
shore by the radial canyons between Barranco de Mo-
gan and Barranco de Fagata (Funck and Schmincke,
1998). Mehl and Schmincke (1999) inferred that the
Pliocene Roque Nublo debris avalanche traveled more
than 50 km beyond the present south coast and that a
major part of the avalanche debris was deposited as
a debris flow on the apex of the fan. From seismic



reflection data Funck and Schmincke (1998) proposed
that the lobe had an approximate volume of 20 km?.
They also proposed that canyon cutting in the fan took
place during the Roque Nublo phase 4.5-3.5 Ma, an
erosive phase that was aided by the wet climate that
prevailed at that time. If the sediment lobe along the
crest of the fan is the seaward extension of the Pliocene
Roque Nublo and canyon cutting took place at 4.5-3.5
Ma, then the fan beneath the debris lobe must have
been constructed during the Miocene. If so then a sig-
nificant volume of debris produced by the collapse of
the Miocene shield volcano at 9 Ma was transported
southward to construct the fan offshore the southern
coast of Gran Canaria.

Island in Repose Stage (Gap Stage)

La Gomera: Inshore
La Gomera is semi-circular in outline with an east-
west diameter of 24 km, a north-south length of 20 km
and an area of 378 km? (Figures 1 and 2). The center
of the island is occupied by an undulating upland with
a maximum elevation of 1375 m at Alto de Garajonay
(Figure 6). Barrancos radiate in all directions from the
upland to the coast and steep and rocky cliffs, par-
ticularly in the north and south, surround the island
(Hausen, 1965). Hausen (1971) inferred that the bar-
rancos are the products of two cycles of erosion with
some of the older features being cut off by precipices
in the vicinity of the coast and others being deepened
by younger narrow canyons when reaching the coast.
With the exception of a small indentation on the west
coast, La Gomera lacks the amphitheaters and but-
tresses characteristic of the other islands suggesting
that La Gomera either has not experienced massive
catastrophic failures of its volcanic edifices or these
features have been erased by erosion. This denudation
has not yet been followed by post-erosional volcanic
activity as the island is devoid of younger volcanoes
with its morphology, giving an impression of old age.
Hausen (1971) proposed that faulting has uplifted
the island 900 m at the north and tilted it to the south.
It is this uplift that supposedly was responsible for
the creation of mountain blocks on the north and west
coasts and the initiation of the younger erosional cycle
that rejuvenated the older forms. Evidence for post-
tectonic erosion includes the deep barrancos radiating
from the island’s center, the landslides in the barrancos
and along the coast, the truncation of flat-lying basalts
by the steep sea cliffs at the north and west coasts and
the presence of a phonolitic neck at the water’s edge at
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the northwest coast. Hausen (1971) proposed that this
neck was emplaced at the time when the coast lay far
to the north.

As noted by Abdel-Monem et al. (1971) the ge-
ology of La Gomera is quite simple. At the base
is a basal complex comparable to the complex in
Fuerteventura and La Palma (Bravo, 1964a, b; Hausen,
1965, 1971; Cendrero, 1967; Cantagrel et al., 1984).
Resting unconformably on basement are the older
tilted basalts (Basaltos Antiguos of Bravo, 1964a) ex-
posed on the northeast coast. Resting unconformably
on the basement and the older tilted basalts is the
shield phase of volcanism consisting of basalt lavas,
tuffs and agglomerates. Pliocene salic lava sheets,
sills, dikes and laccoliths, represent the concluding
phase of this volcanic episode.

Cantagrel et al. (1984) inferred the following his-
tory for La Gomera: 1. The age of the basement
complex is not well constrained, an age of 20 Ma
reported by Abdel-Monem et al. (1971) may be con-
servative; 2. The age of the unconformity truncating
the basement complex also is unknown; 3. The Older
Basalts are older than 10 Ma (Cantagrel et al., 1984);
4. Polymictic breccias above these basalts are 10 to
9 Ma and the upper old basalts 9 to 6 Ma (Cantagrel
et al.,, 1984); 5. The hiatus truncating these deposits
is 6 to 5 Ma; 6. The radial dikes were intruded at 5
Ma; 7. The Younger Basalts were extruded 4.5 to 4.0
Ma with local igneous activity taking place 2.8 Ma.
Prior to the extrusion of the younger basalts the island
subsided southward at 8 to 5 Ma, accounting for the
greater thickness of the basalt in that direction. In time
the whole island was covered by basalts. This basaltic
extrusion was not continuous, but was disrupted by
periods of erosion and barranco formation that were
later filled by younger lavas. The volcanic phase was
terminated with the emplacement of salic lavas of
phonolitic composition in the form of flows, cones,
dikes, sills and laccoliths. The salic volcanic phase
was followed by a long period of erosion during the
Pliocene-Quaternary. How extensive this erosion was
is attested by the Roques. These columnar structures,
that rise hundreds of meters above their surroundings,
were formed by erosion of the cone leaving the conduit
fill of salic lavas as erosional remnants.

La Gomera: Offshore

Much of the morphology of the insular margin of
La Gomera has the appearance of a terrain created
by turbidity current processes (segment II) modified
to some degree by hemipelagic sedimentation. Not all
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the morphology, however, appears to be the creation
of these two processes. For example, segment III, has
the appearance of a debris flow, but again it could be
interpreted as a fan. Whatever mass wasting events
took place that led to the creation of the present mor-
phology of La Gomera they are no longer recognizable
offshore. What few features on the slope that can be
attributed to gravitational processes originated on the
insular slope and may have been triggered by turbidity
currents. For example, the slope on the east side of
La Gomera, segment IV, is rough and may consist of
exotic blocks and represent an avalanche deposit (Fig-
ures 9 and 10). However, in the absence of sampling or
bottom photographs the possibility that the highs may
represent salic necks (comparable to the Roques on
land) or volcanic cones or even simply valley divides
cannot be eliminated. On La Gomera’s northwest sec-
tor, segment I, the margin is in part in the form of a
northwest-trending ridge over 100 m high which may
represent a rift, with a chain of volcanic cones along
its crest. The slope/rise on the island’s south side con-
sists of wide flat-bottomed valleys (segments V-VII)
entrained in lobes having the appearance of deep-sea
turbidite systems. Segment VIII on the southwest side
of the island also displays the same morphology. All
in all the morphology of La Gomera, both inshore and
offshore differs from the other islands. Nowhere does
the morphology display features diagnostic of mass
wasting.

Younger Islands

Tenerife, La Palma and El Hierro

Whereas in the older islands landslides triggered by
collapse of volcanic edifices are obscured by subse-
quent events, those in the younger islands, Tenerife,
La Palma and El Hierro, are readily recognizable and
can be traced tens of kilometers offshore. On land such
catastrophic episodes are documented by breached
calderas, impressive coastal embayments and massive
breccia flows. It is for these reasons that all investiga-
tions of mass wasting to date have been concentrated
in these islands. Although our survey has provided
us with an extensive data base on these events (Fig-
ures 2, 11 and 12), our description of them is brief.
The reader is referred to a recent summary by Masson
et al. (2002) for a discussion of the younger islands.
We should mention, however, that our survey revealed
avalanches north of La Palma and Hierro that were
not known before and that the Santa Cruz Debris

Avalanche east of La Palma is more extensive than
proposed by Masson et al. (2002). Our survey also
demonstrates that although the offshore landslides are
aligned with the failures on land, they are not topo-
graphically continuous, but are separated by a several
hundred meter high scarp on the insular slope.

Tenerife: Inshore

The pyramid-shaped Tenerife, with the double peak
stratovolcano, Pico Viejo (3100 m) and Teide (3710
m), with the Canadas Caldera at its apex, began to
form subaerially 11.6 Ma (Miocene) (Ancochea et al.,
1990). Resting on the older volcanic units, the Anaga,
Teno and Roque del Conde massifs, are the Cordillera
Dorsal and Las Cafiadas volcanic edifice built between
3.5 and <0.15 Ma. The island acquired part of its
present morphology as a result of volcanic collapses
that took place along north draining valleys (>2.3 Ma
Tigaiga Debris Avalanche; the Roques de Garcia De-
bris Avalanche 0.7?7-0.6 Ma; the Cordillera Dorsal and
Canfadas III failure <0.84 Ma to <0.15 Ma; Orotova
0.69-0.54? Ma and Icod de los Vinos <0.15 Ma) north
of the Cordillera Dorsal and a south draining valley
(Giiimar Valley <0.84 Ma) south of the cordillera
(Cantagrel et al., 1999). The many small individual
basaltic volcanoes scattered throughout the islands and
the Teide-PicoViejo which erupted in historical times
have added to Tenerife’s morphology (Ancochea et al.,
1990).

Tenerife: Offshore
On top of the offshore extension of the Anaga Massif
is a valley/ridge system that can be traced to a depth of
3000 m. They define the pathways of the flows making
up the Anaga Debris Avalanche lows (Masson et al.,
2002). Seaward of the Teno Massif is another debris
avalanche, represented on land by a breccia overlain
by 6.7 to 6.3 Ma and 5.6 to 5.0 Ma volcanic rocks.
Cantagrel et al. (1999) dated this avalanche as being
approximately 6 Ma. East of the Teno Avalanche is
another unit that Masson et al. (2002) correlated with
the Roques de Garcia Debris Avalanche on land. Sea-
ward of the Tigaiga Massif is a triangular shaped rough
surfaced high that extends to a water depth of 1200 m
(Figure 11). Topographically this insular slope spur
appears to be an expression of the Tigaiga Avalanche
on land, but such a supposition needs to be verified by
sampling. The high could simply be part of the flank
of the volcanic edifice that survived the avalanches.
Between the Anaga and Teno Massifs offshore the
northwest coast are two avalanche deposits that can
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Figure 12. 3D images of the Younger Canary Islands: A) Tenerife, B) La Palma and C) El Hierro. The smooth low relief slope segments
represent avalanche scars. Note the sediment drift off the distal ends of the avalanches offshore La Palma and El Hierro. We infer that these
sediment waves were formed by currents of AABW. LRM= Low Relief Mounds
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Figure 13. Depth profiles of the Canary Islands compiled from Figure 2. Note that whereas the younger islands margins display concave
upwards profiles characteristic of mass wasting, Fuerteventura’s and La Gomera’s margins are convex upwards characteristic of a turbidity
current regime. The Gran Canaria margin is both concave and convex upwards suggestive of mass wasting and turbidity currents. The platform
outline of the Lanzarote margin is suggestive of slumping. EH= El Hierro; F= Fuerteventura; GC= Gran Canaria; L= Lanzarote; LP= La

Palma; T= Tenerife.

be traced for tens of kilometers offshore, the Icod
and Orotova Avalanches (Figure 11). Associated with
them are small highs that Watts and Masson (1995)
and Teide Group (1997) interpreted as exotic blocks
transported by the avalanches. Not all the highs within
the flows are of this origin. At least one high at the
head of Orovota flow, however, displays a circular
morphology more suggestive of volcanic construction
(Teide Group, 1997). The Orotova/Icod failures sup-
posedly triggered a turbidity current, which deposited
a volcaniclastic layer in the Madeira Abyssal Plain
west of the Canary Islands (Figure 1) (Rothwell et al.,
1998) and Agadir Basin north of the Canary Islands
(Figure 1) (Masson et al., 2002). Teide Group (1997)
noted that, although the offshore slope failures are
aligned with the Orotova and Icod Valleys, no topo-
graphic continuity exists between them; a north-facing
100-600 m high scarps separates them.

The southwest margin of Tenerife is rectilinear and
has the appearance of a fault scarp whose movement
has truncated the Teno and the Cafiadas volcanic series

(Figures 11 and 12). At its steepest the scarp, whose
base is at depths of 1500 to 1125 m, descends at a
rate of 330 m per km. The scarp is divided in two by
a transverse spur oriented at right angles to the coast
(Figure 9). At the base of the scarp, southeast of this
transverse structure, is a rise whose channels drain
southwestward terminating against the rise south of La
Gomera. Most of this terrain appears to be the cre-
ation turbidity current processes (Figure 9). The apron
is missing northwest of the transverse high and the
insular slope is bordered by a smoothed floored low.
Apparently deposition on this low was primarily by
pelagic processes, with little or no slope degradation
from either Tenerife or La Gomera. Alternatively the
lack of relief is due to lava flows.

Morphologically Tenerife’s southeast insular mar-
gin, buttressed by Gran Canaria, can be divided into
two provinces (Figure 12). From the Bandas del Sur
to the Anaga Massif the Tenerife coast displays two
embayments separated by a buttress at the mouth of
Giliimar Valley. The buttress is due to lava flows ex-
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Figure 14. Schematic cross-section of the slip surfaces of the inshore and offshore debris avalanches. The inner scarp represents the detachment
surface of the inshore avalanche with the base of the avalanche being along the top of the transitional zone between the subaerial and submarine
lava flows. The slip surface of the offshore deposit is along the outer surface of the transitional zone. This model is modified from Jacobs (1995)

using data from DePaolo et al. (2001).

truded by several volcanoes at the mouth of the valley.
The embayments are the result of a catastrophic fail-
ure extending southeastward to the rise northwest of
Gran Canaria where it fills a re-entrant on the Gran
Canaria margin with the distal end being deflected
southeastward by Gran Canaria (Masson et al., 2002).
Scattered over the surface of this failure, the Giii-
mar Debris Avalanche, are numerous highly reflective
small objects, which we infer to be exotic blocks. A
ridge extending from Gran Canaria to Tenerife near
28°05’ N also prevented the avalanche from flowing
southwestward (Figures 11 and 12). Like the debris
avalanches offshore Orotova and Icod Valleys on the
northwest coast, this debris flow is separated from the
unit in Gliimar Valley by a 700 m high scarp that is
slightly convex to the east. This slope is cut by V-
shaped canyons at the mouths of which are fans resting
on debris avalanche. Except for one V-shaped canyon
on its northeast side due to post-failure local erosion
by turbidity currents (Krastel et al., 2001), the off-
shore avalanche surface is smooth. Two volcanic highs
within the debris avalanche deposit, indicative of post

failure volcanic construction, may be correlative with
the latest Pleistocene-Holocene volcanoes in the Giii-
mar Valley. At the distal end of the debris avalanche
deposit, next to Gran Canaria, is an erosional trough
that Teide Group (1997) inferred to be cut by the
southwest flowing NADW.

At the southwest corner of Tenerife is the Bandas
del Sur Fan, a thick pyroclastic apron that correlates
with the upper group felsic formations exposed in the
Las Cafiadas Caldera (Ucanca Formation 1.59-1.18
Ma; Guajara Formation 0.85-0.57 Ma; Diego Hernéan-
dez Formation 0.53-0.18 Ma; Marti et al., 1994). It
is composed of pumice, ignimbrites, basaltic scoria
cones, lavas and mudflows (lahars) with steep-sided
erosional remnants of the older basaltic series rising
above its general surface. Offshore the Bandas is a
northwest-trending fan that can be traced to a depth
of more than 3000 m (Figures 11 and 12). Its surface
is cut by a system of canyons that is slightly con-
vex toward the east. The fan is bordered on its west
side by a sediment-covered ridge that may have been
constructed by igneous activity along a rift. Toward
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the northeast the fan terminates against an oceanic
basement high offshore Gran Canaria that, preliminary
results suggest may represent a rift related to the vol-
canic construction of Gran Canaria. Further south the
fan is separated from an apron offshore Gran Canaria
by a northwest trending low.

La Palma: Inshore

Pear-shaped La Palma is the second youngest island
of the Canary Island archipelago. Its surface is cut by
many barrancos, the largest of which is the westward
draining Barranco de las Angustias that originates in
the Caldera de Taburiente (type caldera) whose verti-
cal walls are up to 800 m high (Hausen, 1969) and
whose floor has a maximum elevation of 1500 m (An-
cochea et al., 1994). Extending southward from the
rim of the Caldera de Taburiente to Punta de Fuen-
caliente at the southern tip of La Palma is a narrow
ridge, Cumbre Vieja, whose crest is over 1300 m
above sea level. Along the crest and slopes of Cumbre
Vieja, at Punta Fuencaliente, and on the outer slopes at
the northern end of the island are many young cinder
cones. Lava flows originating from the cones along the
crest of the Cumbre Vieja extend along the east and
west coasts of La Palma filling many of the barrancos
in the slopes. The island’s coasts are generally steep
and rocky with noticeable re-entrants along the north,
east and west coasts.

The earliest volcanic collapse in La Palma took
place at 1.2 Ma as a result of which a south-southwest
trending paleocaldera was formed at the site of the
Taburiente Caldera. This relief was subsequently sub-
dued by the construction of the southern ridge (Cum-
bre Nueva high) by three overlapping edifices to form
the northern shield of La Palma (Carracedo et al.,
2001). This structure in turn was destroyed about 0.4
Ma to form the ‘Cumbre Nueva collapse scar’ and the
‘Caldera Taburiente’. Ancochea et al. (1994) inferred
that large landslides formed both the Cumbre Nueva
collapse scar and the Caldera de Taburiente 700-710
Ka, whereas Carracedo et al. (1999b) and Carracedo
et al. (2001) inferred that only the Cumbre Nueva col-
lapse scar was formed by a collapse 560 Ka. Carracedo
et al. (1999b) suggested that the Caldera de Taburiente
is erosional in origin and formed by a drainage sys-
tem trapped between the growing Bejenado Volcano
and the 558 Ka Cumbre Nueva collapse scar. More
recently Carracedo et al. (2001) inferred that the ge-
ology of the caldera is due to gravitational collapse,
the emplacement of the Bejenado Volcano inside the
collapse structure and the incision of the Barranco de

las Angustias along the western boundary of the col-
lapse to form the Caldera de Taburiente. The Cumbre
Vieja Volcano at the southern end of Cumbre Vieja
Ridge began to form on the flank of the Taburiente-
Cumbre Nueva Caldera about 123 Ka, a volcanism
that has continued until the present (Guillou et al.,
1998; Carracedo et al., 2001).

La Palma: Offshore
Like Urgeles et al. (1999) we infer that the aprons
on the east and west insular margins of La Palma are
the creations of mass wasting (Figures 11 and 12).
They recognized two avalanche deposits on the west
side of the island consisting of three lobes. They in-
ferred that the central lobe is Cumbre Nueva and the
lobe north this lobe as Playa de Veta (Urgeles et al.,
1999). From its sediment cover they suggested that the
southern lobe is older than the Cumbre Nueva Debris
Avalanche and correlated it with the Playa de la Veta
Debris Avalanche north of Cumbre Nueva. According
to Urgeles et al. the onshore headwall of the Cumbre
Nueva Debris Avalanche is defined by the Caldera de
Taburiente and Cumbre Nueva Ridge and is 558 Ka.
They correlated the Playa de la Veta Debris Avalanche
Deposit with the collapse of Garafia Volcano, beneath
south-southwest trending beneath Caldera de Taburi-
ente dates from 1.2 Ma (Figure 11). According to
Carracedo et al. (2001) this volcano developed steep
walls closely centered over the seamount forming the
foundation of La Palma. This volcano was at least
2000 m high with a diamater of 25 km and covered
much of the northern end of La Palma. On land the
Playa de la Veta flow may be represented by a sev-
eral hundred meter thick breccia atop the seamount
series in the east and southeast of the Caldera de
Taburiente (Carracedo et al., 2001). We question the
age assigned to the southern lobe by Urgeles et al.
(1999). Instead we propose that this is part of the Cum-
bre Nueva Debris Avalanche. We ascribe differences
in sediment cover between the northern and southern
sides of the Cumbre Nueva Debris Avalanche, not to
different ages, but to differences in rates of deposition,
a difference documented by the thick sediment apron
on the west flank of the Cumbre Vieja Ridge. Thus the
avalanches off the west consist of two lobes, the Playa
de la Veta to the north overlapped to the south by the
Cumbre Nueva Avalanche. How far south the Playa de
la Veta Avalanche extends beneath the Cumbre Nueva
cannot be determined from our data.

Several small debris of limited extent were imaged
by the new multi-channel data on the north insular



slope (Figure 11). A third large debris avalanche off
the east coast was identified by Masson et al. (2002)
and named the Santa Cruz Debris Avalanche deposit.
They inferred it to be older than 1 Ma and that the
plane of separation of the avalanche might be located
in the embayment in Santa Cruz. According to Car-
racedo et al. (2001), however, there is no geological
evidence onshore for this slide. Data collected during
the present survey indicate that the deposit is much
more extensive than inferred by Masson et al. (2002).
In plan view the Santa Cruz Debris Avalanche deposit
displays a fan shape with its apex located in the vicin-
ity of Santa Cruz. From its morphology the Santa Cruz
Debris Avalanche appears to consist of three units, a
northern one entrained by northeast-trending lows and
ridges with an extensive coverage of exotic blocks,
a central one also cut by similar lows bordered by
ridges but with sparce coverage of exotic blocks on
its surface, and a southern one lacking the lows and
ridges, but having a noticeable coverage of highs that
are circular suggesting that they represent volcanic
cones (Figure 11). The contact between the northern
and central units is gradational, with the flows being
distinguished from one another by block concentra-
tion, whereas the boundary between the central and
southern flow is sharp, being defined by a chain of
blocks. Along the southern side of the Santa Cruz
Debris Avalanche is a line of three volcanic cones
extending from the offshore ridge south of La Palma
(Figures 11 and 12). Along the southwest border of
the Santa Cruz Debris Avalanche is a submarine ridge
on strike with the Cumbre Vieja Ridge on land. This
ridge plunges offshore to a depth of 3000 m, is convex
in plan view and curves toward the east in the direction
of the northwest trending fracture zone off La Gomera.

As there is no obvious geological evidence onshore
for this slide (Carracedo et al., 2001), we suggest that
its path to a potential source was buried by subsequent
volcanic activity. Consequently we infer that the Santa
Cruz Debris Avalanche was the creation of either the
collapse of the southeast flank of the Garafia Volcano
or the east flank of the Cumbre Nueva Rift. If the
failure is due to the collapse of the Garafia Volcano
then the Santa Cruz Debris Avalanche is 1.2 Ma and if
due to the collapse of the Cumbre Nueva Ridge then
the avalanche is 560 Ka. If the flow originated as a
result of the collapse of the Garafia Volcano, then it
probably was continuous with the Playa de Veta west
of La Palma and was cut in two by the construction
of Cumbre Nueva and Cumbre Vieja Ridges. If due to
the collapse of the Cumbre Nueva Ridge then it may
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have been continuous with the Cumbre Nueva Flow
Avalanche west of La Palma and was cut in two with
the construction of the Cumbre Vieja Ridge.

On the distal ends of the western and eastern
avalanche deposits and the rough terrain off the north-
ern end of La Palma, at a water depth of 3600 to
4500 m, is a sediment drift. Northwest-trending chan-
nels originating on the northwest insular slope of La
Palma segment the field. South of the drift are the El
Golfo Debris Avalanche and the Canary Island Debris
Flow (Figure 11). According to Masson et al. (1992)
the Canary Debris flow is younger than the sediment
drift, implying that the sediment drift is older than 15
Ka. The sediment drift is absent in the gap between
the avalanche deposits offshore southern La Palma and
northern El Hierro. Wynn et al. (2000) inferred that
this is the result of a predominance of mass wasting
processes in the region.

The crests of the sediment waves in the sediment
drift are parallel or subparallel to the insular slope,
with their crests being sinuous and bifurcate. Ac-
cording to Wynn et al. (2000) the sediment waves
are asymmetrical with a steeper slope facing down
slope, become smaller down slope, have average
wave heights of 21 m and wavelengths of 1.2 km.
Core samples indicate that the sediment waves were
formed from volcaniclastic turbidites interbedded with
pelagic/hemipelagic layers, and apparently have mi-
grated upslope through time.

Two origins have been proposed with regard to the
sediment drift. As the features lie within the northeast
flowing Antarctic Bottom Water (AABW) Jacobi and
Hayes (1992) and Masson et al. (1992) proposed that
the sediment waves were or are formed and main-
tained by this current. Wynn et al. (2000) rejected
such an origin on the basis of the following obser-
vations: (1) AABW flow in the region is weak and
bottom photographs display no evidence of signifi-
cant bottom current activity; (2) waves formed in this
manner should be oriented at an angle to the current
and will migrate up current and to the right of flow
direction; those in the La Palma field, however, are
aligned approximately parallel to the current and dis-
play an upslope migration; (3) the waves are located
within a zone of mixing of northeast flowing AABW
and southwest flowing NADW, a zone of ‘no motion’;
and (4) the waves display no change in direction and
orientation across the zone of mixing. Although reject-
ing such an origin they did point out that features may
be relict and may have formed during glacial periods
when the AABW current was stronger.
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Wynn et al. (2000) favored formation of waves by
down slope turbidity currents. They point out that such
an origin is supported by the following: (1) the waves
are at right angles to such flow; (2) the waves display
evidence of migration up slope (up current); (3) the
waves decrease in size down slope, reflecting a re-
duction in the velocity of the turbidity currents with
a decrease in slope gradient, and (4) the features occur
in an area of numerous fine grained volcaniclastic tur-
bidites. They proposed that the features were formed
at the distal ends of the avalanches where the turbidity
currents escape the confines of channels and are able
to spread laterally as sheet flows.

We question the validity of a turbidity current ori-
gin for the sediment waves off La Palma and El Hierro
for the following reasons. Where the waves are the
creation of turbidity currents, they tend to be found
in areas where turbidity currents are of low-speed and
have low sediment concentration, such as the back-
side of levees (Normark et al., 1980). They can also
be found within the channels themselves where cur-
rents may die out. This is not the setting of the waves
seen offshore La Palma. Channels cutting the waves
indicate that the region is not one of weak turbidity
currents. The wave field also is too extensive to be
diagnostic of low-density, low-velocity turbidity cur-
rents. Wave orientation and migration patterns also
cannot be used to support a turbidity current origin.
As summarized by Normark et al. (1980) such waves
can be oriented not only transverse, but also parallel to
the currents and they can migrate up current, possibly
down current and may even be stationary relative to the
current. Another observation that makes us question a
turbidity current origin for the waves is their relation to
the volcanic peaks northeast of La Palma. The waves
tend to be warped along the edges of the volcano, a
geometry that is not supportive of a turbidity current.
Such currents would erode on the up-current side of
the high and deposit on the down-current side of the
volcanic features. Such a geometry is not present. It
is for these reasons that we support the concept that
the waves are relict and was formed at the time when
AABW flow was stronger than now.

El Hierro: Inshore

In plan view El Hierro has an irregular outline, be-
ing essentially three lobes whose intersection forms
a tableland in its center. This trilobate morphology
is typical of three-armed rifts (Carracedo, 1994).
The tableland with a few erosional barrancos dis-
plays the greatest concentration of cinder cones in the

archipelago (Hausen, 1973; Fuster et al., 1993). In
contrast to La Palma that has had seven eruptions in
the last 500 years, only one of these cones has been
active in historical time (Herndndez Pacheco, 1982;
Carracedo et al., 2001). The island’s periphery con-
sists of steep cliffs indented by three embayments, Las
Playas, El Julan and El Golfo. The semicircular El
Golfo, opened to the northwest, has an arc of 25 km
with its steep side descending abruptly about 1100 m
to a 5 km wide platform filling the embayment. The in-
ner side of this platform has an elevation of about 300
m and its irregular outer side is at sea level. Las Playas
has an arc of 9 km, is opened to the southeast and
is bordered by 900 m high cliffs and El Julan has an
arc of 8 km, is opened to the southwest and bordered
by 600 m high cliffs. These cliff bound embayments
have been ascribed to the collapse of volcanic edifices
(Ridley, 1971; Hausen, 1973; Bravo, 1982; Holcomb
and Searle, 1991; Fuster et al., 1993; Guillou et al.,
1996; Carracedo, 1994, 1996).

The main bulk of El Hierro was built during the
Tifior and El Golfo volcanic phases. According to Car-
racedo et al. (2001) the volcanic edifices in El Hierro,
like those in La Gomera and Gran Canaria, overlap
concentrically. In contrast those of Fuerteventura-
Lanzarote and La Palma are aligned in prominent
directions. We think, however, that the edifices in
La Palma overlap more than those in Lanzarote and
Fuerteventura. The Tifior Volcano at the eastern part
of the island was built between about 1.12 and 0.882
Ma and El Golfo from about 550 to 130 Ka (Guillou
et al., 1996). A break in volcanic activity between
these two volcanic edifices coincides with the regional
rapid growth of Cumbre Nueva volcanic activity in
La Palma (Carracedo et al., 2001). El Hierro acquired
much of its morphology as a consequence of volcanic
collapses. The westerly-directed Tifior collapse took
place about 882 Ka during which more than half of the
northwest flank of the edifice was removed (Carracedo
et al., 1999a, 2001). This displacement was followed
by the construction of the El Golfo Volcano between
545 and 130 Ka that filled the depression formed by
the collapse of El Tifior Volcano (Carracedo et al.,
2001). The failure of the El Golfo structure formed
the El Golfo Embayment (Carracedo et al., 1999a).
Correlation of the El Golfo Debris Avalanche with the
Canary Debris Flow offshore and a turbidite in the
Madeira Abyssal Plain (turbidite b of Weaver et al.,
1992) led Masson (1996) and Urgeles et al. (1998) to
suggest that the El Golfo collapse took place between
9 and 15 Ka or 10 and 17 Ka. Geologic observations



along galleries excavated for ground water exploration
led Carracedo et al. (1999a) to infer that the collapse
took place earlier, about 130 Ka, that a marine terrace
was eroded in El Golfo 130 to 25 Ka and that lavas
20 to 15 Ka covered the terrace. It was the collapse
of the seaward edge of this lava cover and the subma-
rine slope beyond 17 to 9 Ka that supposedly produced
the offshore avalanche debris, the Canary Debris Flow
and the turbidite sequence b at its distal end, not the
collapse of the volcanic edifice.

El Hierro: Offshore
The El Hierro insular margin is divided into three com-
partments by a system of ridges trending northeast,
northwest, west and southwest (Figures 11 and 12).
The NE, W and SW (South Ridge) ridges, continua-
tions of those found onshore, extend as much as 20 km
offshore and can be traced to a water depth of about
3200 m. The NE and W ridges are lobate and have the
appearance of volcanic aprons, whereas the SW high
displays a ridge morphology. This high, the Southern
Ridge, is 38 km long, 2000 m high, is 20 km wide
on its proximal end, 10 km wide at its distal end and
curves gently southwestward (Gee et al., 2001a). One
minor and three major avalanches are present within
and between these ridges (Figure 11). The minor one
occurs within the northwest rift whose head is at the
upper end of the insular slope (Figure 11). Two major
landslides, Las Playas I and II, occur off Las Playas
Embayment (Gee et al., 2001a; Masson et al., 2002).
Within these avalanches are less than 200 m high and 2
to 4 km wide pinnacles that Gee et al. (2001b) inferred
to represent dikes. At the head of this collapse is a nar-
row, steep-sided embayment parallel to the southern
end of the San Andrés Fault System. Day et al. (1997)
inferred this fault system to be the head of an aborted
landslide whose displacement took place between 545
and 261-176 Ka and gave rise to Las Playas I and II
Avalanches. Carracedo et al. (1997) inferred that the
slumping was due to one major movement along the
fault, a movement that took place 250 to 150 Ka.
Carracedo et al. (1997) proposed that the land-
slide off El Julan Embayment took place prior to
158 £ 4 Ka and Masson (1996) suggested that the
failure took place about 500 to 300 Ka. Carracedo
etal. (1999a) inferred that the avalanche probably took
place when the El Golfo Volcano was well-developed,
before 130 Ka. More recently Carracedo et al. (2001)
stated that that lavas belonging to rift volcanism in the
water galleries in the El Julan Collapse Embayment
constraints the minimum age of the collapse to 150 Ka.
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Sidescan sonar recordings described by Masson
et al. (2002) and swath bathymetry obtained during
the present study display a 124 km? wave field within
an 8 km long and 2 km wide channel in the El Julan
debris (Figure 11). The waves have lengths of 0.4 to
1.2 km and heights of 6 m and are aligned parallel to
the contours. These features are part of the El Hierro
Sediment Drift. Sidescan sonar recordings also indi-
cate that the surface of the El Julan slide is cut by a
series of sediment draped steps of fault origin with a
few exotic blocks (Masson et al., 2002). Displacement
along the steps may have been triggered by the erosion
of the toe of the avalanche deposit by the Saharan De-
bris Flow (Masson et al., 2002). This flow originated
in the African margin about 60 Ka and flowed west-
ward along 24° N (Insert, Figure 1). According to Gee
et al. (1999) 40 km? of the El Julan Debris Avalanche
deposit was eroded and incorporated into the Saharan
Debris Flow.

Offshore El Golfo Embayment is the El Golfo De-
bris Avalanche deposit whose landward termination is
a 400 high scarp on the upper insular slope (Masson,
1996). Like other landslides in the region, sidescan
sonar images of the surface of the El Golfo Avalanche
show typical exotic blocks up to 1.2 km wide and as
much as 200 m high. These blocks are particularly
abundant at a depth of 3500 m with a few blocks ex-
tending to a depth of nearly 4000 m. As previously
described correlation of the debris avalanche with the
Canary Debris Flow and the flow with turbidite b in the
Madeira Abyssal Plain (Weaver and Rothwell, 1987;
Weaver et al., 1992; Masson, 1996) implies that the
avalanche must be 15 Ka and that the collapse of the El
Golfo volcanic edifice that created the avalanche must
have occurred at 15 Ka. Onshore geology, however,
suggests that the collapse of the El Golfo volcanic ed-
ifice took place 130 to 100 Ka. This variance in age
led Carracedo et al. (1997) to propose that the failure
in El Golfo Embayment occurred in two phases, the
collapse of the El Golfo volcanic edifice 130 to 100
Ka and the collapse of the volcanic platform filling
the embayment and the submarine slope beyond the
platform 17 to 9 Ka. It was the collapse of the plat-
form, not the volcanic edifice that produced the Canary
Debris Flow. More recently Carracedo et al. (2001)
inferred that the geology of the marine abrasion plat-
form beneath the lavas filling the El Golfo Embayment
is incompatible with features associated with a single
event collapse. From the geologic data they suggested
that the subaerial embayment might have formed af-
ter the extrusion of lavas over the cliff sequence at
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134 Ka. They also point out that the magnetic stud-
ies of Szérémeta et al. (1999) of the El Golfo and
Rift sequences at the El Golfo escarpment suggests
that the section has experienced continuous clockwise
rotation.

The El Golfo Avalanche grades westward into the
Canary Debris Flow. Immediately west of El Golfo
Debris Avalanche the Canary Debris Flow is char-
acterized by an opaque facies partially overlapped
by the avalanche. At the distal west end of the de-
bris flow is a transparent facies onlapping the strat-
ified pelagic/hemipelagic sediments of the Madeira
Abyssal Plain. The debris flow is lobate in form, is
60 to 100 km wide and flowed 600 km westward from
the El Hierro Rise (Urgeles et al., 1997; Masson et al.,
1997). The flow is a mixture of clasts and matrix
with the clasts ranging in size from cm up to 300 m.
The larger sediment clasts were derived locally rather
than up-slope indicating that the debris was capable of
eroding the seabed in the middle part of its course.

Unusual features imaged by the relief diagrams
constructed from the swath bathymetry off El Hierro
are low relief mounds surrounded by moats (Fig-
ures 11 and 12). They have reliefs of 25 to 50 m and
are 10 to 2 km long and 1 to 5 km wide. A few are
circular and others are kidney shaped. These features
occur within the El Hierro Sediment Drift, within the
Canary Island and Saharan Debris Flows and between
the flows. They also appear to be present west of the
West La Palma Sediment Drift (Figure 11). They tend
to occur at water depths of 4000 m. Within the debris
flows they could represent blocks eroded locally by
the currents. Outside the flows they could represent
exotic blocks that outran the main part of the debris
avalanches that originated in the insular slopes. Such
origins do not explain the moats around them. That
they surround the highs also suggests that they are
not due to erosion by northeasterly-flowing AABW.
If they were formed in this manner the lows would to
be eroded only up current of the mounds with their
down-current sides being sites of deposition. Mor-
phologically they resemble the mounds described by
Hovland et al. (1994) offshore western and northwest
Australia, that were created by seepage of hydrocar-
bons along faults that first eroded the seafloor to form
the moats with local nutrient enrichment of the over-
lying waters and enhancement of carbonate accretion
in the moats. If they occurred in this manner then the
gas must of be hydrothermal origin. In the absence of
any information, besides that of their surficial shape,
any attempt to determine their origin is premature.

Discussion

Sedimentary processes in the Canary Island Basin dur-
ing the Neogene were influenced by the stages of
volcanic development of the islands. Offshore deposi-
tion around those islands in the shield phase, Tenerife,
La Palma and El Hierro, is dominated by debris
avalanches that extend tens of km offshore to a wa-
ter depth of 3000-4000 m (Figure 11). Construction
of post-avalanche volcanic cones, salic necks and ex-
trusion of lava flows offshore, reworking by bottom
currents, turbidity current processes and hemipelagic
deposition has modified the surface morphology of
these deposits. The margins of those islands in the
erosive cycle, Lanzarote, Fuerteventura, Gran Canaria
and La Gomera reflect mainly turbidity current activity
and hemipelagic processes and secondarily avalanche
deposition and volcanic activity. Those in the shield
phase, Tenerife, El Hierro and La Palma are dominated
by mass wasting processes and widespread volcanic
activity.

That turbidity currents were a major contributor to
the construction of the insular margins of Fuerteven-
tura and La Gomera is indicated by their depth pro-
files. Whereas the younger islands display concave
upwards profiles these islands display profiles that
are convex upward (Figure 13). Both islands, in-
cluding Lanzarote, lack calderas, coastal embayments
and scars produced by avalanches cascading down the
slope. However all three islands have undergone mas-
sive erosion and uplift that may have erased these
features. In addition geologic data have shown that
Fuerteventura’s volcanic edifices were eroded by mass
wasting. As the centers of two of these cones were
located off the present west coast, construction of the
island’s western margin must have been primarily by
mass wasting processes. In contrast to the other is-
lands the Gran Canaria margin displays profiles that
are both convex and concave upwards indicating that
mass wasting and turbidity currents have played roles
in the formation of its margin. The profile of Lan-
zarote’s margin is in the form of a ramp, suggesting
that mass wasting played a role in creating its mor-
phology (Figure 13). La Gomera is unusual in that
the island has been so eroded that it does not display
any evidence of mass wasting, such as collapse scars
or coastal embayments. Landslides on this island are
young and are limited to the ‘barrancos’, the base of
the seacliffs and the insular slope.



Mass wasting

Massive failures in the younger Canaries are related
to rift geometry with some of the volcanism occur-
ring along or fanning out from rifts. Other volcanic
structures trend at an angle to the rifts, or occur along
troughs created by avalanches, or at the junction of
two islands, such as Fuerteventura and Gran Canaria,
where volcanic trends change abruptly. Associated
with some of the rift volcanic edifices are what appear
to be lava fronts and topographic features resembling
lava falls and lobes spreading out over the sea floor
adjacent to the rifts. Massive failures in the Canary
Islands occur at the junction between the two most
active rifts, with the third one acting as buttress for
the landslide. It is these triple rifts, the concentration
of dikes leading to the destabilization of the flanks
through magma overpressure, mechanical and ther-
mal overpressure of pore fluids, oversteepening due
to rapid volcanic deposition, and seismic activity that
leads to formation of gravitational unstable volcanic
flanks (Carracedo, 1994, 1996; Elsworth and Day,
1999; Masson et al., 2002). Masson et al. (2002) pro-
posed that failures tend to be concentrated on that flank
of the rift having the greatest gravitational potential for
lateral movement due to its steeper gradient.

Seismicity and sea level fluctuations affecting the
stress regime in a volcanic island also may contribute
to slope instability. McGuire et al. (1997) proposed
glacially induced sea level regressions, which reduce
the water volume on the flanks of the islands by about
100 m, to decrease radial compressive stresses by as
much as 1 Ma. Such a reduction would tend to enhance
extrusion on the volcanic edifice. Such lowering in sea
level also reduces shear-stress on the volcanic flanks
that in turn would tend to enhance slope instability.
This model, however, is too simplistic. As documented
by Guillou et al. (1998) volcanism along the Cumbre
Vieja in La Palma was pronounced during the glacially
induced regressions and transgressions 125 to 80 Ka.
Volcanism was sporadic from 80 to 20 Ka when sea
level reached its lowest level and Cumbre Vieja Vol-
cano underwent massive erosion forming seacliffs as
high as 700 m. There was intense rift volcanism dur-
ing the subsequent rise in sea level from 15 Ka to
the present. Masson et al. (2002) also suggested that
climatic changes, affecting rainfall and groundwater
levels within the volcanic edifices, also contribute to
its failure. Preferential deposition and accumulation
of weak layers within a previous failure would tend
to encourage failures in the same area.
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Most workers have proposed that the onshore and
offshore avalanches in the Canary Islands are continu-
ous. Mapping of the offshore deposits is based mainly
on swath methodology that has a minimum depth of
200 m. Thus these marine data do not provide infor-
mation on the critical link between the onshore and
offshore avalanches. Although the swath bathymetric
map compiled during the present investigation (Fig-
ure 2) is limited to depths greater than 200 m it does
show that the onshore and offshore avalanches are not
continuous, but are separated by a several hundred
meter high scarp on the upper insular slope. Such
a scarp also was reported off El Hierro by Masson
(1996) and off Piton de Gran Brulé, Reunion Island
by Lénat et al. (1990). It is the existence of this
topographic divide between the onshore and offshore
deposits that led Teide Group (1997) to infer that fail-
ures off Orotova, Icod and Giiimar Valleys in Tenerife
may have taken place in two stages. The failure on
land created an avalanche or slump that extended some
distance offshore. It was the failure of the distal end
of the onshore structure along the scarp of the upper
slope that Teide Group (1997) proposed to have cre-
ated the offshore avalanche. They further inferred that
the area of rough topography at the base of the scarp
offshore Tenerife represented a matrix-rich, poorly
sorted, chaotic-rich debris avalanche that originated on
the 100—-600 m slope. Teide Group (1997) further sug-
gested that blocks on the lower slope represent earlier
failures of the front and that these blocks obstructed
the more recent flows. Carracedo et al. (1999a) sug-
gested such a model for the offshore segment offshore
El Golfo Embayment in El Hierro.

Failure of the upper slope avalanche may be the
consequence of tectonic uplift, seismic activity or sed-
iment loading on the slope. The intertidal fossils found
by Bravo (1952) 8 m above sea level on the seacliff
northwest of Tenerife may support such recent tec-
tonic uplift. Other evidence for uplift comes from the
gravity field of the island. Bosshard and MacFarlane
(1970) inferred that a large positive gravity anomaly
in the region indicates that a magma body may be
beneath the Las Cafiadas Caldera and that basement
in Tenerife has been uplifted 1 km above its sur-
roundings. The time interval between these two events
is yet to be determined, although in the chronology
described by Carracedo et al. (1999a) for El Hierro
indicates that they occurred about 100 ky apart. We,
however, do not infer that the offshore deposits are
not due to uplift or faulting on the upper slope. The
intertidal fossils found 8 m above sea level in Tener-
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ife reflect, not tectonic uplift, but glacially induced
changes in sea level during the Pleistocene. Funck and
Schmincke (1998) and Carracedo (1999) have demon-
strated that, except for Lanzarote and Fuerteventura,
the Canary Islands have remained relative stable with
respect to sea level for some time.

Masson et al. (2002) rejected the model that sug-
gests that the offshore avalanches, at least in Tenerife,
were the result of the collapse of the wall of the crater.
According to them such a model is not supported by
the volume assessment of the offshore avalanche, or
by offshore mapping evidence. However, offshore vol-
ume measurements are too uncertain as to be more
than educated guesses. The avalanche deposits are
acoustically opaque, so that low energy single chan-
nel reflection profiles used in most investigations only
provide information on their surface configuration.
Changes in the landslide scars by post-avalanche ero-
sion and volcanism, show that the scars may have
served as chutes for more than one avalanche. Some of
the avalanche detritus may come to rest within the col-
lapse structures or within the chute itself, and that ma-
terial along the path transversed by the avalanches is
probably incorporated into the avalanche, making use
of volume estimates to determine the extent of insular
degradation above sea level unrealistic. It is, however,
a relative estimate of the degree of degradation of the
volcanic edifice above and below sea level. Although
our estimates of the volumes of the avalanches, except
for Las Playas II, in Table 1 are comparable with those
reported by Masson et al. (2002) we still tend to put
little reliance on them. It’s even possible that the fea-
tures we identified as debris flows off La Gomera may
be turbidite systems that originated on the uppermost
insular slope. That little reliance can be placed on the
offshore avalanche volumes is shown by a comparison
of the offshore and inshore data in Orotava Valley. As a
result of the numerous galleries that have been dug for
ground water in the valley (Coello, 1973), the geologic
parameters in the valley are reasonably constrained.
The valley has an area of 100 km? and is filled with
50 km? of avalanche debris, 35 km3 of post avalanche
volcanic rock and has a space volume from the top of
the volcanic rocks to its rim of the valley of 30 km?.
Thus the valley could only have provided a volume of
about 70 km? of avalanche debris offshore yet Masson
et al. (2002) and the Teide Group (1997) reported that
the volume of the offshore Orotova Debris Avalanche
was about 400 and about 500 km?® (minus the vol-
ume in Orotova Valley) respectively. Apparently the

path traversed by the avalanche provided most of its
volume.

Not only is the volume of the offshore avalanche
not an index of the extent of erosion above sea level,
but also the detritus contributed by the volcanic col-
lapse above sea level may not be as voluminous as
postulated. Were the calderas (in the topographic sense
of the word) formed by mass wasting, or are they due
to magma collapse as it has been proposed for the
Caldera de las Canadas (Marti et al., 1997) or fluvial
erosion as proposed by Carracedo et al. (1999a, b),
or a combination of collapse and fluvial erosion as in-
ferred by Carracedo et al. (2001) for the Caldera de
Taburiente in La Palma. Masson et al. (2002) stated
that geologic mapping on land and the huge volume of
the debris avalanche offshore Tenerife do not support
a magma chamber collapse as a major factor in the
formation of the Caldera de las Cafniadas. However,
if the offshore avalanche contains a large volume of
sediments derived from the insular slope, then collapse
of the north wall may have been sufficient to account
for the amount of offshore deposit derived from above
sea level. In contrast to Masson et al. (2002), Marti
et al. (1994) believe that surface geologic data on land
does support a magma chamber collapse origin for Las
Caiiadas Caldera. Marti et al. (1997), Marti and Gud-
mundsson (2000) and Soriano et al. (2002) inferred
that the Las Canadas Caldera is the creation, not of
one, but of three vertical collapses from 1.6 Ma to
179 Ka, that triggered the Orotova, Giiimar and Icod
Valleys by lateral collapses. Data from the galleries
excavated for groundwater (Coello, 1973) and wells
drilled in the caldera (Marti et al., 1997), however,
are too limited to verify or reject the validity of the
existence of a north wall.

Present model

We propose instead that the distinct difference in
volume between the inshore and the offshore debris
avalanches is a reflection of the manner that failures
take place along the flanks of volcanoes. We infer that
failures in the Canary Islands took the form described
by Jacobs (1995) for the Nuuanu Debris Avalanche in
Oahu, Hawaii. Here failure was in two synchronous
or near synchronous avalanches with the slip-surface
on the onshore delineated by the steep cliffs parallel
to the coast, the Nuuanu Pali, and the offshore one
by a steep scarp on the upper slope. We farther pro-
pose that the location of the surface separating these



two slip surfaces was controlled by the geology of the
flank of the volcanoes. The stratigraphic succession on
the slope of the Hawaiian Volcano was documented by
a 3098 m boring on the flank of Mauna Kea, Hawaii
(DePaolo et al., 2001). It is true that the Canary Islands
differ from the Hawaiian chain. They differ in magma
production, eruptive frequency and the Canary Islands
have not subsided significantly during their construc-
tion. Differences in the rate of subsidence probably
are related to differences in the age of the oceanic
crust on which they rest, Jurassic for the Canaries and
Cretaceous for Hawaii. However, the Canaries do dis-
play similar features with the Hawaii chain in having
a two-stage subaerial evolution (shield stage volcan-
ism separated from the post-erosional volcanism by an
erosional gap), as well as common structural features
such as rift zones, and multiple gravitational collapses
(Carracedo, 1999). Thus the stratigraphic section re-
vealed at the drill site at Mauna Kea may be applicable
to the slopes of the Canary Islands volcanoes.

From this stratigraphic section we infer that the
scarp on the upper slope in the Canary Islands
archipelago defines the transition from subaerial lavas
above to the clastic facies below, a transition marked
by volcaniclastic rocks, glassy lavas and massive
basalt layers. It is this contact that defines the sur-
face separating the slip-planes of the subaerial and
submarine avalanches (Figure 14). We further spec-
ulate that these two avalanches were probably near or
synchronous with the subaerial failure occurring first
followed soon after by the submarine one. As in Ja-
cobs (1995) description of Nuuanu Debris Avalanche,
the avalanches offshore the Canary Islands were the
creation of these two events. As the subaerial debris
avalanche entered the sea it eroded small V-shaped
canyons out of the harder units along the transition be-
tween the subaerial and submarine series on the upper
slope and triggered the offshore avalanche, possibly
by sediment loading, and became mixed with it. The
slip surface of the offshore unit was within the units
on the transition and the décollement along which
the offshore avalanche was displaced down slope is
the contact between the unconsolidated and consol-
idated hyaloclastics. It was the mass wasting of the
slope facies that created the flat-bottomed channels
and irregular crested divides. The ridges in the val-
leys are due to scour compression between different
flows. Secondary debris flows may be responsible for
the discontinuous bedded insular units described by
Schmincke and Sumita (1998). The hummocks and
lows at the end of the debris flows represent grabens
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and horsts constructed by the lateral spreading of the
distal ends of the avalanches. We further speculate
that some of the exotic blocks found on the surface of
the avalanche may have originated on the transitional
zone on the slope rather than inshore and that the steps
noted in some of the offshore avalanches may repre-
sent either local exposure of massive basalt beds that
are intrusives, large lithic clasts or subaerial flows that
may continued offshore. All in all the morphology of
the offshore avalanche appears to be the result of sev-
eral events of varying intensity. These distinct flows
may reflect displacement along bedding planes of the
different volcanic flows dipping away from the center
of the volcanic edifice. As the failure continued mass
wasting may have gradually changed to debris flows
that in turn led to the formation of turbidity currents. It
is these currents that were responsible for the fans sea-
ward of the avalanches offshore Tenerife. According
to the Teide Group (1997) the sediments in these fans
are made up of at least six turbidite sequences, fur-
ther verification that catastrophic failure of the slope
was not a single event, but by repetitive landslides.
Howeyver, in the absence of detailed seismic reflection
coverage of the upper insular slope coupled with ex-
tensive bottom sampling the above scenario has to be
considered to be in the realm of speculation. Possibly
the origin of the scarp on the upper slope may have
a simpler explanation. It may simply represent differ-
ences in the thickness of the avalanche deposits or a
plane of separation between the head and toe of the
avalanche. If it is a plane of separation it would imply
that as the avalanche traveled down slope it broke apart
into two or more segments with the upper one being
perched on the flank of the subaerial segment of the
volcanic edifice.

Another factor that controlled the physical aspects
of inshore/offshore composite avalanches is the loca-
tion of the volcano whose collapse contributed to the
avalanche. For example the 3500 m high Pliocene
Roque Nublo cone was built in the center of Gran
Canaria. The Roque Nublo breccia, formed by one or
more subaerial volcanic debris avalanches created by
the collapse of the cone, had to travel 10 to 20 km via
barrancos to reach the coast. In contrast the centers
of the Central and Southern Volcanic complexes in
Fuerteventura were located on the present coast and
the avalanches could be deposited directly offshore.
Similarly the distances from the volcanic edifices in
La Palma and El Hierro to the offshore depocenter
were also short as reflected by the pronounced coastal
embayments in these islands. Distances from source
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to depocenter were somewhat greater in Tenerife and
Lanzarote. In the islands where the source was near
the depocenter the avalanche must have been quite
coarse and contained an over overabundance of exotic
blocks. As the flow was probably quite dense its travel
distance offshore was short even though its momen-
tum was much greater than the flows described below.
As the distance increased, the avalanche became finer,
and the exotic block content diminished. However, the
finer avalanche would be able to travel a longer dis-
tance than those produced by a source located near
the depocenter. As the transport distance increased the
avalanche may evolve into a debris flow or a turbidity
current.

An additional factor that controls the dimensions
of a debris avalanche is the texture of its deposits
with runout distances increasing as the amount of fine-
grained sediment content increases (Iberson, 1997).
This increase in distance with decreasing grain size is
because fines tend to sustain high pore pressure that re-
duces frictional resistance. This suggests that the flows
offshore La Gomera are short because they are coarse,
the flows offshore La Palma and El Hierro have a lo-
bate form because they are somewhat finer-grained,
and the avalanche offshore Tenerife are linear because
they are even finer grained (Masson et al., 2002). Such
assumptions, however, are in need of testing. The sur-
face features of these offshore flows are well known,
but their internal structure and texture is unknown. To
date the only flows mapped in detail are those on land,
such as the Pliocene Roque Nublo Debris Avalanche
in Gran Canaria (Mehl and Schmincke, 1999). Other
flows on land that have been mapped to some degree
are the avalanches in Tenerife (Bravo, 1952; Coello,
1973).

Conclusion

Volcanism in the Canary Islands appears to be rift
related with mass wasting being represented by two
landslides, one above sea level and the other on the
submarine insular slope. The surface separating these
two landslides is either the detachment surface along
which the landslide broke in two or represents the
transition between the subaerial volcanic rock and the
slope hyaloclastic rocks. Drilling in Hawaii indicates
that alternating massive basalts, subaerial flows that
continued beyond the shoreline, marks this transition
with the flank hyaloclastic rocks. Catastrophic fail-
ures are readily recognizable in Tenerife, La Palma

and El Hierro, islands in the shield-phase of develop-
ment (Figure 1). The failures are generally interpreted
as avalanches; the only debris flow identified is the
Canary Debris Flow off El Hierro. However, it is
possible that the landslides are not solely the cre-
ation of avalanches, but are constructed by both debris
avalanche and debris flow processes. Such an inter-
pretation is not unrealistic, as these sediments were
deposited during repetitive failures. Slumps have been
recognized along the flanks of Lanzarote, El Hierro
and Gran Canaria. It is possible that some of the fea-
tures identified as avalanches on land may represent
slumps that turned into avalanches on their distal ends
as they broke apart as they moved across the volcano’s
uneven surface. The debris avalanches of the young
islands in the shield-phase, Tenerife, La Palma and El
Hierro, have runout distances that range from 12 to
95 km, cover 30 to 3500 km? of sea floor, and have
volumes <50 to 800 km?. Differences between flows
off the islands are related to their texture, with the finer
ones with a greater water content traveling farther. At
their proximal ends, in depths shallower than 3000 m,
the avalanches are in the form of flat-bottomed steep
sided chutes, where erosion and down-slope transport
predominate. At the heads some of the chutes are low
relief ridges aligned parallel to its axis. These highs
may be due either to scour or to compression created
by velocity differences between adjacent flows. The
distal ends of some of the chutes are characterized by
a series of convex down-slope steps that may be the
creation of a series of overlapping flows, or represent
local exposures of massive basalt levels. At their distal
ends the flows are in the form of overlapping lobes.
The surfaces of the lobes are disrupted by hummocks
and lows that may represent grabens/horsts resulting
from their lateral displacement. Scattered over the sur-
faces of the lobes are exotic blocks that glided to their
present sites from inland and/or the insular slope by
being supported by the excess pore water pressure of
the avalanche, or supported by a matrix of fine grained
sediment in the avalanche. Most of the blocks retain
their integrity, indicating that they were resistant to
the internal shear of the flow. Some of these blocks
had enough momentum to outrun the main part of the
flow.

Defining the processes that sculptured the mar-
gins of the islands in the erosional phase (Lanzarote,
Fuerteventura, Gran Canaria and La Gomera) from
their morphology is not as clear-cut as the islands
in the shield-volcano phase. If it was not for the
presence of highs that resemble exotic blocks and box-



shaped canyons, the margins could be interpreted as
the construction of turbidity currents and hemipelagic
deposition. The margin of La Gomera, for example,
has the appearance of being mainly the creation of
turbidity current deposition and erosion, with volcanic
edifices aligned along a rift offshore the northwest cor-
ner of the island adding to the margins configuration.
The western margin of Lanzarote consists of a west-
erly dipping platform cut by low relief channels whose
divides are made of numerous small highs and bound
on the landward and seaward sides by scarps. No other
island displays this type of morphology. This morphol-
ogy could be the consequence of a massive slump with
the highs representing small volcanic cones emplaced
after slumping, or a volcanic apron. We interpret the
morphology of the western margin of Fuerteventura,
the side slopes of Banquete and Amanay Banks, as
well as the divide between Gran Canaria, as the cre-
ation of mass wasting. The terrain has been modified
by post-landslide turbidity current deposition and ero-
sion and hemipelagic deposition. That features created
by mass wasting in the Miocene (Miocene) and <4
Ma (Pliocene) are still recognizable off Gran Canaria
is a reflection of the intensity and magnitude of these
processes. It is not surprising that such events can also
be recognized in Fuerteventura. This island experi-
enced deep erosion at the end of the shield building
phase by catastrophic failures <12 Ma that reduced its
relief by nearly 3000 m in 2 Ma.

In addition to being modified by turbidity currents
and hemipelagic sediments, the landslides have been
modified by bottom current activity. Southerly flowing
NADW has created a sediment drift out of the sedi-
ments off Lanzarote and sediments waves and furrows
out of the deposits in the divide between Gran Ca-
naria and Tenerife. North flowing Antartic Deep Water
(AADW) has created a sediment drift out of the land-
slides offshore El Hierro and La Palma. Whereas the
features molded by NADW are recent, those formed
by ADDW may be relict and were formed in the
Pleistocene when the water mass was characterized by
stronger currents.
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Abstract

Circular to elliptical mounds in the Canary Channel with reliefs of 75 to 375 m and diameters of 4 to 8 km partially
surrounded by moats with reliefs of 25 to 75 m, were formed by piercement of the seafloor by Mesozoic evaporites.
Several long gullies, <1 km wide, with abrupt terminations and pockmarks associated with these mounds were
probably eroded by dense brine and hydrocarbon seeps. The salt brines that eroded the gullies were formed where
salt diapirs intersect the seafloor, or in the subsurface by circulating ground water heated by igneous activity along
the Canary Ridge. If the brines originated in the subsurface they reached the seafloor along faults. Displacement of
the surficial sediments by sliding and creep is probably the result of the expulsion of hydrocarbons and/or vertical
motion of the Mesozoic evaporites. Microtopographic features along or near the east flank of the Canary Ridge are
the creation of uplift of the ridge, hydrothermal activity, mass wasting processes and turbidity currents.

Introduction

Cold seeps in the marine environment have been re-
ported in historical times as far back as 10 A.D. when
the people of Aradus, an island city 4 km offshore
Syria, obtained fresh water from a submarine spring
located between the islet and the mainland during
sieges (Emery and Uchupi, 1984). It was not until the
mapping of pockmarks on the Scotian Shelf by King
and MacLean (1970), however, did we came to appre-
ciate the importance of fluid discharge in the marine
environment. There is no doubt that the expulsion of
fresh water, salt brines, or gas and oil plays a signifi-
cant role in recycling processes and in sculpturing the
morphology of continental margins.

In active margins the diffused discharge of pore
fluids from a tectonically dewatered and degassed ac-

cretionary wedge has led to the construction of mud
volcanoes and diatremes (formed by rapid flow of
pore fluids through a sediment mass which becomes
fluidized and entrained into the discharged fluids)
(Brown, 1990). In addition, such dewatering has
caused precipitation of authigenic carbonates in the
form of thin crusts, slabs, irregular edifices and chim-
neys with reliefs of 1 to 2 m, the grown of mats of
chemoautotrophic oxidizing bacteria, and colonies of
benthic invertebrates that obtain their nutrients from
the oxidizing bacteria (Cadet et al., 1987; Le Pichon
et al., 1987; Ohta and Labuier, 1987; Pautot et al.,
1987; Kennicut et al., 1989; Henry et al., 1990; Kulm
and Suess 1990; Lewis and Cochrane, 1990; Wang
et al,, 1995; von Rad et al., 1996). Along active
transform plate margins, such as the Eurasian/African
boundary in the Gulf of Cadiz, mud and fluid eruptions
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have led to the construction of mud volcanoes and
carbonate pipes, chimneys and mounds (Maldonado
et al., 1999; Somoza et al., 2002).

Seeps in passive margins have been reported in en-
vironments ranging from lakes, intertidal/shallow tidal
areas, bays, fjords, marginal seas, gulfs, continental
shelves and continental slopes, submarine canyons and
deep-sea fans (Hovland and Judd, 1988; Uchupi et al.,
1996; Stakes et al., 1999). They are particularly abun-
dant in offshore evaporite, or hydrocarbon regions
where salt brines, crude oil, fluid mud and gases are
common seep products (Roberts et al., 1990). Exam-
ples of such regions include the Gulf of Mexico, the
Gulf of Cadiz, the Kattegat Strait between Denmark
and Sweden, the southern Skagerrak between Norway
and Denmark, the North Sea, the northern Norwegian
shelf, and the Persian Gulf (Behrens, 1988; Kennicutt
and Brooks, 1990; MacDonald et al., 1990; Sassen
et al., 1991; Hovland, 1992; Aharon, 1994; Roberts
and Aharon, 1994; Baraza and Ercilla, 1996; Uchupi
et al., 1996; Aharon et al.,, 1997). In most of these
regions the deep-seated hydrocarbons are linked to
salt-induced faults that provide the conduits for the
migration and seepage onto the seafloor.

The most common seep related-features in conti-
nental margins are pockmarks, although mud volcanoes
and mud diapirs formed by the upwelling of gaseous
muds are also quite common; e.g. Nigeria; (Graue,
2000), in the Gulf of Mexico (Neurauter and Bryant,
1990) and Gulf of Cadiz (Maldonado et al., 1999; So-
moza et al., 2002). Associated with some of the pock-
marks are black-sulphide rich sediments, mats of sul-
phur oxidizing bacteria and invertebrates, which obtain
their nutrition from species with symbiotic sulphur-
oxidizing bacteria and symbiotic methane-oxidizing
bacteria (Dando and Hovland, 1992; Dando et al.,
1991). Degradation of hydrocarbons seeps has also re-
sulted in authigenic carbonate build-ups (Roberts et al.,
1989). This combination of authigenic carbonate for-
mation and biological accumulation can lead to the for-
mation of mounds (von Bitter et al., 1990; Dando et al.,
1991; Hovland et al., 1994; Beauchamp and Savard,
1992) or pseudobioherms, i.e. bioherm-like features
not rising above the seafloor and lacking reef builders
(Gaillard et al., 1992).

According to von Rad et al. (1996) pockmarks
in the Makran accretionary wedge, offshore Pakistan,
were formed by focused fault-controlled expulsion of
fluids. At or near some plate boundaries of trans-
form/compression type, such as those in the Mediter-
ranean and New Zealand, some of the pockmarks are

related to volcanism and may have been formed by the
expulsion of hydrothermal gases and water (Pickrill,
1993; Acosta et al. 2001). Other pockmarks are due
to biogenic gas formed by the decay of organic matter.
Such organic-rich sediments are abundant within the
Pliocene-Quaternary sediments of the Mediterranean
(Cramp and O’Sullivan, 1999; Thomson et al., 1999;
Coleman and Ballard, 2001).

Where salt domes pierce the seafloor brine pools
may form, such as the pool seen within a fractured
carbonate cap in the Gulf of Mexico (Bright et al.,
1980). In another part of the Gulf, flowing brine has
been trapped on the axis of a circular basin formed
by the coalescing of several salt domes. The brine in
the basin (Orca Basin) merges from flows into small
gullies cut on the flanks of the salt domes (Shokes
et al., 1977). Brines may also fill some pockmarks by
lateral seepage through the pockmark walls (MacDon-
ald et al., 1990; MacDonald, 1992). Brine seepages
along the base of the Florida Escarpment in the Gulf of
Mexico have also led to the establishment of methane-
oxidizing bacteria that serve as a food source for a
densely packed population of invertebrates via sym-
biosis (Paull et al., 1984). Paull and Neumann (1987)
further inferred that the acid generated by the oxida-
tion of the sulfide in the brines might undercut the
scarp causing its collapse and retreat.

In this study we describe gullies associated with
salt diapirs from the Canary Channel, which are in-
ferred to be formed by brine seepages. This is the
first report of such occurrences off the African margin.
They were discovered in the course of an investigation
of the Canary Island archipelago.

Material and methods

Three data sets were used in this study. One set
consists of single channel seismic reflection profiles
recorded during the International Decade of Ocean
Exploration investigation of the west African margin.
The profiles included in this report were collected
aboard the R/V Atlantis IT in 1973. These profiles were
recorded using a 300 in® air gun fired every 10 or
12 seconds and two 30 m hydrophone arrays, whose
signals were summed, amplified and recorded in a dry-
paper printer; ship’s position was obtained via satellite
at two hour intervals. Uchupi et al. (1976) published
line interpretations of these profiles in a manuscript
regarding the morpho-tectonic setting of the northwest
African and south Iberian continental margins.



The second data set corresponds to the bathymetry
of the Canary Channel based on swath data recorded
by the Instituto Espafiol de Oceanografia and the In-
stituto Hidrografico de la Marina between 1998 and
2002. The data were collected during an investigation
of the Canary archipelago aboard the R/V Hesperides
and R/V Vizconde de Eza. The multi-beam sounding
systems used separately or in combination included
Simrad EM 1000, EM 1002 and EM 300, in conjunc-
tion with GPSD and inertial navigation systems, were
used to survey shallow waters and an EM12S in deep
waters. A DTM and contour software (Cfloor from
Roxar) and a Geographic Information System (Iber-
GIS from ICI) was used to create a bathymetric map
of the Canary Channel and the shaded relief and 3D
block diagrams of the surveyed area.

The third data set was obtained during a cruise
aboard R/V Vizconde de Eza in October 2002. During
this cruise three of the mounds in the Canary Channel
were sampled and photographed. Sampling was by
means of a biological dredge and photography with
a Benthos model 372 submarine camera capable of
operating to depths of 11000 m. The photos were ac-
quired with the vessel drifting over the mounds at a
speed of 0.5-1.0 knots using a Dynamic Positioning
System. The photographs were taken every 10 sec-
onds along five paths with the camera ‘flying’ 6 m
above the sea floor. More than 3000 photographs were
recorded during the cruise with each covering an area
of about 21 m?. The morphology and structure of the
mounds during the R/V Vizconde de Eza cruise was
defined with the aid of a SIMRAD EM-300 multibeam
echosounder, a Topas 018 high resolution seismic
profiler and a marine Geomag SMM with 0.01 nT pre-
cision magnetometer. The ship’s position during the
survey was determined with a D-GPS integrated with
a inertial navigation system Seapath 200.

Morpho-tectonic setting of the Canary Channel

Stratigraphic setting

Making up the flanks of the Canary Channel, offshore
northwest Africa, are the African passive margin on
the east and the Canary Ridge on the west (Figure 1).
Construction of the passive margin is due to syn-
rift deposition prior to 190 Ma (Late Triassic-Early
Jurassic) and post-rift sedimentation since sea-floor
spreading began about 190-185 Ma latest Early Juras-
sic (Toarcian-Present; Hinz et al., 1982; Emery and
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Uchupi, 1984; Steiner et al., 1998). The syn-rift se-
quence roughly consists of continental clastic rocks,
volcanic rocks, evaporites and carbonates. The post-
rift or drift strata are made up of Mesozoic platform
and distal carbonates, regressive clastics, transgressive
carbonates and euxinic and clastic sediments, Paleo-
gene manganese oxide and phosphatic and siliceous
deposits and Neogene clastic sequences. Drift depo-
sition was influenced by events such as the massive
gravitational sliding off the Suess Trough in the Late
Cretaceous, possibly due to uplift of the western High
Atlas and motion along the South Atlas Fault (Price,
1980). Volcanic construction of the Canary Ridge in
the Early Cretaceous-Cenozoic, establishment of po-
lar circulation and the trade winds in the Paleogene,
Cenozoic Pyrenean-Alpine orogenies and glacially in-
duced transgressions and regressions during the Ceno-
zoic and Quaternary also contributed to the formation
of the west African margin.

Construction of the Canary Ridge along the
west side of the Canary Channel apparently took
place along the continental/oceanic crustal boundary
(Coello et al., 1992; Ancochea et al., 1996; Steiner
et al., 1998; Martinez del Olmo and Buitrago Bor-
rds, 2002). Price (1980) also proposed that volcanism
along the ridge may have take place along a sinistral
shear fault, the curved seaward continuation of the
South Atlas Fault. This fault merges southwestward
with the east-west trending fracture zone along the
trend of Gran Canaria, Tenerife, La Gomera and El Hi-
erro islands. Others have ascribed a hot-spot origin for
the volcanism in the Canary Islands (Holik et al.,1991;
Hoernle and Schmincke, 1993; Carracedo et al., 1998;
Darfiobeitia and Canales, 2000). With construction of
the north trending Canary Ridge, the African continen-
tal rise was split in two and sediment input to the distal
part of the African continental rise became drastically
reduced.

Results

Neogene acoustic stratigraphy

The acoustic stratigraphy displayed by the seismic
reflection profiles acquired in the Canary Channel
aboard the R/V Atlantis II is probably limited to the
Neogene. The presence of diapirs along some of the
profiles do indicate, however, that the Upper Tri-
assic/Lower Jurassic evaporites in the coastal basins
extend offshore. The wide line spacing, the lack of tie
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Figure 1. Morpho-tectonic map of the Canary Channel showing location of the seismic reflection profiles shown in Figures 2 and 3. Compiled
from Uchupi et al. (1976) and Hinz et al. (1982). Hexagonal pattern = Extent of Mesozoic evaporites. Water depths in meters.

lines and the presence of a massive diapiric field makes
it difficult to define the Neogene acoustic stratigraphy
of the Canary Channel as a unit. In the absence of
stratigraphic data is impossible to assign ages to the
units imaged by the seismic profiles. Each of these
lines displays an acoustic facies suggesting that sed-
iment input from the Canary Ridge was important
during the Neogene and that input from the African
margin and the Canary Ridge varies along the strike
of the channel. This variation coupled with salt di-
apirism, bottom current and vertical oscillations of the
Canary Ridge has led to a complex geometric facies
pattern in the Canary Channel.

Line 117 (Figure 2) extends southeastward from
the flank of Gran Canaria to a water depth in excess
of 2000 m. It is only along this line that stratigraphic
data from Ocean Drilling Program (ODP) Site 955
makes it possible to determine the lithology and ages
of the seismic units imaged by the seismic reflection
profiles described in this report. ODP Shipboard Sci-
entific Party (1995) identified five units, A—E, at ODP
Site 955 at a depth of 2865 m (3.8 seconds) on the

volcanic apron surrounding Gran Canaria. The upper
sequence made up of units A—C consists of Pleistocene
to late Pliocene nanno ooze interbedded with clayey
silt and sand and early Pliocene to late Miocene nan-
nofossil ooze. The lower sequence made up of units
D to E consists of middle to upper Miocene nannofos-
sil ooze interbedded with quartz silt and sand at the
top and a mixture of nannofossil ooze, volcaniclas-
tics and siliciclastics at the base. The volcaniclastic
detritus is correlative with the Miocene Fataga and
Mogan Group volcanism in Gran Canaria. The up-
per sequence thickens basinward and displays lateral
changes in seismic facies and the lower sequence thins
basinward. Acoustic basement at the base of unit E is
the top of the lower volcanic sands correlative with
the Mogan Formation of Gran Canaria. These two se-
quences could be correlative with units 1-3 imaged
by the profiles in the Canary Channel. The absence
of a tie line and location of ODP Site 955, on the
Gran Canaria volcanic apron 109 km southwest of
Fuerteventura and 125 km west of the African mar-
gin (Shipboard Scientific Party, 1995), make such
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correlation tenuous at best. Thus we use a distinct
stratigraphic nomenclature for the lines in the Canary
Channel and Line 117.

Its possible that the Neogene stratigraphic se-
quence in the lines in the Canary Channel is more
compatible with that at Deep Sea Drilling Project
(DSDP) Site 397 drilled on the continental rise at a
depth of 2914 m (Arthur et al., 1979). This site is
located over 100 km southwest of the Canary Chan-
nel. If so, then Neogene deposition in the channel was
influenced by massive erosion by a geostrophic bot-
tom currents and slumping during the late Eocene to
late Oligocene and by early-late Miocene hemipelagic
deposition in an upwelling environment. Subaerial
volcanism during the middle Miocene in Fuerteven-
tura and Lanzarote was another event that influenced
deposition in the channel. This event is represented at
DSDP Site 397 by volcaniclastic debris flows and rhy-
olitic ash layers. Late Neogene deposition at the site
is characterized by high carbonate productivity under
upwelling conditions and minor input of terrigenous
influx. At other sections of the margin, however, the
terrigenous input was high. A seismic reflection profile
linking DSDP Sites 369 on the slope and 397 on the
continental rise has been described by Hinz (1979).
This profile clearly images the massive erosion that
the slope off northwest Africa underwent from late
Eocene to late Oligocene.

The Neogene sequence along this profile on the
upper rise (Hinz’s acoustic sequence CB1b) is well
stratified. Its lower boundary, the erosional surface
carved by geostrophic bottom current erosion in late
Eocene to late Oligocene, is not marked by a strong
reflector. The Cenozoic sequence (Hinz’s acoustic
sequence CB1a) on the lower slope consists of a pro-
grading unit downlaping on a lower unit and is not
continuous with CB1b on the rise. Apparently part of
this unit was eroded before the deposition of sequence
CB1b. No such geometry is displayed by the Neogene
acoustic succession in the Canary Channel and none
of the profiles in the channel display the massive ero-
sion displayed by this profile. Thus, the correlation of
the Canary Channel acoustic succession with that of
DSDP Sites 397 and 369 also is not feasible. These
sites are too far from the channel, too deep and the
influence of the Canary Ridge on the depositional his-
tory of DSDP Site 395 was of secondary importance.
This ridge, not only contributed detritus to the chan-
nel, but also acted as a dam to continental detritus
preventing its dispersion to the deep-sea.

The presence of oceanic crust south of Gran Ca-
naria (Emery and Uchupi, 1984) suggests that line
117, southwest of the Canary Channel, is located
over oceanic crust and explains the lack of pierce-
ment structures along the line (Figure 2). Of the
seismic units described by ODP Shipboard Scientific
Party (1995) in the vicinity of ODP Site 955, line
117 on the Gran Canaria insular slope only displays
Units A, C and D. ODP Shipboard Scientific Party
(1995) interpreted an undulating reflector on top of
Unit A as possible mud waves. Unit C is irregularly
stratified upslope and is characterized by at least one
lens-like sediment build-up on the distal end of the
profile. Unit D also displays undulating reflectors. The
acoustic basement, the top of Gran Canaria’s clastic
flank facies, can be traced the length of the pro-
file. Data from ODP Site 955 suggests that Units A
and C along 117 correlate with Quaternary and lower
Pliocene-upper Miocene nannofossil ooze mixed with
foraminifers. Unit D is constituted of upper to middle
Miocene nannofossil clay toward the top and Miocene
volcaniclastic sediments toward the bottom.

Line 131 at the southwest end of the Canary Chan-
nel is either on oceanic crust or continental crust. If the
line is over continental crust the lack of diapirs along
this line could be due to masking by volcanic rocks.
Line 131 cuts obliquely across El Banquete Bank lo-
cated at the southwest end of the Canary Ridge. The
bank has a flat-top beneath which there is evidence
of stratification with the superficial sediments along
the northwest edge of the bank displaying a geometry
suggestive of shelf progradation (DT, Figure 2). The
three sediment units (1-3) along this line rest on the
east flank of the Canary Ridge with the upper one
(Unit 3) displaying an acoustic character typical of
mass movement or bottom current activity (S, Fig-
ure 2). Southeastward the bedding within this unit is
suggestive of the merging of two sources, one from
the ridge and another one from the African margin.

Line 130 (Figure 3), cutting obliquely across the
embayment separating Fuerteventura and Lanzarote,
ends just east of the axis of the Canary Channel.
Whereas along Lines 135 and 129 the flank of the
Canary Ridge (probably the top of the islands clastic
flank facies) plunges rapidly eastward, the ridge’s east
flank along line 130 descends more gradually and can
be traced to, at least, the axis of the Canary Channel.
The absence of diapirs along this line most probably
results from acoustic energy not being able to pene-
trate the volcanic apron off Fuerteventura. Line 130
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Figure 3. Seismic reflection profiles 135, 129 and 130 across the Canary Channel. See Figure 1 for locations of profiles. B = Acoustic
Basement; C = Channel; CR = Canary Ridge; D = Diapir; F = Fault; S = Slump; SG = Sag; SW = Sediment Waves. Sag may be due to
uplift of Canary Ridge. Diapirs along profiles 135 and 129 were formed by the plastic flow of Mesozoic evaporites.
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also displays three units with a reversed in the dip of
strata in Unit 2 suggests that either part of the sequence
was derived from the Canary Ridge or is due to the
uplift of the ridge after its deposition. Unit 3 is cut by
a low relief channel (C, Figure 3) near the axis of the
Canary Channel at a water depth of 750 m. West of this
channel the surface of the unit is rough, with irregular-
ities that may reflect mass movement or bottom current
activity. This unit also reverses its dip west of the axis
of the Canary Channel suggesting that part of the unit
may have been derived from the Canary Ridge.

Two diapirs and a 3.5 km wide and 225 m deep
low disrupt the stratigraphic succession along line 129
(Figure 3). The fault network disrupting the strata has
led us to infer that the low is a graben that structurally
controls the erosional channel. A 300 m wide and
400 m high mound in the center of the channel rests
on a horizon displaying sag beneath the mound and the
acoustic character below this horizon is chaotic. Strata
beneath this chaotic sequence and immediately east of
the low, in the vicinity of two diapirs (D, Figure 2),
are diffused, a texture possibly resulting from the for-
mation of the piercement structures and fault network
seen in the profile. West of the low the dip of Units
1-3 changes abruptly from west to east. We infer that
this change in inclination is due to subsidence of the
Canary Channel. It is this subsidence that also may be
responsible for the faulting along Line 129. No such
subsidence is displayed by the Canary Channel to the
north (Line 135) nor to the south (Line 130) suggest-
ing that this subsidence is not a regional phenomena.
Possibly the subsidence and associated faulting may
be due to salt withdrawal that led to the formation of
the salt massif on the eastern end of Line 129.

On Line 135, extending from the flat-topped north-
ern end of the Canary Ridge to the African margin
(Figures 1 and 3), the acoustic basement of the Canary
Ridge is covered by a stratified unit (1) whose east-
ward dip indicates that it was either derived from the
ridge or is due to uplift of the ridge. Units 2 and 3 dip
westward indicating that they were derived from the
African margin. Unit 2 near the ridge displays a sag
(SG, Figure 3) west of which the strata’s dip changes
to the east. Although the reversal in dip could indicate
a change in sediment source from east to west (Ca-
nary Ridge), we infer that this change in dip results
from the tectonic uplift of the Canary Ridge. Such de-
formation is not surprising as Martinez del Olmo and
Buitrago Borrds (2002) have inferred from the stratig-
raphy of a well in Lanzarote that the Canary Ridge has

experienced an uplift of 3500 to 2000 m in the Ceno-
zoic. The surficial sediments of Unit 3 at the base of
the Canary Ridge display features that appear to be
the result of slumping (S, Figure 2). Further down
slope the seafloor is undulating (SW, Figure 3), a mor-
phology that we infer to be due to bottom currents.
Immediately below this undulating seafloor, the sub-
surface strata display a slight up-doming that also is
reflected in the seafloor. This slight upwarp imaged
throughout the width of the profile is due to vertical
flow of the Mesozoic evaporites at the base of the
sediment apron (D, Figure 2). The eastern end of the
profile shows a prominent piercement structure with
seafloor expression.

Swath Bathymetry

The swath bathymetric data provides additional con-
straints on the geologic setting of the Canary Channel
(Figures 4-6). The topographic map shows a broad
swell (S, Figure 4) with a minimum water depth of
475 m, centered near 28° 30’ N and 13° 0’ W. This high
plunges to the northwest in the direction of the axis
of the Canary Channel. Cutting the northwest flank of
the swell is a northwest-trending narrow trough whose
relief ranges from 25 m at its northwest end to 250 m
at its southeast end. The low is asymmetrical in cross
section with its steeper side on its southwest side. This
is the graben imaged by Line 129 (Figure 3). Two
channels dominate the axis of the Canary Channel, one
drains northeast and the other southwest. The chan-
nels are separated by a high with a relief of > 275 m
extending from 28° 18’ N to 28° 38’ N. The northern
Canary Channel is slightly convex westward as it flows
around the base of the continental slope. This valley
can be traced for a distance of 87 km to a water depth
of 1550 m at the northern limit of the swath survey.
The southern Canary Channel is slightly convex east-
ward as it flows around a southeast trending buttress
attached to Fuerteventura (Figure 4). This channel
has a topographic expression for a distance of 40 km
where it debouches into the southwest trending trough
south of El Banquete Bank at a water depth of 1650 m.
The buttress attached to Fuerteventura is made up of
two topographic features, a shallow platform less than
200 m deep at its northwest end and a series of circular
highs suggestive of volcanic construction at its south-
east end (Figure 4). Ancochea et al. (1996) interpreted
the buttress as a submarine prolongation of the sheeted
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Figure 4. Swath bathymetric map of the Canary Channel showing locations of seismic reflection profile 129, 130, 131 and 117. A = Amanay
Bank; B = Banquete Bank; F = Fuerteventura; GC = Gran Canaria; L = Lanzarote; M = Mound; MT = Moat; S = Swell.

dike swam intruded into the Central Volcanic Complex
in Fuerteventura.

Along the base of the continental slope, centered
near 28°40’'N and 13° 19’ W, is a northeast trending
chain of circular to elliptical mounds. Those at the
southern end of the chain have reliefs of about 100 m
and diameters between 2 and 10 km. These are fea-
tures that we have named mounds M2 and M3, and
were surveyed aboard R/V Vizconde de Eza (Figures 7
and 8). Those in the center of the chain display reliefs
of 100 to 375 m and diameters between 6 and 10 km
and those at the northern end of the chain have heights
between 75 and 100 m and diameters of 4 to 8 km.
The mounds in the center of the chain are surrounded
by moats depressed between 25 and 75 m with respect
to the surrounding seafloor. West of the center of the
chain, near the flank of the Canary Ridge, is another
mound (Mound M1, Figure 7). This high lacks a moat,
appears to have a crater on its crest, has a relief of
275 m and a diameter of 6 km (Figures 4, 6 and 7).
This is the third high that was surveyed aboard R/V
Vizconde de Eza.

The mounds and surrounding moats are clearly im-
aged on the relief map (Figure 5A). A 3D diagram
(Figure 6) constructed from the swath data not only
images the morphology of the mounds and their sur-
rounding moats, but also a series of small pockmarks,
the crater on the apex on Mound 1 located near the
base of the Canary Ridge and a system of gullies. The
largest of these gullies originates at the base of conti-
nental slope from where it meanders down slope dying
out northward among two of the smaller mounds (Fig-
ure 5A). Other gullies appear to form along the side of
one of the mounds with their heads truncated by the
moat surrounding the dome.

The shaded relief image (Figure SA) shows that
the Fuerteventura slope where the trend of the insular
slope changes from northeast-southwest to east-west,
is scalloped, a feature indicative of mass wasting.
At the base of this slope segment are apron-shaped
sediment accumulations resembling a landslide. At
the southwest tip of Fuerteventura is a ramp-like fea-
ture that may represent a slump (Figure 5B). Along
the west side of this slump is a gully whose head is
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Figure 5. A. Shaded relief diagram of the of the Canary Channel imaging the salt diapir mounds (DM), Volcanic Mound? (M1), Moat (MT),
Gullies (G), Graben (GR), Pockmarks (P) and Swell (S) on the seafloor of the channel. B. Shaded relief diagram of the southern approach to
the Canary Channel showing the turbidity current generated channel system and mass wasting features. GR = Grooves; L = Landslide; SC =

Scar. Note curved groove (CG) on right side with two small mounds (M).

embayed and that terminates abruptly seaward; the
gully may represent the pathway of a debris flow with
the flow located at its mouth. The southern side of
El Banquete Bank is indented by two small embay-
ments that may represent the detachment planes of
landslides. West of El Banquete Bank (B, Figure 5B)
is an apron (A, Figure 5B) whose surface is cut by
gullies that can be traced to the distal end of the apron.
Beyond this apron is a braided system of gullies that

originate on the southern slope of El Banquete Bank
and the southwest tip of Fuerteventura.

The most unusual features in the Canary Channel
are the channels located east of the braided system
described above. One of these channels or grooves is
convex southeastward at its northern end and north-
westward at its southern end. Two small highs occur
along its axis. Farther south there is another channel
that is convex northward. To the east of this channel
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Depth in meters

Figure 6. 3D diagram of the mounds in the Canary Channel. DM = Diapiric Mounds (cold seep); MT = Moat; G = Graben; S = Swell; M1
= Volcanic Mound (hot seep). Note that diapiric mounds are located along the base of continental slope.

or groove are two subparallel grooves that divert at
their western end. To their south is another curved
groove convex northward that terminates on an irregu-
lar south-facing low relief scar. None of these channels
or grooves displays morphology typical of a turbidity
current regime.

Discussion

The seismic reflection Profiles 135 and 129 and those
recorded by Hinz et al. (1982) demonstrate that the
Canary Channel is underlained by Mesozoic evapor-
ites whose plastic flow has led to the formation of
diapirs and piercement structures. These evaporites
were deposited in a basin along the northwest African
continental margin from Senegal at 10° N to the south-
ern Iberian peninsula at 37° N (Uchupi et al., 1976).
Within the Canary Channel the evaporite province ex-
tends westward from the northwest African margin to
the vicinity of the Canary Ridge terminating south-
westward at about the same latitude than the most
southern tip of Fuerteventura. However, since evap-
orites may be masked by Miocene volcanic rocks it

is possible that the evaporite province extends far-
ther south and west. Of the lines described in this
report, only on Line 135, at the northern end of the
Canary Channel, do the diapirs have seafloor expres-
sion. Another seafloor feature that may be the result
of diapirism is the broad swell on the east side of
the Canary Channel centered about 28° 40’ N. Only its
western side lies within the area surveyed by swath
bathymetry. As defined by the 1000 m contour the fea-
ture is about 90 km long in a northeast direction and
20 km wide in a northwest direction. Seismic reflec-
tion Profile 129 across the northeast edge of the swell
suggests that there are at least two diapirs beneath
the swell. The rest of Line 129, extending eastward
beyond the shelf’s edge (not included in this report),
reveals several diapirs beneath the upper continental
slope and continental shelf (Uchupi et al., 1976); thus
the swell may be a salt massif.

One of the features imaged by the swath bathymet-
ric map, as well as the relief and 3D diagrams in the
Canary Channel are pockmarks formed by the expul-
sion of fluids. Their occurrence within a salt diapiric
field suggests that the fluids are of thermogenic origin.
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Another feature imaged by the swath data are low
relief circular to elliptical mounds (Figures 4-8). One
of the mounds is within a graben and is associated with
faults that propagate to the seafloor. Two other small
mounds are located within a convex shaped groove.
The others are located along the base of the salt massif.
Except for the mounds in the convex groove that have
reliefs of less than 10 m and diameters of tens of me-
ters, mounds have heights of 75 to 375 m, diameters of
4 to 10 km and are partially surrounded by moats with
reliefs of 25 to 75 m. As there is evidence of bottom
current activity in the region (Jacobi and Hayes, 1992;
this study) it is possible that the moats surrounding
the mounds are due to current scour (Figure 8). How-
ever, their reliefs suggest that they may be structural
in origin.

None of the seismic reflection profiles described in
this study crosses these features, thus, it is not possi-
ble to determine their relationship to the salt diapirs
imaged in the seismic reflection profiles. The high
immediately east of the Canary Ridge (Mound M1,
Figures SA and 7) does not have a moat and displays a
crater on its crest, a feature not observed on the other
highs (Figures 6 and 8). It is also located on top of
toe thrusts and overhangs along the east flank of the
Canary Ridge described by Martinez del Olmo and
Buitrago Borras (2002). We infer from its proximity to
the Canary Ridge and its location over the overhangs
that this mound is probably the consequence of the
expulsion of volcanogenic gas, hot venting (Figure 7).
Such a conclusion is also supported by geomagnetic
studies (Catalan et al., this issue) that show that Mound
1 has a 300 nT absolute magnetic maxima (peak to
peak) showing a characteristic induced dipolar aspect.
In contrast Mounds 2 and 3 display a small amplitude
short wavelength maxima (smaller than 20 nT).

Analytical signal studies (magnetic source bound-
aries without remnant magnetism) further support our
contention that Mound 1 is of volcanic origin and
Mounds 2 and 3 are not. The other highs, located
within the diapiric field along the base of the salt
massif centered at 28°45' N and 13° 19’ W may be
the result of salt diapirs. Possibly hydrocarbon and
oil seeps (cold venting) along the crest of the salt di-
apirs may be responsible for much of the relief of the
mounds. In the Gulf of Mexico such seeps along faults
on the crests and flanks of salt diapirs has led to the
creation of small depressions, mud vents or carbonate
mounds (Roberts et al., 1989, 1990). In addition to
carbonate build-ups the topographic highs in the Gulf
of Mexico formed by diapiric activity are also capped

by carbonate-rich, lithified sediments and yellowish
to orange nodules of thermogenic gas hydrate asso-
ciated with lithified carbonate rubble and crude oil.
Dredge samples recovered from Mound 3 are of simi-
lar composition consisting of carbonate pavement and
manganese oxide coated yellowish nodules.

The gullies or rills (Figures 5 and 6) associated
with the mounds and pockmarks north of 27° 30’ N
tend to begin and end abruptly. The largest of these
gullies originates in the swell centered near 28° 30’ N
and meanders down its side terminating in the vicinity
of two other mounds. The other gullies occur in the
vicinity of the mound and appear to originate from the
sides of the mounds. The morphology of these gullies
is suggestive of erosion by a dense flow, possibly salt
brine. As noted by MacDonald (1992) such brines are
produced where the salt comes in contact with sea-
water along fault planes. According to MacDonald
(1992) these brines typically have salinities that ex-
ceed 200 ppt and density that is at least 125% that of
salt water. This density difference tends to preserve the
salt brines as a distinct fluid on the sea floor, a fluid that
can flow down-slope eroding gullies on the surficial
sediments. Another possible mechanism for brine for-
mation in the Canary Channel region may have been
igneous activity on the Canary Ridge. That the ridge
could have served as a thermal source is not unrealistic
as Lanzarote has been active between 1730 and 1736
when extrusives covered much of the southwest side of
the island. (Carracedo and Rodriguez Badiola, 1993)
and hot springs are present in the Montafia del Fuego,
Lanzarote (Calami and Ceron, 1970). If interstitial wa-
ters warmed by the heat produced by this volcanicity
propagated eastward and deep into the sediments in
the Canary Channel it may have led to the dissolution
of the Mesozoic salt and formation of brines. Once
formed the brines would have migrated upward along
faults created by salt diapirism.

Other channels in the region tend to differ from
those that we ascribe to erosion by brine seeps.The
channels south of 27° 57’ N and west of 14° 51" W dis-
play characteristics typical of turbidity currents. Those
channels south of 27° 57" W and east of 14° 51’ W dis-
play an unusual morphology. They tend to be sharply
curved with two small mounds located along the axis
of one of the lows. Their morphology demonstrates
that they are not the creation of brine seeps or tur-
bidity currents. The grooves are associated with a
scalloped scarp south of 27°27’S that may represent
the failure plane or head of scar of a landslide involv-
ing the uppermost sediments (Figure 5B). Possibly the
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Figure 7. Upper Panel: Shaded relief diagram of Mound 1. A-D = Positions of bottom photographs; White numbers = water depth in meters.
Lower Panel: A-B: Flank of Mound 1 showing outcrops surrounded by sediments. The outcrops may represent carbonate pavement or lava.
The twigs in B may be deep-water coral. C—D = White smoker on crest of Mound 1. Area covered by each photographs is approximately 5 x 4
meters.
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Figure 8. Upper Panel: Shaded relief diagram of Mounds 2 and 3. A-D = Positions of bottom photographs. White numbers = water depth in
meters. Lower Panel: A-B: Photographs on crest of Mound 3, showing sediment waves. H: Holes created by bioturbation or fluid seepage. C:
Photograph on crest of Mound 2 showing crinoids (dark), deep-water corals (branches below the crinoid) and rock out crops that may represent
carbonate pavement. D: Photograph in crest of Mound 2. ‘Sediment cloud’ in photo was generated by the impact of compass on seafloor. Area
covered by each photograph is approximately 5 x 4 m.



curved grooves north of the landslide scar may rep-
resent cracks on the surficial sediment section that is
being displaced downslope by creep. A possible sce-
nario for their evolution may involve sediment creep
down slope creating the grooves until part of the sedi-
ment becomes detached to form the slide scar south of
27° 27 S. The presence of two small mounds within
one curved groove (Figure 5B) suggests that fluid ex-
pulsion has played a role in sediment instability. In the
ultimate instance, these gravitational micro-structures
also may have been triggered by fluid expulsion and
vertical motion of the Mesozoic evaporites.

Conclusion

Features found during a swath bathymetric survey of
the Canary Channel include a mound near the east
flank of the Canary Ridge, landslide scars and land-
slide deposits along the base of the Canary Ridge, a
line of mounds aligned in a northeast direction along
the axis of the channel, gullies associated with mounds
that have abrupt terminations, pockmarks and curved
grooves. The features along or near the east flank of
the Canary Ridge are probably the creation of tec-
tonism and turbidity current activity. The mound, a
smoker, was formed by hydrothermal activity. The
features in the Canary Channel have a different ori-
gin. The mounds in the channel have diameters of 4
to 10 km, reliefs of 75 to 375 m and are partially
surrounded by moats. They occur within a Mesozoic
evaporitic basin. One of the mounds is a smoker. We
infer that the mounds may represent the crests of salt
diapirs capped by carbonate pavement, mud vents, and
yellowish to orange nodules of thermogenic gas hy-
drate associated with lithified carbonate rubble and
crude oil. These seeps may have provided nutrients
to bacteria that in turn served as a food chain for
carbonate-secreting organisms. We further speculate
that the gullies found in the vicinity of the mounds
were eroded by dense salt brines created where salt
in the diapirs are in contact with sea water at the
seafloor or were formed in the subsurface by water
heated by igneous activity along the Canary Ridge.
From there the brines migrated upward along the fault
system that served as conduits for the hydrocarbons.
The pockmarks associated with the diapirs are proba-
bly the result of expulsion of thermogenic fluids and
the curved grooves may reflect sediment displacement
by creep of the surficial sediments and gravitational
sliding triggered by salt and hydrocarbon seeps.
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Abstract

The meso-scale (km) morphology of the well-studied volcanic rift zones on the Island of Hawaii is compared to
the morphology of the lesser known rift zones of La Palma and El Hierro, Canary Islands. We find that there are
both differences and similarities in their morphologic characteristics. In general, the rift zones on La Palma and El
Hierro are shorter (a few tens of km in length) than those on Hawaii (ranging up to >100 km in length), perhaps
reflecting both magma supply and composition. Many of the rift zones on Hawaii have well defined axial zones,
both on-and offshore. In contrast, the rift zones on La Palma and El Hierro display various geometries ranging from
linear ridges having smooth to irregular crests to structures with a broad fan-like morphology in plan view. The
pronounced fanning may be a reflection of: 1) the stress field within the rift being insufficient to trap dikes within
a narrow region, 2) dike injection and volcanism shifting laterally through time, 3) volcanoes building nearly one
atop of another in the Canary Islands, superimposing the stress field of one structure on the other and thus yielding
a more complex distribution of gravitational stresses, and 4) low rate of magma supply producing low magma
pressures and thus randomly oriented dike injections. Irregularities and curvature along the axes of the rifts on La
Palma and El Hierro may be a reflection of differences in the rate of magma production. Unlike the volcanoes on
the Island of Hawaii there may be insufficient volumes of lavas erupted on La Palma and El Hierro to smooth out
irregularities. The superposition of rifts from different volcanoes may also add to topographic irregularities in the
Canary Islands, especially if eruption rates are low.

Introduction evolution of the volcanoes and rift zones that make up
these two island groups.

Of all the oceanic island chains inferred to have been Previous work comparing the morphology of the

generated by hotspot activity, the best known are the
Canary and the Hawaiian Islands (Figures 1 and 2).
Although both are formed by magmatism associated
with a hotspot, the volcanoes within the two island
groups display both similar and, of primary interest to
us, distinctly different geologic and geophysical char-
acteristics. We are not sure why their characteristics
vary and thus the aim of this work is to illuminate
possible controls on the formation, interaction, and

Canary and Hawaiian Islands includes that by Car-
racedo (1999), who examined the structure and evo-
lution of individual volcanoes, and Mitchell et al.
(2002), who investigated the effect of landslides on
submarine flank morphology and the role of volatiles
in controlling the meso-scale morphology. In this pa-
per we focus on the meso-scale (km) morphology
of the subaerial and submarine sections of the vol-
canic rift zones of the two youngest Canary Islands, La
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Palma and El Hierro, and compare their characteris-
tics with those of the well-studied rift zones on the
youngest of the Hawaiian Islands, Hawaii.

Our work shows that the rift zones on La Palma and
El Hierro are typically shorter (10 s of km) than those
on Hawaii (ranging up to > 100 km). In addition, the
rift zones on La Palma and El Hierro display various
geometries ranging from linear ridges with smooth to
irregular crests to ridges with a fan-like morphology in
plan view. In contrast, the rift zones on Hawaii tend to
consist mostly of well-defined linear ridges. Although
the toes of some of the Hawaiian rifts do partially fan
out, they do not to the extent displayed by the Canary
Island rifts. Irregularities and curvature along the axes
of the rift zones is also more common on La Palma and
El Hierro than on Hawaii. We examine the possible
causes for these observations.

Data

Comparison of the subaerial sections of the volcanic
rifts in La Palma, El Hierro, and the island of Hawaii
is based on published sources. Investigation of the
offshore sections of the rifts in the Canary Islands
is based on swath bathymetric data collected by the
Instituto Espafiol de Oceanografia and the Instituto
Hidrogréfico de la Marina in 1998 to 2002. Descrip-
tion of the submarine rifts in Hawaii is based on
available swath bathymetry data from Monterey Bay
Aquarium Research Institute (MBARI, 2000), side
scan sonar data from a deep towed vehicle and bottom
photographs (Smith et al., 2002a), and a multitude of
published sources as cited in that study.

Background

Regional setting

The Canary archipelago is located on the continental
rise off Cape Juby, northwest Africa. Fuerteventura
and Lanzarote, at the eastern end of the chain, are
100 km from the African coast, and El Hierro and
La Palma at its western end are 500 km from the
coast (Figure 1). The inner islands, Lanzarote and
Fuerteventura, are built on seafloor at a water depth of
about 2000 m, just west of the transition from attenu-
ated continental to oceanic crust (Emery and Uchupi,
1984). Gran Canaria, Tenerife, La Gomera, LLa Palma
and El Hierro, built on seafloor with water depths of

2000 to 4000 m, are located on oceanic crust of Juras-
sic age (Uchupi et al., 1976). The boundaries of this
crust are defined by magnetic anomaly S1 (180 Ma;
along the transition from continental to oceanic crust)
east of Lanzarote-Fuerteventura (Canary Ridge) and
anomaly M-25 (156 Ma) west of La Palma and El
Hierro (Emery and Uchupi, 1984).

Volcanism in the Canary Islands ranges from Late
Cretaceous in the eastern islands to the present (Le Bas
et al., 1986; Carracedo, 1994). Carracedo (1994) has
divided the islands into three groups, those that have
had eruptions in historic times (<500 yr; Tenerife, La
Palma; Lanzarote and probably El Hierro), those with
a history of Quaternary volcanism (Fuerteventura and
Gran Canaria) and those lacking evidence of Quater-
nary volcanism (La Gomera). Lanzarote, Fuerteven-
tura and Gran Canaria are in the post-erosional phase,
La Gomera is in the repose stage and Tenerife, La
Palma and El Hierro are in the shield stage of devel-
opment (Carracedo, 1999). In Gran Canaria the post-
erosional phase is also characterized by catastrophic
mass wasting (Mehl and Schmincke, 1999). The
seamount phase of construction is represented in the
Canary Islands by the Basal Complex that is formed
of basic plutonic rocks, marine sediments and volcanic
materials, cut by a very dense dike network. It crops
out in Fuerteventura (Stillman, 1999), in La Gomera
(Bravo, 1982; Cendrero, 1970), and in the Caldera de
Taburiente and the Barranco de las Angustias in La
Palma (Staudigel and Schmincke, 1984).

At the southeast end of the Hawaiian Ridge are
the islands of the Hawaiian chain (Figure 2), built on
crust older than magnetic anomaly 34 and younger
than anomaly MO, between 90 and 80 Ma (Figure 2)
(Clague and Dalrymple, 1989). Some of these islands
are formed by a single volcano and others consist of
two or more coalescing volcanic edifices (Langenheim
and Clague, 1987). The ages of the volcanoes associ-
ated with the islands get older to the northwest with
historical volcanic activity being limited to Maui and
Hawaii (Figure 2). Hawaiian volcanoes, like those in
the Canary Islands, go through four stages of evolu-
tion: a seamount phase, the best example being Loihi
Seamount sitting at the leading edge of the island
chain, a shield phase during which a caldera may form,
a long period of volcanic quiescence and erosion, and
a post erosional volcanic phase during which a caldera
also may form (Clague and Dalrymple, 1989). During
the shield phase and post-shield phase eruptions oc-
cur at the summit of the volcano and along rift zones
extending down the flanks of the volcanoes.
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Figure 1. Geographic setting of the Canary Islands. Compiled from Emery and Uchupi (1984) and Uchupi et al. (1976).
Age progression islands, therefore, may simply reflect the duration of
) ) their composite construction.
The volcanoes associated with the Emperor The lack of a simple east-west age progression in

Seamounts-Hawaiian Ridge are an obvious hotspot
trace superimposed on the fast moving Pacific plate
~70 mm/yr (Morgan, 1972). In contrast, the Ca-
nary Islands, on the slow-moving African plate
(~25 mm/yr), form a less convincing hotspot trace
(Carracedo, 1999). The Canary Islands do display a
general age progression, from oldest in the east to the
youngest in the west, but this trend displays several
anomalies in the age-distance plot. Carracedo (1999)
proposed that these anomalies may be a consequence
of the islands having been created by a combination
of a low-activity hotspot and a slow-moving plate. He
noted that a similar age anomaly occurs in the Cape
Verde Islands, an island group in the Eastern Atlantic
also formed by hotspot activity. In the Cape Verde Is-
lands, Quaternary volcanism shifted back to the east
from Brava to Fogo, a situation comparable to the late
Miocene shift in volcanism from La Gomera east to
Tenerife. Carracedo (1999) also pointed out that Lan-
zarote is not really a separate island, but a northeast
extension of Fuerteventura. The islands are separated
by only the narrow 50-m-deep La Bocaina Channel.
Differences in the age of volcanic activity in these two

the older radiogenic age data led Anguita and Hernédn
(1975) to question a hotspot origin for the Canary Is-
lands. They proposed, instead, that the islands were
formed by magmatic intrusion along propagating frac-
ture zones associated with seafloor spreading. The age
of the islands (Late Cretaceous-Quaternary) is much
younger than the age of the crust on which the islands
are superimposed (Jurassic; Uchupi et al.,1976), how-
ever, and is not consistent with this theory. Another
possibility is that magmatic activity along existing
fracture zones may have been triggered by Alpine
tectonism in western Africa (Uchupi et al., 1976).
Price (1980), for example, proposed that volcanism
along the Canary Ridge, capped by Lanzarote and
Fuerteventura, was due to motion along a southwest
extension of the sinistral South Atlas Fault (Figure 1).
Another idea is that Lanzarote and Fuerteventura
were emplaced on a structural weakness along the
continental-oceanic crustal boundary. To date there are
no data to verify any of these models.

New radiometric dating, however, appears to sup-
port a plume model for the Canary Islands with
Fuerteventura-Lanzarote forming 20-21 Ma, Gran
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Canaria 14-15 Ma, Tenerife 11-12 Ma and La
Gomera 9-10 Ma. After the formation of La Gomera
the east to west hotspot activity split into a north-
south component, with dual hotspot activity forming
La Palma and El Hierro < 2 Ma. Such dual volcanism
is generally associated with changes in plate motion,
but to date no such change in plate motion has been
noted in the Canaries (Carracedo et al., 2001). On
the basis of the new radiometric data Carracedo et al.
(2001) concluded that the extension of the Atlas Fault
System to the Canary Islands is a geographic coinci-
dence and did not control the formation of the islands.

They further proposed that the hotspot produced the
islands, and that the hotspot is either spreading west-
ward beneath the lithosphere or is fixed beneath the
plate, which is slowly moving eastward.

Magma supply

The Hawaii and Canary Islands groups differ in their
rates of magma supply. For example, eruption rates in
Kilauea Volcano, Hawaii, from 1956 to 1983 suggest
that the magma supply rate to this volcano is on the
order of 86 km?/1000 yr (e.g., Tilling and Dvorak,
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Figure 3. Geologic maps of La Palma and El Hierro, Canary Islands. Compiled from Hausen (1969), Fuster et al. (1993), Guillou et al. (1998)

and Carracedo et al. (1999a).
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1993 and references therein). Magma supply rate can
be estimated for El Hierro, which is probably the
youngest and the best constrained geochronologically
of any the Canary Islands (Guillou et al., 1996). The
present emerged volume of the island, of about 140—
150 km?, has been produced in the last 1.2-1.5 Ma,
giving an apparent average magma production rate of
0.12-0.13 km?3/1000 yr (Carracedo, 1999). Carracedo
took into account the volume lost during the three gi-
ant lateral collapses that have affected the island, and
concluded that the volume of the island would only
be increased by ~100 km?> for each collapse, yield-
ing only a slightly greater magma supply rate of about

Figure 4. Topography of southern La Palma and swath bathymetry of the rift south of La Palma.

0.40 km3/1000 yr. The fact that magma supply is much
greater in Hawaii is reflected in the differences in the
areas of the islands. The Island of Hawaii has an area
of 10,458 km2whereas La Palma and El Hierro have
areas of 687 and 273 km? respectively and even the
whole Canary Archipelago only has a total area of
7,273 km? representing 70% of the area of the Island
of Hawaii.

Cooling and subsidence

The Canary and Hawaii Islands vary in their rate of
subsidence due to lithospheric cooling as they move
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Figure 7. Relief diagram of the Cumbre Vieja Rift south of La Palma. Compiled from swath bathymetry. LG = La Gomera; LP = La Palma;

A = Artifacts.

away from the hotspot (Morgan, 1970; Clague and
Dalrymple, 1989 and references there in). In the
Hawaiian Islands, there is a gradual progression from
active volcanoes, Mauna Loa and Kilauea, to erosional
remants (Niihau, Nihoa, Necker), growing atolls,
(French Frigates Shoal and Midway Islands) to sub-
merged guyots, (Ojin and Suiko) (Clague et al., 1988).
Moore and Campbell (1987) estimated that most of
the Hawaiian volcanoes have subsided 2—4 km and
Moore and Campbell (1987) proposed that the bulk of
this subsidence is rapid and concludes within a million
years of the end of the shield phase. A much reduced
subsidence rate due to regional processes continues
beyond this phase. Dating of reefs on the gentle slope
northwest of the Island of Hawaii indicates that it has
been subsiding at a rate of 2.6 = 0.4 mm/yr during
the last 463 k.y. (Moore and Fornari, 1984; Moore and

Clague, 1992). This rate of subsidence is such that one
of the oldest islands in the chain, Kauai, is less than
6 Ma (McDougall, 1979).

No such subsidence trend is seen in the Canary
Islands, with over 20 m.y. of volcanic rocks being ex-
posed on some of the islands (Carracedo, 1999). The
islands did, however, experience subsidence during the
shield phase. Bathymetric data indicate a change from
gently sloping (~87 m/km) subaerial lavas to more
steeply sloping (> 176 m/km) submarine lavas off shore
Gran Canaria. The depth of the now submerged subaer-
ial lavas suggests that during the shield building phase
this island subsided 600—-800 m (Funck and Schmincke,
1998). In the post-shield phase of island development,
Gran Canaria and Tenerife have remained relatively sta-
ble with respect to sea level since about 14 Ma (Funck
and Schmincke, 1998; Carracedo, 1999). Funck and
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Schmincke (1998) proposed that this stability is due to a
combination of minor volcanic loading during the post-
shield phase and the strength of the Jurassic lithosphere,
beneath the islands.

There is also evidence that at least two of the older
islands, Lanzarote and Fuerteventura, have undergone
recent uplift, as documented by raised marine terraces,
beaches and Tertiary marine and lacustrine limestone
at elevations of 55-60 m, 20 m and 10 m above sea
level (Hausen, 1959; Coello et al., 1992; Stillman,
1999; Zazo et al., 2002). The raised Pleistocene ter-
races indicate an average uplift of 1.7 cm/1000 years
since 1 Ma, with the present elevation of the last inter-
glacial deposits suggesting that during the last 300,000
years Fuerteventura has been stable and that Lanzarote
has subsided at about 0.7 cm/1000 years.

Swell and deep

The regional bathymetry of the Hawaiian Islands dis-
plays a moat, the Hawaiian Deep, with a maximum
depth of over 5500 m. Beyond the moat is a broad

swell, the Hawaiian Arch, a zone of tension whose
crest is less than 4500 m deep, 500—1000 m shallower
than the adjacent deep. These features on Cretaceous
oceanic crust are the manifestations of lithospheric
flexure caused by volcanic loading. Straddling the arch
off the island of Oahu is the 24,000 km? active North
Arch Volcanic Field (Clague et al., 2002). Accord-
ing to Clague et al. this field surrounds Cretaceous
volcanic ridges, flat-topped volcanoes, and low re-
lief sediment covered seafloor. They inferred that the
volcanic field is younger than the 0.5-1.5 Ma age pre-
viously assigned to the field. South of the Island of
Hawaii the arch is covered by flat sheet flows whose
thin sediment cover and thin palagonite rinds on the
lava surface suggest that the flows were erupted 1-10
Ka (Lipman et al., 1989).

No such topographic moat and swell or volcanic
features are exposed on the seafloor surrounding the
Canary Islands. Canales and Dafiobeitia (1998), who
studied the coherence between gravity and topogra-
phy, proposed that a swell may be present, but likely
masked by a thick sedimentary and volcanic cover.
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This was verified by seismic reflection profiles (Watts
et al., 1997) which showed a buried moat off Tenerife
with a relief of 2-3 km and filled with sediments in
part derived from the islands (Watts et al., 1997).

Volcanic and tectonic features of volcanoes

The geologic similarities between the Canary Archi-
pelago and the Hawaiian Islands are as striking as
their differences. As mentioned, both island groups
underwent four volcanic phases: a seamount phase, a
shield-building submarine and subaerial phase, char-
acterized by rapid growth and massive slope failures, a

period of quiescence and deep erosion (erosional gap),
and a post-erosional stage of volcanic activity.
Volcanic rift zones in Hawaii tend to form during
the seamount phase and grow above sea level as the
edifice matures (e.g., Moore and Chadwick, 1995).
They tend to form along zones of extension propagat-
ing from a magmatic center with the three principal
rift arms arranged with angles of about 120° between
them, possibly controlled by tangential stresses pro-
duced by a rising plume (Wyss, 1980). This origin
also has been proposed for the rift zones in the Canary
Islands (Carracedo, 1994). However, not all the vol-
canoes in the Hawaiian chain and the Canary Islands
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have three rift arms. Fiske and Jackson (1972) sug-
gested that the locations of rift zones in Hawaii, and
supposedly those in the Canary Islands, also are con-
trolled by gravitational stresses within the volcanic
edifice, which are influenced by the shapes and po-
sitions of preexisting volcanoes whose flanks serve as
foundations for the younger structures.

On a small scale, rift zones in both the Hawaii and
the Canary Islands are marked by eruptive vents and
fissures aligned along the rift, open cracks, pit craters
and grabens that confirm that the rift zones are the
location of dike intrusions and fissure eruptions. It is
thought that the development of the rift systems and
the subsequent concentration of dikes injected into in-
dividual rifts promotes destabilization of the volcano
flanks. Magma overpressure and mechanical and ther-
mal overpressure of pore fluids leads to gravitationally
unstable flanks (Carracedo, 1994, 1996; Elsworth and
Day, 1999). In Hawaii, the rifts form the boundaries
for zones of slumping that may ultimately lead to

catastrophic collapse (Moore et al., 1989). Typically,
however, the headwalls of the landslides are seaward
of the rift zone axis (e.g., Moore and Clague, 1992).
The wide arcuate landslide depressions in the Canary
Islands often tend to be located between the two most
active rifts, some with the third rift acting as a buttress
for the landslide.

At a larger scale caldera formation at the summit
of the volcanoes is common in both island groups. In
the Canary Islands the calderas have been ascribed
to several processes including: 1) collapse due to
mass wasting (Ancochea et al., 1994; Masson et al.,
2002), 2) fluvial erosion (Carracedo et al., 1999b), 3)
magma chamber collapse (Marti et al., 1994, 1997), 4)
a combination of collapse and post-collapse incision
and retrogressive erosional collapse (Carracedo et al.,
2001), and 5) a complex interplay of volcano inflation
and deflation cycles (Troll et al., 2002). In Hawaii it
has long been recognized that the formation of summit
calderas is linked primarily to magma movement in
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the summit reservoir. The roof of the reservoir is left
unsupported when the magma is withdrawn leading
to caldera collapse (e.g. Peterson and Moore, 1987;
Tilling and Dvorak, 1993). Collapse may be incremen-
tal and recurring (Peterson and Moore, 1987). Walker
(1988) pointed out, however, that the relationship be-
tween caldera subsidence and magma movement in
Hawaiian volcanoes may not be as straightforward as
we think. He suggested that subsidence may be caused
locally by the excess load of intrusives. Either way it
is clear that caldera formation in Hawaii is associated
with magmatic processes compared to caldera forma-
tion in the Canary Islands, which can be ascribed to
several different processes.

Canary Islands

In this section we examine the characteristics of La
Palma and El Hierro, Canary Islands, and the Island of
Hawaii. We then focus on the volcanic rift zones and
compare and contrast their characteristics. The results
will be used to help constrain the magmatic process
that form these islands.

La Palma

General geology

The pendant-shaped, north-south trending island of
La Palma is the second youngest island of the Ca-
nary Island archipelago (Figure 3). It has a maximum
width of 28 km in an east-west direction, a maximum
length of 47 km in a north-south direction, a maxi-
mum elevation of 2426 m above sea level at Pico de
Los Muchachos, along the rim of Caldera de Taburi-
ente, and an area above sea level of 687 km?. The
surface of the island is cut by many barrancos, the
largest of which is the westward-draining Barranco
de las Angustias (Figure 3). Barranco de las Angus-
tias originates in the Caldera de Taburiente, whose
vertical walls are up to 800 m high (Hausen, 1969)
and whose floor has a maximum elevation of 1500 m
above sea level (Hausen, 1969; Ancochea et al., 1994).
The outer flanks of the caldera are incised by a radial
system of barrancos, draining way from the center of
the dome whose collapse, incision and retrogressive
erosion (Carracedo et al., 2001) formed the Caldera de
Taburiente. Extending southward from the rim of the
caldera to Punta de Fuencaliente at the southern tip
of La Palma is a narrow ridge, Cumbre Vieja, whose
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crestis at an elevation of nearly 2000 m above sea level
(Figure 3). Along the crest and slopes of Cumbre Vieja
are many relatively young cinder cones. Lava flows
originating from the cones extend to the east and west
coasts of La Palma, filling many of the barrancos in
the southerly slopes. The Cumbre Vieja has had seven
eruptions in historical times, with the last taking place
~500 years ago (Guillou et al., 1996). La Palma’s
coasts are generally steep and rocky and except for
Santa Cruz (Figure 3) on the east coast, which to a
great extent is artificial, the rocky coasts lack natural
harbors.

Geologically, La Palma can be divided into two
sectors (Figure 3). The northern two-thirds of the is-
land consists of the basement complex and the lavas
of the Cobertera Series (1.7 to 0.8 Ma according to
Ancochea et al., 1994 and 1.77 to 1.20 Ma accord-
ing to Carracedo et al., 2001). The southern third of
the island is dominated by the Cumbre Vieja volcano
whose older lavas have been dated to 123 Ka (Car-
racedo et al., 2001). The northern complex consists of
a basal plutonic sequence made up of small intrusions

of gabbro, leucogabbro and cumulative ultramafics
overlained by sills, and an alkali basaltic dike swarm
cutting through the complex. Also included within and
resting on the basement complex also are four debris
avalanches. Staudigel and Schmincke (1984) inferred
that the section was formed during the building of
a seamount as it rose from deep-water to above sea
level. The age of the seamount remains to be resolved.
Hernandez Pacheco and Fenandez-Santin (1975) de-
scribed Miocene microfossils in the seamount’s sub-
marine series, Staudigel and Schmincke (1984) found
Pliocene fossils in the complex and Feraud et al.(1985)
reported an age of 9 Ma and younger for the dikes in
the complex.

The Garafia Volcano, with a diameter of ~20 km
and a relief of 2500 and 3000 m, was constructed in the
northern part of La Palma over the basement complex
during the emplacement of the Lower Series Basalts
(2.0-1.3 Ma according to Ancochea et al. (1994) and
1.77 to 1.20 Ma according to Carracedo et al. (2001).
About 1.2 Ma, a paleocaldera formed on Garafia Vol-
cano, as a consequence of the gravitational sliding of



the southern slope or collapse and subsequent sub-
aerial erosion (Carracedo et al., 2001). Avalanches
created by the collapse of the Garafia Volcano are
represented inshore by a several hundred meter-thick
breccia (Carracedo et al., 1999a). An uplift of ~1000
m of the central part of La Palma and westward tilt-
ing of large blocks of the basement complex were
associated with the caldera formation. The uplift was
subdued by emplacement of the 0.89 Ma Cumbre
Nueva Series of Taburiente Volcano. This volcanic
activity ceased around 0.4 Ma having formed three
coalescing volcanoes to make up the northern shield
of La Palma (Carracedo et al., 2001).

The Cumbre Nueva Series formed a volcanic edi-
fice and a north-south trending rift, the Cumbre Nueva
Ridge, along the southern flank of the volcano during
its last stages of growth (Figure 3) (Day et al., 1999;
Carracedo et al., 2001). Ancochea et al. (1994) in-
ferred that the Cumbre Nueva Ridge rift only extended
a short distance south of its present outcrop next to
the Caldera de Taburiente. In contrast, Day et al.
(1999) proposed that the rift extended further south-
ward to nearly the southern tip of La Palma. Whether
it extends offshore is not known. As it grew, the
Cumbre Nueva Ridge became progressively steeper
until its western flank collapsed and initiated the for-
mation of the Caldera de Taburiente. The Cumbre
Nueva Avalanche off the west coast of La Palma
represents the debris avalanches created during this
collapse (Urgeles et al., 1999; Masson et al., 2002).
Another extensive debris flow, the Santa Cruz Debris
Avalanche, off the east coast of La Palma, also could
be a product of this collapse, or possibly the flow is
older and is due to the collapse of the Garaffa Volcano,
unfortunately Carracedo et al. (2001) stated that there
is no geological evidence for this debris on land.

Ancochea et al. (1994) proposed that the Caldera
de Taburiente was formed by large landslide events.
They suggested that the debris avalanches at the bot-
tom of the Caldera de Taburiente, the age of the lava
flows at the top and within the caldera, and the absence
of materials from the caldera wall, between the Basal
Complex and the Bejenado Massif, a volcano that fills
the intersection of the Cumbre Nueva and Taburiente
Calderas (Figure 3), supports such an origin. Bejenado
Volcano has been dated by Ancochea et al. (1994) as
being ~0.70-0.71 Ma. In contrast, Carracedo (1999)
speculated that Bejenado Volcano began to form soon
after the formation of the Caldera de Taburiente about
560 Ka and ended 400 Ka. Guillou et al. (1998) pro-
posed that the Caldera de Taburiente was formed from
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fluvial erosion by a drainage system trapped between
the growing Bejenado volcano and the 558 Ka Cumbre
Nueva collapse scar. Carracedo et al. (2001) specu-
lated further that the morphology of the Caldera de
Taburiente was formed by series of events: (1). Grav-
itational collapse of the Cumbre Nueva Volcano, (2)
Development of the Bejenado volcano in the collapse
structure, and (3) Incision of the Barranco de Las
Angustias to form the initial Caldera de Taburiente.

Cumbre Vieja Rift: Onshore section
Dominating the southern third of La Palma is the
north-south trending Cumbre Vieja rift whose con-
struction took place in the last 123 Ka (Figure 3)
(Carracedo et al., 2001). Day et al. (1999) inferred
that the Cumbre Vieja Ridge volcanic rocks rest on
the collapse scar formed by the failure of the western
flank of the Cumbre Nueva rift about 560 Ka. Some
authors have inferred that the Cumbre Vieja is a sin-
gle rift somehow associated with the older volcanoes
in northern La Palma (Ancochea et al., 1994). Oth-
ers workers, (Carracedo (1994) and Carracedo et al.
(1999a, b), have proposed that the construction of the
Cumbre Vieja Volcano was controlled by a triple rift
system, a north-south and northeast and northwest rift
system that was re-organized into a single north-south
rift at 7 Ka.

During the eruptive cycles the 24 km long and
17 km wide Cumbre Vieja Volcano grew into a steep
sided ridge with side slopes of 300—400 m/km and a
crest nearly 2000 m above sea level. Its west slope is
partially covered by basaltic streams originating ups-
lope, some of which date to historical times and its
eastern side is strewn with cinder cones extending to
the coast (Hausen, 1969). At its southern extremity is
the 1860 m high El Cabrito lava dome from where
the ridge descends to sea level and a field of cones
(Hausen, 1969). According to Carracedo et al. (1999a,
b) a Pleistocene glacially induced regression led to
the formation of seacliffs on the western flank of the
rift that in places are as high as 700 m. During the
subsequent Holocene rise in sea level, the cliffs were
partially buried between 20 to 15 Ka by scree-forming
lavas. We question such a scenario, as seacliffs are
indicative of transgressions, not regressions and in fact
they are one of the features that are used to distinguish
shores of submergence from ones of emergence. Thus
it seems more geologically reasonable to infer that
the cliffs were formed during a Pleistocene transgres-
sive cycle and the lavas cascading over the cliffs were
emplaced during a subsequent regression.
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The Cumbre Vieja Ridge appears to be unstable
and in state of collapse. During the 1949 eruptions,
for example, normal fault ruptures developed along its
crest (Kliigel, 1997). Day et al. (1999), Moss et al.
(1999) and Ward and Day (2001) infer that these rup-
tures are not the surface expression of a dike, but may
represent surfaces of separation along which Cumbre
Vieja volcano may collapse westward in the near fu-
ture. Ward and Day (2001) inferred that this collapse
could occur in historical time.

Cumbre Vieja Rift: Offshore section

The offshore ridge on strike with the onshore Cumbre
Vieja Ridge is made up of two topographic segments.
From the coast to a depth of about 800—110 m the off-
shore extension of Cumbre Vieja Ridge takes the form
of a 15 km long platform that terminates along a 300
m high scarp. The scarp has a gradient of 200 m/km
and probably represents a lava flow front overlapping
the main part of the offshore ridge. In the absence of
chronological data we have inferred from morphologic
data that the ridge segment south of the platform is
an older, lower part of the Cumbre Vieja rift. If so
then the Cumbre Vieja rift may consist of a series
of volcanic sequences overlapping one another in a
southward direction. Such a model presupposes that
rifting associated with the Cumbre Vieja propagated
southward, first along the Cumbre Nueva Volcano and
further south on oceanic crust. However if Day et al.
(1999) contention that the Cumbre Nueva extends in
the subsurface as far south as the southern tip of La
Palma is correct, then it is not geologically unrea-
sonable to suggest that the section of the offshore rift
south of the platform is part of Cumbre Nueva, not the
Cumbre Vieja Volcano. If so then the seaward edge of
the platform is the southern end of the Cumbre Vieja
rift resting on the older rift. That the Cumbre Nueva
rift is much longer than the Cumbre Vieja also makes
sense geologically as construction of Cumbre Nueva
rift took place since of 330 Ka, whereas the Cum-
bre Viejo rift was constructed during the last 123 Ka
(Carracedo et al., 2001).

We assume that individual eruption cycles are su-
perimposed on one another. This implies that the main
offshore extension of the Cumbre Vieja Ridge, an
older segment of the ridge, is about 38 km long and
has a maximum width of about 27 km, with its crest
plunging 800 m southeastward for a distance of about
15 km. It is convex westward in plan view (Figures
4, 6 and 7). Its morphology appears to be the cre-
ation of mass wasting events and volcanic construction

along its crest and northeast, south, and southwest
flanks. The east flank of Cumbre Vieja Ridge has a
topographic gradient ranging from 300 m/km between
1300 to 1700 m water depth, 350 m/km from 1800 to
2400 m and 300 m/km from 2600 to 3200 m. Its west
flank has a gradient that ranges from 300 m/km from
1600 to 1900 m water depth and 200 m/km at depths
of 1900 to 2100 m. Its southeast flank has a relief of
1200 m and a gradient of 500 m/km.

Along the crest of Cumbre Vieja are 21 volcanic
cones (Figures 5, 7 and 8) ranging in relief from 25 to
300 m and surrounded by aprons suggestive of lava
flows. The volcanic structures are conical in shape,
with diameters of about 1 km to 100 m. The crest
of the ridge is also disrupted by a 200 m high step
at a water depth of 1900-2100 m (Figure 8) that we
interpret as a lava front. Southeast of this step are two
volcanic edifices separated by a saddle whose relief is
about 50 m. The high south of the saddle has a tail-like
structure on its west side that resembles a lava flow. To
the east of this high is another volcanic edifice whose
construction has led to a pronounced protrusion of the
Cumbre Vieja Ridge’s eastern flank.

The flanks of the ridge have the appearance of
being mass wasted, that is, characterized by embay-
ments separated by narrow divides and volcanic lobes.
On the ridge’s east side northeast progradation of one
of these volcanic lobes led to the construction of an
amphitheater low constrained to the north by one of
the north-south trending ridges. The relatively steep
southeast side of the Cumbre Vieja Ridge resembles
a lava front whose slope may have been enhanced
by mass wasting. Two short ridges extending from
the southwest of the front, one 75 m high trending
south and the other, 300 m high trending southwest.
Near the southeast edge of the 300 m tall ridge is
another southeast-trending high made up seamounts
with heights ranging between 100 to 300 m. East of
the ridge are three widely spaced seamounts form-
ing a chain extending to the northwest tip of the La
Gomera’s margin (Figures 4, 7 and 8).

El Hierro

General geology

El Hierro is the youngest of the Canary Islands and
may be located over the present site of the hotspot
(Holik et al., 1991; Hoernle et al., 1991). However,
Carracedo et al. (2001) inferred that volcanism in La
Palma and El Hierro alternated between them, a sce-
nario that may be due to changes in the stress fields



triggered by gravitational collapses at the peak of vol-
canic construction. Carracedo et al. (2001) also con-
cluded that the volcanic shields in El Hierro overlap
concentrically, whereas those in La Palma are aligned
in a north-south direction as independent shield volca-
noes. As a consequence of this large overlap El Hierro
formed over a stationary magma source characterized
by a well defined rift system.

El Hierro has an area of 273 km2, a maximum
relief of 1500 m above sea level at Mal Paso (Fig-
ure 3), and displays a few barrancos (Hausen, 1973;
Fuster et al., 1993). In plan view the island has three
lobes whose intersection forms a central tableland
on which are superimposed numerous extinct cinder
cones (Figure 3). The island’s periphery consists of
steep cliffs indented by three embayments (Figures
3 and 8): El Golfo in the island’s northwestern sec-
tor, Las Playas opening to the southeast, and El Julan
opening to the southwest. These cliff-bound embay-
ments resulted from large mass wasting events (Ridley,
1971; Hausen, 1973; Bravo, 1982; Holcomb and
Searle, 1991; Carracedo, 1994; 1996).

El Hierro was built during the Tifior and El Golfo
volcanic phases. The Tiflor volcano at the eastern
part of the island was built between about 1.12 and
0.882 Ma and El Golfo from about 550 to 130 Ka
(Guillou et al., 1996; Carracedo et al., 2001). The In-
termediate and Holocene rift volcanic series are dated
at 158-76 and < 50 Ka respectively (Fuster et al.,
1993; Guillou et al., 1996). During the collapse of
Tifior, about 882 Ka, more than half of the north-
west flank of the edifice was removed (Carracedo
et al., 1999a, b). This collapse was followed by the
construction of El Golfo Volcano, which filled the de-
pression between 550-130 Ka (Guillou et al., 1996)
or 545 to 126 Ka (Carracedo et al., 2001). Carracedo
et al. (2001) also inferred that the construction of El
Golfo coincided with the maximum development of
the Cumbre Nueva rift zone on La Palma.

The collapse of El Golfo Volcano gave rise to the
El Golfo Embayment (Figure 9). This embayment has
1400 m high walls partially covered by younger lavas
that run down to the sea (Hausen, 1973). Offshore is
the El Golfo Debris Avalanche (Figure 10). The age
of the collapse of the El Golfo Volcano is yet to be re-
solved. Masson (1996) and Urgeles et al. (1997) have
proposed that the collapse took place between 9—15 Ka
or 10-17 Ka. Carracedo et al. (1999b) suggested that
the failure occurred much earlier, ~130 Ka.

Holcomb and Searle (1991) interpreted the El Ju-
lan Embayment as a collapse structure associated with
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an event that Masson (1996) suggested took place
about 500 to 300 Ka. Carracedo et al. (1999a, b)
proposed that failure took place when El Golfo Vol-
cano was well developed at 130 Ka. More recently
Carracedo et al. (2001) argued the presence of lavas
belonging to the rift volcanism in the water galleries
in the Julan Embayment places the minimum age of
its collapse about 150 Ka.

Masson et al. (2002) suggested that Las Playas
Embayment is not the result of a landslide, but of
massive slumping along the San Andrés Fault system
(Figure 10) between 545 and 261-176 Ka. Although
inactive, the lateral collapse structure is constrained to
have formed between the last emissions of El Golfo
volcano at about 176 Ka and the rift lavas cascading
down the collapse scarp dated at 145 Ka (Guillou et al.,
1996).

The ages of the offshore extensions of the rift
zones of El Hierro are determined from the debris
avalanches constrained by them. We assume that Car-
racedo (1999a, b) is correct in stating that the El Golfo
and El Julan failures took place about 130 Ka and that
the Playas I and II slumps and debris avalanches took
place at 546-178 Ka and between 176 and 145 Ka
respectively (Masson et al., 2002). These avalanches
appear to onlap the offshore rift extensions and do
not extend beneath them. This then implies that the
submarine sections of the rift zones must have been
in existence by at least 130 Ka and possibly as early
as 546 Ka or even earlier. Such ages suggest that the
rift zones originated during the formation of Tifior
Volcano at 1.12-0.882 Ma, and were subsequently re-
juvenated during the construction of El Golfo edifice
550 to 130 Ka.

Tifior and El Golfo Volcanoes may have been built
under different stress regimes, with the older one af-
fecting the gravitational stress field of the younger one.
Processes associated with the collapse of Tifior and
post-collapse erosional events also possibly affected
the morphology of the submarine rifts. Since rift zone
volcanism continued after the collapse of El Golfo at
130 Ka, the main magma chamber associated with
Tifior and El Golfo Volcanoes must continue to persist
and marks the location of the supposed Canary Island
hotspot.

The greatest concentration of eruptive vents in the
Canary Islands is observed on the central tableland
formed by the intersection of the three rift zones on
El Hierro. All of the cones consist of loose volcan-
oclastic material. There are no obvious set of fractures
that controlled the sites of extrusion. The cones are
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found at different elevations, and most are of Pleis-
tocene age with only one of them having been active in
historical time (Herndndez Pacheco, 1982). Carracedo
et al. (2001) dated the building of the cone at 145 Ka to
2.5 Ka with some activity extending to historical time.
They further suggested that this period of volcanism is
coeval with the maximum development of the Cumbre
Vieja rift zone in La Palma.

The Quaternary volcanic cones are on average
100 m high, have flanks that are furrowed by erosion,
and lavas and tuffs that are covered by small bushes or
have been converted into tilled fields. Scattered over
the tableland are a few cones free of vegetation and a
few young cones such as Montafia de Tenerife and Mal
Paso (Figure 3). Most of the latter cone, located along
the scarp of El Golfo Embayment is missing, having
slid into deep water (Hausen, 1973).

Northeast and Northwest Rifts: Onshore sections
The central volcanic highland developed at the inter-
section of the three rift zones, descends westward to
a plain inclined to the north. This plain represents the
flank of the former El Golfo Volcano. It is covered by
lavas originating from cones in the central upland to
the south and is cut by the 1400 m high cliffs (Fig-
ure 3) on the west. The east slope of the highland
is divided into steps that are covered with cones and
descend to the sea. According to Hausen (1973) the
concentration of cones on the 12 km long by 7 km
wide northeast rift attests to the intensity of eruptions
along this rift. Most of the cones are Quaternary and
have undergone erosion so that relief of the region is a
composite of volcanism, erosion and faulting. Hausen
(1973) speculated that there is evidence of more recent
volcanism along the northeast rift. Among these recent
volcanic edifices is Tesoro de Tamaduste (Figure 3)
located along the north coast. Lavas from this double-
crater volcano, open to the north, cascaded down the
seacliff covering a platform at the foot of the cliff. An-
other young volcano is Solimén (Figure 3) found along
the crest of the rift. A carbonized pine chunk enclosed
in the lavas from on the crest of the rift yielded an
age of 2900 + 130 years B.P. Guillou et al. (1996)
obtained an age of 2500 + 70 years B.P. for another
volcano along the crest stated that there are many vents
of similar and younger ages in the rifts of El Hierro.
The southern side of the 10 km long x 4 km wide
northwest rift is composed of ash, lapilli, and young
lavas that flowed south from vents located in the cen-
tral tableland. These flows extended to the shoreline,
accounting for the smooth slopes of El Julan Em-

bayment. The absence of barrancos and weathering
indicate that the lavas of El Julan are young (Hausen,
1973). According to Carracedo et al. (2001) the lava
flows filling the El Julan Embayment have been dated
between 41 and 31 Ka. West of the ash-covered south-
ern slope of the northwest rift is an extensive field of
volcanic cones of Quaternary and Holocene age ex-
tending from the crest of the central tableland to the
rocky west coast of El Hierro. Between the cones are
lavas, the youngest of which are to the west. The rift
slopes down to the west coast along a series of steps of
older lava sheets in the upper steps and younger lavas
and cones in the lower ones. Hausen (1973) stated
that a cone near the coast looks so fresh that it must
be recent; possibly from the time the Spaniards came
to the region in the 15th century. A southeast valley
in the region of this cone is filled with recent lavas
and spatter cones whose outflows have caused proga-
dation of the west coast. At the northwest corner of
the northwest rift is the western end of the cliff of the
El Golfo Embayment. The cliff is composed of lavas
erupted along fractures at its crest. Here the cliff is
200 m high and lavas from young cones along its crest
have cascaded down the cliff to the terrace at its foot.
One of the cones along the top of the cliff has been so
eroded by mass wasting that only the cone’s lava-filled
conduit has survived. The southwestern peninsula of
El Hierro descends toward the coast and on reaching
it is broken into a steep cliff. Hausen (1973) specu-
lated that this cliff was formed prior to the construction
of the volcanic cones scattered throughout the region.
Also present in the region are boulders displaced from
the adjacent central tableland.

Northeast and Northwest Rifts: Offshore sections

The offshore extensions of the Northeast and North-
west Rifts display a different morphology from the
submarine South Rift and the submarine rift off south-
ern La Palma. The Northeast and Northwest Rifts are
lobate in plan view compared to the others, which
are well defined ridges (Figures 9 and 10). They
both widen down slope, becoming more diffuse with
distance from the shoreline.

The submarine section of the Northeast Rift is
about 26 km wide and 15 km long and extends to a
water depth of 3100 m. It has an average along-axis
topographic gradient of about 400 m/km compared to
the onshore section that has a gradient of half that,
200 m/km (Figure 11). Local steeper gradients range
from 600 m/km to 300 m/km and occur in a series
of steps that extend down to about 2600 m water



depth. Scattered over the rift surface are 30 volcanic
cones whose diameters range from 300 m to 3 km
and heights range from 25 to 250 m. Pinnacles, less
than 50 m wide and up to 150 m in height, also oc-
cur along the rift. According to Gee et al. (2001)
these pinnacles, which are sometimes in groups of
two or three elongated or aligned down the rift, rep-
resent dike injections radiating from a central volcano.
Wide expanses of sea floor lacking any topographic
irregularities are also observed in the submarine rift
(Figure 9). In the absence of bottom photographs or
side-scan sonar it is impossible to discern the nature
of this terrain, whether it represents a sedimented
seafloor or lava flows. However, its embayment-like
morphology at their heads suggest that their form is
due to gravitational mass-wasting processes.

The flank of the submarine Northeast Rift, adja-
cent to the El Golfo Debris Avalanche, is linear and
has the appearance of a multi-peaked, narrow, steep-
sided ridge with a flank gradient of 400 m/km. In
contrast the contact between the Northeast Rift and
Las Playas Debris Avalanche is more discontinuous,
with one ridge section extending from a water depth
of 600 to 2200 m, separated by a gap from another
ridge section offset to the north that extends from a
depth of 2200 to 3100 m. The rift lacks a well defined
front and instead takes the form of a series of lobes.
Most of them appear to represent lava flows similar to
the lava terraces seen along the flanks of Hawaiian rift
zones (Smith and Cann, 1999). Others may be debris
flows associated with landslides.

The submarine Northwest Rift zone is 26 km wide
and 16 km long with its distal end located at a depth of
3100 m. Beyond this front is a several-kilometer-wide
apron containing what we infer to be a few volcanic
cones. The along-axis slope of the offshore extension
of the Northwest Rift has a gradient ranging from
300 m/km near the coast, a gradient of 200m/km in
its mid-section, and a gradient of 200-300 m/km at
its distal end. Its onshore segment has a gradient of
only 200 m/km. The flank of the submarine north-
west rift bordering the El Golfo Debris Avalanche has
a gradient of 300 m/km, whereas its gradient toward
El Julan Debris Avalanche (Figure 10) to the south is
much gentler with a gradient of 200 m/km. Twenty five
volcanic cones ranging in diameter from 0.5 to 1.8 km
and ranging in height from 50 to 275 m have formed
within the rift zone. As in the submarine Northeast
Rift, the volcanic edifices string together to form ir-
regular lineations downslope. Most of the edifices are
concentrated on the north side of the rift, off the field
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of recent lavas at the northwest tip of the island. As
mentioned, Hausen (1973) inferred that the lavas on
land were probably erupted along fractures associated
with the western end of the cliff located along the
south side of El Golfo Embayment. The lobes associ-
ated with the volcanic edifices can be traced to a water
depth of 3500 m (Figure 9).

The topography of the southern side of the sub-
marine rift is smoother than its northern side and has
fewer cones and those that are present are smaller
in size. The north side of the rift is characterized
by northwest-trending lineaments capped by volcanic
cones hundreds of meters high. A west-trending,
poorly defined landslide that has a topographic expres-
sion to a water depth of 3100 m separates the terrains
along the north and south sides of the rift. The distal
edge of this side of the rift is marked by flat-topped
lobes trending southwestward ending at a scarp with a
gradient of 300 m/km.

South Rift: Onshore section

The 6 km wide by 8 km long subaerial South Rift is
dominated by the Restinga Peninsula, a broad high-
land whose elevation decreases southward. The Las
Playas Scarp forms the eastern edge of the penin-
sula and the El Julan Scarp marks the western edge
(Figure 3). The peninsula is covered by cinder cones
and lava fields (Hausen, 1973). The volcanic fea-
tures vary in age, with some being weathered and in
part forested, whereas others have a fresh appearance
with black lava and ash fields. The northern part of
the Restinga Peninsula is overgrown with bushes and
tilled fields, but farther south the peninsula becomes
more desert-like and still farther south it is covered
by barren fresh lava fields. To the west the lavas have
reached the coast, and to the east eruptions occurred
before the final formation of the Las Playas Scarp
(Hausen, 1973). Apparently the peninsula was created
by repeated lava flows from the north. Hausen (1973)
speculated that the numerous volcanic extrusions were
a consequence of fractures that served as passageways
for the emerging magmas.

South Rift: Offshore section

The ridge-like submarine South Rift, also known as
the Southern Ridge, curves southwestward from its
mid-section outwards and is asymmetrical in cross-
section with its steeper side facing southeast (Fig-
ure 11). The width of the rift ranges from 3 km
on its proximal end to 18 km at its distal end. Gee
et al. (2001) described the crest of the South Rift as a
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remnant dike swarm. According to Gee et al. the tip of
the south rift zone at 27°20' N is over 1 km high, its
flanks have slopes of over 600 m/km and its base is at
a depth of 3700 m. Morphologically it resembles the
southern tip of the submarine Cumbre Vieja Rift off
La Palma.

A saddle near 27°30' N divides the South Rift in
two. The ridge section north of the saddle consists of
a sequence of narrow volcanic lobes trending south-
east to southwest that extend to a depth of 2500 m
(Figure 12). These lobes have prograded over a prob-
able lava terrace exposed on the southeast edge of
the north segment. This terrace probably represents an
older rift construction comparable in age to the south-
ern segment, whereas the lobes are recent lava flows,
probably offshore extensions of the young lava flows
at the southern tip of the Restinga Peninsula. Both of
these flow units superimposed one upon another are
probably connected with the same source in El Hierro.
Southeast of the lava terrace is a southeast trending
apron whose base is at a water depth of 3200 m. Ex-
tending southwestward from the southern edge of the
lava terrace is a several kilometer wide ridge, with a
minimum depth of less than 1500 m.

The east-west trending, 400 m wide saddle at
27°30'S is flanked on the east side by a smooth slope
with a gradient of 500 m/km and whose base is at a
depth of 3200-3400 m. On its western side the saddle
is blocked by a 6 x 3 km wide terrace whose western
side is gullied. South of the saddle is a 1.0-1.5 km
wide ridge whose flank gradients are on the order of
400-500 m/km. The western side of the ridge is irreg-
ular with a <1 km wide east-trending ridge that can be
traced from the west flank of the South Rift at a depth
of 1700 m to a depth of 2600 m, over a distance of
3 km. The eastern side of the submarine South Rift is
cut by gullies about 1.5 km long and 75 m wide.

Hawaiian Islands

General geology of the Island of Hawaii

The dimensions of Hawaii are roughly 127 km by
148 km; it has a surface area of about 10,000 km?2,
and according to Moore and Clague (1992) the island
has grown at a rate of 0.02 km?/yr in the past 600
k.y. The Island of Hawaii consists of five coalesc-
ing volcanoes that in chronological order are: Kohala
at the northwest tip of the island that completed its
shield phase 245 Ka, Hualalai along the west coast

which completed its shield phase 130 Ka, Mauna Kea
southeast of Kohala which completed its shield phase
130 Ka, Mauna Loa slightly south of the center of
the island which rose above sea level about 300 Ka
and Kilauea located east of Mauna Loa which rose
above sea level about 200 Ka (Moore and Clague,
1992). Hualalai, Mauna Loa and Kilauea volcanoes
are historically active.

The rift zones on the Island of Hawaii (both on-
and offshore components) have been well studied
compared to these of the Canary Islands. Therefore,
more types of data and information exist for the
Hawaii rifts and more rigorous conclusions can be
made about the nature of the morphologic features we
observe. The locations of the rift zones (Figures 2 and
13) associated with the five volcanoes that make up
Hawaii are controlled by gravitational stresses within
each individual volcano, which in part are controlled
by the morphologies and positions of pre-existing vol-
canoes (Fiske and Jackson, 1972). The characteristics
of individual rift zones are variable since they are in-
fluenced by the distribution of neighboring volcanoes
(Fornari, 1986). For example, the Southwest Rift Zone
of Kilauea is sandwiched between Loihi Seamount
and Mauna Loa’s Southwest Rift Zone. It is only
32 km long on land and poorly developed offshore
(Holcomb, 1987). As another example, the 55 km
long subaerial portion of the East Rift Zone of Kilauea
is buttressed to the north by Mauna Loa’s flank, but
free to spread to the south. Thus intrusion of magma
into Kilauea’s currently active East Rift Zone (ERZ)
is leading to slumping and displacement of the south
flank of the island towards the sea (Swanson et al.,
1976; Morgan et al., 2000; Hills et al., 2002 and
references there in).

As in the Canary Islands, the subaerial rift zones
in Hawaii have seaward extensions forming salients
extending from the shoreline to the base of the volcano
at abyssal depths. The offshore sections of the rifts can
vary in length: 55% of the 130 km long ERZ is below
sea level; 61% of the 107 km long south rift of Kohala
is submerged; ~28% of the 108 km long south rift of
Mauna Loa also is below sea level (Moore and Chad-
wick, 1995). As in the Canary Islands the longitudinal
and lateral slopes of the submarine extensions of the
rift zones are steeper than their subaerial counterparts
(Figures 6, 11 and 14).

Along the crest of the onshore portions of the rifts,
volcanic cones are commonly built and then eroded
by subsequent eruptions. Lavas transported down
the flanks of the subaerial rift zones form smooth,
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Figure 14. Profiles of Kilauea’s subaerial East Rift and its seaward extension, the Puna Ridge. Vertical exaggeration 5X. Modified from
Lonsdale (1989). Also included is a diagram showing the gradients displayed by the rift at a vertical exaggeration of 3X, an exaggeration
similar to that of the profiles f the rifts of La Palma and El Hierro in Figures 6 and 11.

low-angle slopes, while lavas that cross the shore-
line are believed to feed submarine debris flows (e.g.,
Moore et al., 1973). By contrast, the crest and flanks
of the submarine extensions are covered by cones and
terraces that have diameters of up to 1 km or more and
sides up to several hundreds of meters high (Clague
et al., 2002; Smith et al., 2002b). Many of the cones
have craters in their tops that are 100s of meters in
diameter.

Kilauea

East Rift Zone: Onshore section
Kilauea’s rift zone system is one of the best studied in
the world (Tilling and Dvorak, 1993, and references
therein). The volcano is fed from a central magma
chamber (or system of magma conduits) beneath the
summit (Ryan et al., 1981; Ryan, 1988). Lava is
erupted at the summit and/or one of the volcano’s two
rift zones, the Southwest Rift Zone (SWRZ) and the
ERZ. Typically, the onset of a rift zone eruption is
marked by seismicity that migrates from the summit
region down a rift zone to the site of eruption. The
early phase of eruption is normally through a fissure as
long as several hundreds of meters (e.g., Klein et al.,
1987; Wolfe et al., 1987). If fissure eruptions persist,
they normally become confined to a single vent.
Since 1983, eruptions have occurred continuously
along the ERZ centered at either the Pu’u ’O’O or Ku-
paianaha vents with more than 1 km> of lava being
erupted since 1983 (Wolfe et al., 1987; Mangan et al.,
1995). Surface deformation associated with seismic
activity (Pollard et al., 1983), the fissure eruptions,
and the observation of dikes within the eroded cores
of Hawaiian volcanoes (Walker, 1988) indicate that

rift zone eruptions are dike-fed and that the seismic
activity is associated with magma moving through the
underlying magma conduit system (Rubin and Gillard,
1998). The zone of eruptive fissures ranges in width
from 1.5 to 3.0 km (Holcomb, 1987; Moore and
Trusdell, 1991).

The ERZ of Kilauea extending from the southeast
side of the summit caldera trends southeastward for
~15 km and then changes its trend towards the north-
east (N65°E), an orientation that it maintains to the
shoreline. The along-axis gradient is about 23 m/km,
a uniform gradient that led Lonsdale (1989) to infer
that as a result of high eruption rates the rift has been
able to maintain a more or less constant, gentle profile.
Superimposed on the long-axis profile are secondary
features such as pit craters, cones, spatter ridges, low
mounds, and phreatomagmatic ash near the rift’s axial
zone. Parfitt et al. (2002) classified eruptions along
the ERZ into five categories: short-lived fissure erup-
tions that last less than five days and often less than
one day, consisting of linear spatter ramparts and lava
flows; longer-lived fissure eruptions of ~5 to 15 days
duration, consisting of linear spatter ramparts and lava
flows; fissure eruptions evolving into a central vent;
episodic eruptions; long-lived steady state eruptions.
They ascribe these different eruption types to differing
thermal and driving pressure behavior in the feeder
dikes. Epp et al. (1983) proposed that ERZ eruptions
tend to drain the summit magma reservoir to pressure
levels corresponding to the elevations of the eruptive
vents.

East Rift Zone: Offshore section
The 70 km long Puna Ridge is the submarine exten-
sion of the onshore ERZ (Figures 15 16 and 17). Unlike
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Figure 15. Topographic/bathymetric map of Hawaii and the surrounding seafloor, modified from Smith et al. (2002b). Volcanoes are labeled
as: KO-Kohala; H-Hualalai; MK-Mauna Kea; ML-Mauna Loa; KI-Kilauea. Solid lines: distribution of rift zones from Fornari (1986). Dashed
lines: distribution of rift zones from Holcomb et al. (2000). The East Rift Zone (ERZ) and Southwest Rift Zone (SWRZ) of Kilauea are labeled.
Offshore extensions of the rift zones also are labeled. Loihi, the youngest Hawaiian volcano is located to the south of Kilauea.

the submarine extensions of the rift zones off the Ca-
nary Islands, the submarine rift zones of Hawaii have
recently been the site of several high-resolution stud-
ies, and we are much more confident about the origin of
submarine features here than at the submarine rift zones
off shore La Palma and El Hierro. Multibeam bathym-
etry data for the entire Puna Ridge (Clague et al., 1994;
Monterey Bay Aquarium Research Institute (MBARI),
2000), along with high resolution side-scan sonar im-
ages (Lonsdale, 1989; Smith et al., 2002a), photo-
graphic imagery (Moore and Fiske, 1969; Clague et al.,
1988; Lonsdale, 1989; Smith et al., 2002a; Parfitt et al.,

2002; Gregg and Smith, 2003), submersible dive ob-
servations (Fornari et al., 1978; Clague et al., 2000;
Johnson et al., 2002), and GLORIA side-scan sonar
data (Holcomb et al., 1988), verify that the Puna Ridge
crest is the location of dike intrusions and fissure erup-
tions. Sea-surface magnetic data show a normally po-
larized anomaly centered over the ridge axis, consistent
with the presence of a 11 km wide, 70 km long, nearly-
vertical magnetic source, presumably representing a
dike complex at depth (Malahoff and McCoy, 1967).
High-resolution magnetic data show regional highs in
the crustal magnetization along the ridge axis, perhaps
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Figure 16. Color shaded relief bathymetry of the Puna and Hilo Ridges showing locations of the photomosaics in Figure 17. Contours in
meters. The East Rift Zone (ERZ) is labeled. Modified from Smith et al. (2002a).

indicating areas of recent lava deposition (Smith et al.,
2001).

Relatively few dike intrusions have been recorded
from the summit of Kilauea to the Puna Ridge in his-
toric time. Submarine lavas from the crest and flanks
of the Puna Ridge appear to be older than most subaer-
ial lavas. Holcomb (1987) estimated that 70% of the
subaerial portion of Kilauea is younger than about 500
years. Based on palagonite thicknesses, Clague et al.
(1995) estimated that dredged lavas from the Puna
Ridge are 700-24000 years old, but mostly 2000-
7000 years old. The most recent submarine eruptions
are thought to have occurred in 1790, 1884 and 1924
(Stearns and Macdonald, 1946). The 1884 eruption
was witnessed just offshore at 20 m water depth. In
1790 and 1924, magma withdrawal from the summit
reservoir is inferred to have fed submarine eruptions
on the Puna Ridge (Stearns and Macdonald, 1946).
There has been a lack of seismicity along the ridge
since 1960, suggesting recent inactivity (Klein et al.,
1987).

The average along-axis slope of the Puna Ridge
is more than three times as steep as that of the on-
shore section (~73 m/km vs. 23 m/km, respectively)
(Figure 14).The flank slopes of the Puna Ridge range
between 160-275 m/km (Fornari et al., 1978; Smith
and Cann, 1999), also about three times steeper than
on the onshore ERZ (~51 m/km). The slopes on the
south flank of the Puna Ridge do not change signifi-
cantly with distance from the shoreline until the crest
is below 3500 m water depth. The slopes are steepest
on the north flank between about 1200-2000 m wa-
ter depth. Multibeam bathymetry data (e.g., Swanson
et al.,, 1976; Moore and Chadwick, 1995) and high-
resolution side-scan sonar imagery (Smith et al., 2001,
2002a) suggest a landslide scarp in this region.

Moore and Chadwick (1995) identified slump de-
posits at the southern base of the Puna Ridge. The
deposits consist of anomalous terraced terrain that ex-
tends from about 4000 m water depth down to the base
of the ridge where it meets the Hawaiian Deep at about
5500 m. They suggested that the terraces represent the



82

~10 m ~15 m

Figure 17. Photomosaics of bottom photographs obtained using a deeply towed photo-imagery system. Figure modified from Smith et al.
(2002a). Locations of photomosaics are marked on Figure 16. (a) skylights in a lava tube, surface flows on top or a lava terrace. Black arrow
marks a large skylight. (b) drapery folds in lava on the top of a terrace located at about 3300 m depth. The morphology is similar to that observed
on the subaerial ERZ. (c¢) flanks of a pillow cone, covered with tubular pillows; downslope is to the right. (d) columnar joints that have tumbled
out of a breach in the crater of a cone located at about 900 m water depth.



distal margin of a massive slump block that is now
mostly covered by volcanic flows from the summit of
the Puna Ridge. No slump deposits have been identi-
fied at the base of the north flank of the ridge (Moore
and Chadwick, 1995) although they may be covered
or modified by lavas from either the Puna Ridge or
the submarine Hilo Ridge to the north (Moore and
Chadwick, 1995).

From sea level to about 2100 m depth, the axis of
the Puna Ridge trends 65° (Lonsdale, 1989), in line
with the lower ERZ. The axis has a broad, 3-4 km wide
crest, with a small (about 1 km) right-stepping offset
near a water depth of 2000 m. Volcanic constructions,
up to 140 m high, are scattered along the ridge crest,
especially at the shallower end. From about 2100—
3400 m depth, the axis of the Puna Ridge bends to
45° (Lonsdale, 1989), and the crest narrows. At about
2700 m depth, the axis has a right-stepping offset and
the along-axis slope increases. Using a towed side-
scan instrument, Lonsdale (1989) observed tightly
clustered fissures and collapse pits concentrated in
an inflated portion of the ridge above the offset, and
suggested that intrusive rather than extrusive mag-
matism predominates here. Below 3400 m depth the
ridge crest is poorly defined. The axis is composed of
‘steps’ that Lonsdale (1989) interpreted as flow fronts
steepened by mass wasting.

The styles of volcanic features on the lateral slopes
of the ERZ change significantly just as the crest of
the rift dips below sea level. As mentioned above,
lavas erupted from the onshore ERZ form smooth,
low-angle slopes, except where interrupted by faults.
Gently dipping low-relief lava flows mantle the slopes.
In contrast, volcanic features on the flanks of the Puna
Ridge are common and include flow fields, pillow
ridges, cones, and large semicircular flat-topped fea-
tures (terraces) that have diameters of 1 km or more
and sides several hundreds of meters high (Smith et al.,
2002a). These terraces, many with pits on their tops,
often appear to form staircases, one on top of the next.

On a finer scale, three basic flow morphologies are
observed: pillow, lobate, and sheet flows (Figure 17).
All three are found in each of seven camera sites
at the Puna Ridge at water depths ranging between
660-3700 m (Smith et al., 2002a). GLORIA images
(Holcomb et al., 1988) and ground-truth sampling and
photography (Clague et al., 1988) indicate that sheet
flows cover large areas north and southeast of the ridge
base.
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Kilauea’s Southwest flank

At Kilauea’s ERZ diking is accommodated by sea-
ward slipping of the south flank on a basal décollement
(Dieterich, 1988; Delaney et al., 1990; 1993) that is lo-
cated 7-9 km beneath the surface (Owen et al., 1995).
The north flank of the ERZ is relatively stable and does
not appear to respond to diking events, presumably
because it is buttressed by Mauna Loa Volcano and/or
because seaward displacement of the south flank is
favored by the pre-existing gravitational stress field
imposed by Mauna Loa (Swanson et al., 1976). The
average “spreading rate” of the ERZ is estimated to be
~10 cm/yr, the rate that the south flank is slumping
(Swanson et al., 1976). Between the SWRZ and ERZ
of Kilauea are the Koae and Hilina Fault Systems.
These fault systems are inferred to be associated with
southward displacement of the south flank (e.g., Parfit
and Peacock, 2001). Structurally the Hilina Fault Sys-
tem is comparable to the San Andrés Fault System
between the South and Northeast rifts on El Hierro,
Canary Islands. It is along this fault system that the
Las Playas I and II slumps in the Las Playas Embay-
ment became detached from the rest of the Northeast
Rift.

Some workers have proposed that the southward
displacement of the southeast flank of Kilauea is due
to dike injection into the ERZ leading to compres-
sive stresses in the rift zone flank that are relieved by
seaward displacement (Duffield, 1975; Thurber and
Gripp, 1988; Morgan et al., 2000). Others have in-
ferred that the displacement of the southeast flank is
due to gravitational spreading and forces exerted deep
within the volcano by the accumulation of magma
(Denlinger and Okubo, 1995). There is likely some
balance reached between the horizontal stress gener-
ated by dike intrusion, the weight of the flank, and
the friction on the basal décollement to produce the
landslides and slumps that are observed.

Southwest Rift Zone

Kilauea’s SWRZ extends 32 km from the summit
caldera to the shoreline. It has been suggested that the
SWRZ acts as a headwall for the south flank slump.
The SWRZ is <1.5 km wide in its northern section.
The rift zone changes trend from 230° to 195° ~15-
20 km from the summit caldera. The southern section
of the SWRZ is dominated by the Great Crack, a
15 km long pre-1790 AD fissure and graben system,
and the site of an 1823 eruption (Holcomb, 1987).
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West of the upper end of the crack are two 30 m high
normal fault scarps (Puu Nahaha Faults) mantled by
lavas as young as 500 years old. South of the Nahaha
Faults the rift zone widens to at least 5 km. According
to Dzurisin et al. (1984) only 10 % of the magma sup-
ply to the summit of Kilauea from July 1956 to April
1983 was injected into the SWRZ, 55% was intruded
into the ERZ, and 35% was erupted at the summit. The
submarine extension of the SWRZ is poorly defined.

Mauna Loa

The Onshore and Offshore rift sections

Mauna Loa is an active volcano on the island of
Hawaii. Mauna Loa rose above sea level about 300 Ka
and covers the largest area of the island, about
5000 km? (Moore and Chadwick, 1995). At present
Mauna Loa is erupting a greater portion of lava above
sea level than on its submarine sections. Mauna Loa
has two rift zones: the Southwest Rift Zone (SWRZ)
and the Northeast Rift Zone (NERZ) (Figures 13 and
14). The 65 km long subaerial SWRZ extends another
35 km offshore (Garcia et al., 1995). The submarine
section of the SWRZ is called Ka Lae Ridge (Holcomb
et al., 2000). The NERZ does not reach the shoreline,
or has been covered by Kilauea lavas (e.g., Holcomb
et al., 2000). Here we concentrate on the SWRZ.

The subaerial section of Mauna Loa’s SWRZ is
disrupted by a 40° change in trend near an elevation
of 2400 m. This may be due to the interaction of the
rift zone with the growing Kilauea edifice, which has
inhibited the inflation of Mauna Loa (Lipman, 1980).
Presumably, the presence of Kilauea prevents slump-
ing of the southeast flank of Mauna Loa, causing the
SWRZ to migrate westward, and leading to the bend
in the middle section of the rift. South of the bend,
the rift zone is defined by the fault line scarp Kahuku
Pali. The fault has a relief of about 170 m subaeri-
ally and it increases dramatically to about 1800 m of
relief offshore (Fornari et al., 1979). It extends off-
shore for about 50 km (Fornari, 1986). The fault cuts
through the Ka Lae Ridge, which was created from
the intrusion and eruption of dikes along the SWRZ.
Submersible observations coupled with bathymetric
data show that the top of the Ka Lae Ridge does not
have any volcanic cones; this is unusual for submarine
rift zones of Hawaii (Clague et al., 2000). In order to
explain this observation and the characteristics of the
magnetic dipole over the submarine ridge, Garcia et al.
(1995) have suggested that the scarp did not cut the

ridge at its axis, but rather the scarp cut the eastern
flank of the Ka Lae Ridge and its axis is offset to the
west. Recently, Holcomb et al. (2000) suggested that
Ka Lae Ridge is part of Hualalai Volcano rather than
Mauna Loa, although this remains to be proven.

Kohala

The Offshore section of the Southeast Rift

The Kohala Volcano, at the northwest tip of Hawaii,
completed its shield phase 245 Ka (Moore and Clague,
1992). The deeper sections of the submarine Hilo
Ridge, extending from the east coast of Hawaii east
of Mauna Kea, have recently been hypothesized to be
the continuation of the southeast rift zone of Kohala
(Holcomb et al., 2000; Kauahikaua et al., 2000). Pre-
viously, the entire Hilo Ridge had been interpreted as
the extension of the east rift zone of Mauna Kea (e.g.,
Moore and Clague, 1992).

The volcanic morphology of the 60 km long Hilo
Ridge varies along its axis. The proximal part of the
ridge (out to about 20 km from the shoreline) is domi-
nated by two submerged terraces. The leading edge of
the shallow terrace is at a depth of about 400 m; the
leading edge of the deeper terrace is at about 1100 m.
The shallow terrace is well known and thought to be
associated with Mauna Kea (Moore and Clague, 1992).
The deeper terrace is thought to be related to a terrace at
similar depths that extends around the northern section
of Kohala Volcano and that we speculate to document
the end of Kohala’s shield phase at about 245 Ka.

If this correlation is correct then the segment of
Hilo Ridge deeper than 1100 m is older than Mauna
Kea (Holcomb et al., 2000). Such a correlation is sup-
ported by the isotopic composition of basalts from the
terrace that are distinct from those from Mauna Kea,
but are similar to those from Kohala. This conclusion
also is supported by three-dimensional gravity model-
ing that shows a gravity high extending from Kohala,
across the northeast slope of Mauna Kea to Hilo Ridge
(Kauahikaua et al., 2000). The morphology of Hilo
Ridge deeper than 1100 m is very similar to that of the
Puna Ridge. Flat-topped volcanoes and terraces mark
its crest and flanks (Clague et al., 2000). The average
along-axis slope for the ridge deeper than 1100 m is
60 m/km. The flanks have slopes of ~200 m/km. Both
of these values are similar to those at the Puna Ridge.
It seems that both submarine ridges were built by the
same means: dike injection and eruption in a narrow
axial zone to build a distinctive volcanic ridge.



Discussion

Studies of the Hawaiian Islands have led to a clearer
understanding of how oceanic islands evolve. These
investigations have demonstrated that oceanic islands
are constructed not only by summit eruptions from
shallow magma reservoirs, but by dike intrusions
and fissure eruptions along well-defined rift zones.
Most oceanic island volcanoes have radial rift zones
of varying lengths, some attaining lengths of over
100 km. Rift zones may develop along fractures re-
sulting from the stress field generated by an upwelling
plume (Wyss, 1980). Rift zone locations also are
strongly influenced by the gravitational stress fields
created within an individual growing volcano modified
by the stress fields of neighboring volcanoes (Fiske
and Jackson, 1972). Once a rift zone is initiated its
development is encouraged by the concentration of
tensional gravity stresses along the rift zone axis and
by rift zone flanks spreading across the underlying
oceanic crust (e.g., Borgia and Treves, 1992).

Several generalizations can be made about the
morphologic similarities and differences between the
volcanic rift zones of La Palma and El Hierro in the
Canary Islands and those of the Island of Hawaii that
may illuminate similarities and differences in mag-
matic processes between them. In general, the rift
zones on La Palma and El Hierro are shorter (a few
tens of kilometers in length) than those on Hawaii
(ranging up to >100 km in length). One possible ex-
planation for this is the composition of the magma.
In Hawaii, the shield-phase lavas are tholeiitic and
the post-erosional lavas are alkali basalts, whereas the
shield and post erosional phase lavas in the Canary
Islands are both alkali basalts (Carracedo et al., 2001).
We infer that as alkali basalts are more viscous than
tholeitic liquids, encourages building of the volcano
upwards rather than outwards. An important conse-
quence of this is that volcano flank slopes are steeper,
which in turn leads to catastrophic collapses of the
volcano. The dramatic embayments on La Palma and
El Hierro are a result of such massive flank failures.
Another possibility is that dikes are able to propagate
further, for a number of reasons including the effects
of pressure within the magma pressure and gravity
acting downslope along the rift.

Many of the rift zones on Hawaii have well defined
axial zones, both in the on- and offshore portions. Typ-
ically rift volcanism builds a ridge that has a relatively
narrow (a few kilometers wide) crest characterized by
structures associated with dike intrusion and eruption:
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faults, volcanic flows and edifices, and collapse pits.
In contrast, volcanism along some of the rift zones
we have considered in this paper on El Hierro and La
Palma is more diffuse and often it is difficult to define
the lava pathways that fed the scattered volcanic ed-
ifices. This is particularly true for the Northwest and
Northeast Rifts of El Hierro (Figures 9 and 10).

Submarine rift zones of Hawaii show some evi-
dence of widening at their distal ends, where the stress
field within the rift may be insufficient to trap dikes
within a narrow region. At these places, the axis of
the rift zone is hard to define and volcanic lineations
fan out (Lonsdale, 1989; Clague et al., 1995). The
widening observed at the distal end of rift zones in
Hawaii, may be a small-scale model for the fanning
of the Northeast and Northwest Rifts on El Hierro.
This fanning is so pronounced in these rifts, how-
ever, that they closely resemble deep-sea sedimentary
submarine fans.

Another possibility is that rift zones fan out down
slope because dike injection and volcanism has shifted
laterally. Such lateral migration of volcanism may be
an important process at the Northwest Rift of El Hi-
erro. The more recent igneous activity along this rift
is concentrated along its north side where it appears
that lava has flowed onto an adjacent debris flow. In
contrast, the south side of the rift has the appearance
of a sediment apron, suggesting that either it has not
been active recently or that its mode of emplacement
differs from that on the north side.

Lénat et al. (1986) suggested that the same
processes that form the narrower, ridge shaped sub-
marine rift zones in Hawaii have constructed the wide
submarine rift zones on Réunion Island. That is, dikes
injected from the summit reservoir move along a nar-
row zone and erupt along linear vents. The difference
in the morphology of the rift zones between those in
Hawaii and those in Réunion may be explained, ac-
cording to Lénat et al. (1986), by the more complex
history of volcano building in Réunion than in the
Hawaiian volcanoes. Lénat et al. suggested that the
presence of an older volcano beneath a younger one in
Réunion may lead to a more complex distribution of
gravitational stresses within the volcanic edifice lead-
ing to a broader zone of dike injection. This may be
the case on El Hierro as well where El Golfo Volcano
has been constructed on top of El Tifior Volcano.

In Hawaii, the stress field associated with a
volcanic edifice may remain more or less constant
throughout its history. If another volcano begins to
form nearby, a different stress field is superimposed
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on the first that is related both to the new volcano
and the older one. In La Palma and El Hierro, this
scenario may be slightly different. A volcano with its
associated stress field is established. That volcano is
destroyed and another one is created over the remains
of the older one with its stress field superimposed on
the older one. The orientation and magnitude of the
new stress field may not necessarily be the same as
the previous one, and thus may produce the apparent
widening of rift zones down slope. If this is the case,
it is important to note that in some places the old and
new stress fields must be similar to produce narrow,
ridge-like rifts (e.g., the South Rift of El Hierro, and
Cumbre Vieja on La Palma) in addition to the wide
rifts.

Why are the volcanoes in the Canary Islands built
one atop another rather than next to each other? We
assume that this is related to slow absolute plate mo-
tion in the region. In the Canary Island region the rate
of motion is on the order of 1.9 cm/year, whereas in
the region of Hawaii the absolute plate motion is five
times faster, on the order of 10 cm/year (Carracedo,
1999).

Magma supply may also play a role in the width of
rift zones. As a result of a low rate of magma sup-
ply, the orientation at which dikes are injected into
the country rock may become random and not concen-
trated along a narrow rift zone. The reservoir pressure
created by magma-supply mechanisms may be inca-
pable of overcoming the compressive stresses along
a previously intruded rift. The magma is forced to
find other avenues of intrusion and extrusion into the
country rock. As this new route is then closed, it in
turn forces the magma to find other pathways creat-
ing a dike swarm fanning out from the magma body.
This process may be responsible for the widening of
the Northeast and Northwest Rifts in El Hierro, but
also in Mauna Loa, a volcano that lacks large rift-zone
faults and fissures and contains numerous radial vents
outside its two rift zones (Rubin, 1990).

As mentioned, submarine rift zones in La Palma
and El Hierro have built narrow ridges comparable to
those in Hawaii. The ridge-shaped rifts in La Palma
and El Hierro, however, are both shorter and more
irregular along-axis, displaying significant curvature
in plan shape than is typical on the Island of Hawaii.
In addition the rifts in the Canary ridges are often dis-
continuous along strike. These differences also may be
related to magma supply rate. Apparently the magma
supply rate on La Palma and El Hierro is too low to
smooth out any topographic irregularities along the

axis. For example, the South Rift offshore El Hierro
is cut by a 400 m deep east-west saddle located at
27°30’ N. This suggests that dike injection and erup-
tion may have varied through time. Gee et al. (2001)
proposed that the section of the ridge south of the
saddle must represent an early phase of rift zone con-
struction. For comparison, the rifts associated with
Nintoku Guyot in the Emperor Seamount Chain have
uneven crests with major reversals of slope as a result
of more than 50 m.y. of volcanic inactivity (Vogt and
Smoot, 1984).

Another possibility to explain the along-axis irreg-
ularities is that they are a result of the juxtaposition
of ridges associated with different volcanoes. The
north-south trending rift in La Palma does appear to
represent distinct eruption cycles from two different
volcanoes superimposed on one another. The eruption
cycles differ in age by hundreds of thousands of years.
A similar condition exists along the Hilo Ridge where
the section of the ridge below 1000 m is an exten-
sion of a rift zone from Kohala Volcano. The section
shallower than 1000 m was buried by lavas extruded
during the construction of Mauna Kea. In the case of
the Hilo Ridge, however, eruptions were large enough
to smooth out the morphologic transition between the
two ridges.

Other considerations may contribute to shaping the
morphology of rifts including large scale factors such
as: (1) age of the oceanic crust that the volcanoes are
built on, (2) orientation of the tectonic fabric of the
surrounding seafloor, (3) pre-existing sediment thick-
ness, and 4) proximity of a plate boundary/continental
margin. All of these must play some role in control-
ling the construction and evolution of oceanic islands,
but we do not think they are the most important in
controlling the characteristics of individual volcanic
rift zones. Instead, as discussed above we infer that
rift zone morphology is controlled primarily by the
rate and constancy of magma supply, the regional
stress field that may have been influenced by older
volcanoes, and the rate of absolute plate motion.

Conclusion

Rift zones on La Palma, El Hierro and Hawaii Island
are distinct and similar in many of their topographic
characteristics. The rift zones in Hawaii tend to con-
sist mostly of linear ridges. In contrast, the rift zones
on La Palma and El Hierro display various geometries
ranging from linear ridges having smooth to irregular



crests to structures displaying a fan-like morphology
in plan view. Although the toes of some of the Hawai-
ian rifts do partially fan out, they do not to the extent
displayed by the rifts offshore El Hierro. The pro-
nounced fanning may be a reflection of lower reservoir
pressure, which is insufficient to overcome the com-
pressive stress in the previous pathway so that new
pathways are created that will be randomly distributed
away from the magma source. It may also be caused
by lateral shifts in the location of the rift zone. Another
significant factor that may influence rift morphology
and fanning of the rift may be absolute plate motion.
In the Canary Islands, because plate motion is so slow,
the volcanoes are built nearly one atop of another, with
the stress field of one structure nearly superimposed on
the other. The interaction of the stress fields may cause
both widening and narrowing of the rift zone.

Irregularities and curvature of the rift zones in plan
view on La Palma and El Hierro may be a reflec-
tion of differences in the rate of magma production in
the islands groups (86 km?/years for Kilauea Volcano
versus 0.40-50 km>/1000 years for El Hierro). There
appear to be insufficient volumes of lavas erupted to
smooth out topographic irregularities in the Canary
Islands volcanoes. The superposition of rifts from
different volcanoes may also add to the topographic
irregularities, especially if eruption rates are low. Fi-
nally, such factors as the thickness of sediment cover
over oceanic basement, the positions of the volcanic
islands relative to the continent-ocean boundary and
composition of the discharged magma also may have
played roles in creating the rift morphologies observed
in the Canary Islands and Hawaii.
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Abstract

As part of the ‘National Hydrographic and Oceanographic Research Plan for the Spanish Exclusive Economic
Zone’, multibeam bathymetry and seismic reflection profiles were obtained in the Canary Islands aboard the R/V
Hespérides. The submarine flanks of the Anaga offshore extension of Tenerife Island are here studied to analyze its
geomorphology. In the north sector of the Anaga submarine massif, the extension of the Anaga Debris Avalanche
has been mapped for the first time, and a volume of 36 km® was calculated. The relationship between the Anaga
and Orotava Debris Avalanches is also described. Faulting has been recognized as a key process for the occurrence
of debris avalanches and the growth of volcanic lineaments. Moreover, faulting affects previous structures and the
channelling of debris flows. Structural analysis shows the typical radial pattern of an oceanic island. In addition, a
NE-SW dominant direction of faulting was obtained, consistent with the Tenerife Island structural trend seen in the
Anaga Massif and Cordillera Dorsal. NW-SE and E-W are two other main trends seen in the area. Special interest
is manifest in two long faults: ‘Santa Cruz Fault’ bounds the southern edge of Anaga offshore Massif with a length
of 50 km and a direction that changes from NE-SW to almost E-W. The Giiimar Debris Avalanche was probably
channeled by this fault. The ‘Guayotd Fault’ was recognized in several seismic profiles with a N-S direction that
changes towards NW-SE at its southern end. This fault affects the more recent sediments with a vertical offset of
25-30 m, along 60 km. It has been interpreted as a transpressive strike-slip fault.

Introduction

Multibeam mapping of the seafloor around oceanic is-
lands has significantly increased the understanding of
the evolution of volcanic islands. That is because the
submerged zones of oceanic islands are considerably
bigger than the subaerial parts, and they represent the
initial growth stages and some of the major volcanic
risk.
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A great part of the studies related to the submarine
flanks of the Canary Islands have described and char-
acterized the giant landslides, studied the processes
and age of their formation and compared them with
the Hawaiian landslides (Holcomb and Searle, 1991,
Carracedo, 1994; Watts and Masson, 1995; Masson,
1996; Geisslinger et al.,, 1996; Teide Group, 1997;
Funck and Schmincke, 1998; Urgeles et al., 1999;
Stillman, 1999; Carracedo, 1999; Watts and Masson,
2001; Krastel et al., 2001; Masson et al., 2002). A
few other studies have focussed on seismostratigraphy,
submarine volcanism or deep-sea sediment physical
properties (Roberts and Cramp, 1996; Urgeles et al.,
1998; Gee et al., 2001; Urgeles et al., 2000).
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A previous study (Mitchel et al., 2003) was car-
ried out in the region of Anaga with multibeam data.
It described erosion process and used a geomorphol-
ogy method to calculate the erosion depth. From the
comparison of the old and eroded flank of Anaga with
the young, mostly unaltered flank of El Hierro, these
authors inferred a mean depth of Anaga’s submarine
erosion of 100 m. They also mapped canyon chutes
and topographic peaks in the area.

In this paper we use geophysical methods to exam-
ine both the morphology and structure of the seaward
extension of the Anaga Massif (NE Tenerife Island)
in order to define the geological processes that con-
trolled the geological evolution of this area. We have
mapped erosional, volcanic and structural features.
Structural lineations provide directions where the ero-
sive processes preferentially take place. Because of the
possible relationship between structural lineations and
erosional process we carry out a structural analysis.
We also discuss and try to establish the relationships
between the submarine and the subaerial processes in
relation with the debris avalanches of this area.

Geological setting

The Canary Islands are an archipelago formed by
seven volcanic islands located in the eastern Atlantic
Ocean, at the border of the northwest African con-
tinental margin (Figure 1). These islands are sited
on Upper Jurassic oceanic crust (Roest et al., 1992)
of the African plate, between magnetic anomalies
M21 (148 Ma) and S1, interpreted as true oceanic
crust (Roest et al., 1992) and dated by Klitgord and
Schouten (1986) as 175 Ma. The African plate has
been more or less stationary during the subaerial
growth stage of Canary Islands, with an average of
movement in this region of about 10 mm/yr since
60 Ma (Duncan, 1981; Morgan, 1983). The Ca-
nary volcanism is much younger than the underlying
oceanic crust. The oldest subaerial volcanic activity
occurred on Fuerteventura at 20 Ma (Coello et al.,
1992), whereas the youngest volcanic activity hap-
pened in La Palma in historical time.

The structural evolution of a volcanic oceanic is-
land may result from a complex interaction of mag-
matism with the regional stress field and the local
stress field generated during the growth of the island it-
self (Marioni and Pasquare, 1994). Volcanic structures
are characterized by steep and gravitationally unstable
slopes, and are commonly associated with recent seis-

mic activity that favours the initiation of catastrophic
slope failures (Acosta et al., 1997). Landslides are
considered key processes in the evolution of oceanic
islands, because they are a response to the volcanic
edifice exceeding the mass that the island can support
(Masson et al., 2002).

Tenerife island has a triangular shape and is
the largest (2058 km?) and highest (3718 m) of
the Canaries, occupying the central position in the
archipelago. This island is considered a triple rift zone,
with a more complex scheme than others such as El
Hierro, because it has a stratovolcano-type central
volcano of differentiated (trachytic-phonolitic) mag-
mas (Teide-Pico Viejo Volcanic Complex; Carracedo,
1994) (Figure 2).

The subaerial part of Tenerife was originally con-
structed by fissure eruptions of ankaramite, basan-
ite and alkali basalts, that occurred between 12 and
3.3 Ma (Ancochea et al., 1990). According to Hausen
(1956), the ‘basaltic tableland series’ products of these
eruptions, are crossed by numerous dikes and outcrop
at the three corners of the island, Anaga, Teno and
Roque del Conde (Figure 2). They are known as the
Old Basaltic Series.

In the recent past, it appears that Tenerife, together
with El Hierro and La Palma, has been the most active
of the Canary Islands, in terms of both volcanic and
landslide activity (Urgeles et al., 1997). Such volu-
minous Quaternary volcanic activity was focussed on
the island’s centre (Cafiadas Volcano, 1.9-0.2 Ma) and
on a chain of basaltic eruption centres spreading from
the central volcano to the northeast (Cordillera Dorsal,
peak activity, 0.8 Ma) (Ancochea et al., 1990).

Debris avalanche deposits were first recognised
offshore Tenerife by Watts and Masson (1995) and
subsequent studies mapped at least four avalanche
events offshore the north coast (Teide Group, 1997;
Watts and Masson, 1998; Watts and Masson, 2001)
and five in the south-eastern flank of Tenerife (Kras-
tel et al., 2001). The valley of Giliimar and shortly
afterwards the Orotava valley were formed by large
landslides after 0.8 Ma, and probably before 0.6 Ma.
The Canadas caldera may have had several collapse
phases and the present caldera was formed by a land-
slide since 0.2 Ma (Ancochea et al., 1990). However,
the key aspects of the history of the flanks of Tenerife
are controversial, including the number of landslide
events, their timing and nature and their possible
relationship with onshore structures.

Anaga Peninsula, the northeast appendix of Tener-
ife, is 13 km wide and 26 km long and reaches 1024 m
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Figure 1. Location map of the Canary Archipelago. Depth in meters.

in height above sea level. It is incised by narrow val-
leys up to 500 m deep, mostly trending N-S to NNW-
SSE. Anaga grew between 6.5 and 3.6 Ma, with major
activity occurring between 6 and 4.5 Ma. It is formed
by a complex sequence of alkali basaltic lava flows and
volcanoclastic layers, intruded by subvolcanic bodies
like dykes, domes and laccoliths of basalts, trachy-
basalts, trachytes and phonolites (Ancochea et al.,
1990). Anaga Peninsula is linked to the central vol-
cano of Tenerife (Cafiadas Volcano) by a chain of
basaltic centres, the Cordillera Dorsal (Figure 2).

Methods

The present study is part of the National Hydrographic
and Oceanographic Research Plan for the Spanish Ex-
clusive Economic Zone (ZEE), and was carried out
aboard the Spanish R/V Hespérides.

The data we present here were collected in the Ca-
narian Archipelago in June 1999, during the ZEE-99
cruise, in an area that covers 7050 km? of the Tener-
ife submarine flank, where we obtained bathymetric

data and ultra-high resolution seismic profiles along
30 track lines (Figure 3). Five additional track lines of
Teide 95 cruise were used to complete survey of the
west side of Anaga offshore Massif.

The bathymetric data were used to identify the
various morphologic features present on the Anaga in-
sular slopes and to map their distribution, whereas the
seismic reflection profiles were used to determine their
internal structure.

Swath bathymetric data were obtained with a Sim-
rad EM-12s System, giving 100% coverage of the
seafloor. The EM-12s is a multibeam echosounder
which transmits 81 beams across a total swath opening
of 120°, producing a swath width equal to 3.5 times
the water depth. The system works at a frequency of
12.5 kHz and is able to resolve depths of a few me-
tres. These data were logged using Simrad’s Mermaid
and Merlin software and subsequently processed using
Neptune and C-floor software. This allows the creation
not only of bathymetric charts but also Digital Terrain
Models and 3D block diagrams of the surveyed area.
We have attempted to remove all artifacts on the maps,
but a few remain. The more significant ones were
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found in the flat seafloor of the abyssal plain in the NE
area (starting at the 3625 m contour) where an E-W
fabric is seen parallel to the ship tracks. Other artifacts
with a N-S fabric are seen on the island flanks.

Three morphologic maps were then produced from
bathymetry data, including a contour map (Figure 4),
a slope map (Figure 5) and a shaded relief map
(Figure 6). Ship’s navigation, which is critical for
quality control of the multibeam data, was by means
of two simultaneous Differential GPS systems, inte-
grated into R/V Hespérides central navigation system
which transmits at any given time the ship’s position to
all the scientific stations via ethernet. Our navigation
data has a 5 m precision.

Seismic reflection profiles were recorded using a
Simrad Bentech Topographic Parametric Sonar, 018
bottom parametric source. This source has two pri-
mary frequencies, 15 and 18 kHz, giving secondary

frequencies of 0.5 and 5 kHz. Thereby, it is possible
to obtain very high resolution profiles, although with
a corresponding lack of penetration that is implicit in
the high resolution system.

Anaga offshore proximal region

General structure

To study the proximal offshore Anaga region only the
bathymetric data have been used because ultra high
resolution seismic profiles have a poor quality in those
areas where the slopes are significant.

The offshore extension of the Anaga Massif is a
wide structure extending seaward from the coast. It
shows an elongated shape, with a major axis of 50 km,



95

Line 51
Line 68
Line 67

Line 66

Line 65

Line 64

Line 62

ODP Site,
953

*ODP Site
954

15°W|

Figure 3. Track lines map. Geophysical data collected during ZEE-99 cruise is shown as black lines and survey lines collected during Teide
cruise is shown as black dashed lines. Grey square box is the location of studied area. Circles mark the locations of Ocean Drilling Program
(ODP Sites 953 and 954). Grey line mark situation of ‘Guayotd Fault’ and ‘Santa Cruz Fault’ and grey dashed line mark situation of intrusive
bodies (see text, section 5). White line mark situation of the seismic segment display in Figure 13.

oriented NE-SW. The offshore structure starts with a
relatively flat submarine shelf (labelled S in Figure 7)
with slope gradients less than 1° (Figure 5). This is
probably the result of wave erosion during Pleistocene
glacially induced regressions (Teide Group, 1997).
Mitchell et al. (2003) pay attention to the asymmetric
effect of subaerial and submarine erosion of the Anaga
Massif, finding that the north subaerial slopes of the
island are steeper than those to the south, implying that
the drainage divide lies north of the massif’s center.
From the analysis of trade winds data Mitchell et al.
(2003) deduced that a persistently greater precipitation
to the north and a more powerful sea leads to a greater
width of the abrasion platform in the north of Anaga.

The shelf break lies at 125 m depth, where the
slope gradient locally increases to more than 30°. The
shelf break is reached at different distances from the
coast, from 500 m in the south to more than 6000 m
at the NE (Figure 4) where the shelf reaches its max-
imum development. Northeastwards, the Anaga oft-
shore massif has its maximum development reaching
the 3500 m depth contour. In this area, there are nu-
merous pinnacles recognized in the bathymetric map
(Figure 4). They are sometimes elongated or aligned
downslope in groups of two or three, suggesting that
they could be related to dyke activity radiating from
a central volcanic zone. The pinnacles in the studied
area are 1-3 km across and 100-200 m high. Other



96

Artifacts

3650

3200 (km)

3180 (km)

3160 (km)

3140 (km)

360 (km) 380 (km)

400 (km) 420 (km) 440 (km)

Figure 4. Bathymetric map of NE Tenerife. Multibeam coverage of 100%. The contour interval is 25 m. The coordinates are Universal
Transverse Mercator (UTM) Zone 28 distances in km. Water depth in meters.

pinnacles, similar to these have been recognized and
studied in the offshore continuation of volcanic rift
zones on El Hierro (Gee et al., 2001; Mitchell et al.,
2003) and Tenerife Island (Mitchell et al., 2003).
Dredged rocks in this area have been studied
by Abratis et al. (2002), whose results indicate
that igneous compositions correspond to alkali-rich
ankaramites and basanites. The geochemical/isotopic
signature of the Anaga Massif is apparently not re-
stricted to the northeast part of the island itself, but is

also characteristic of the Enmedio Seamount, located
in the channel between Tenerife and Gran Canaria
islands (Figure 1). Enmedio Volcano is the biggest
submarine volcano in the surrounding area of Tenerife,
reaching 660 m from a depth of 3300 m with a conical
shape. It was first discovered by Schmincke and Rhim
(1994) and later mapped in official bathymetric charts
by Palomo et al. (1998). Its composition was stud-
ied by Garcia-Cacho et al. (2000) and Abratis et al.
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Figure 5. Slope map of NE Tenerife submarine region; dark areas are steepest slopes. Coastline is shown by solid black line. Image derived
from 100-m gridded data. The coordinates are Universal Transverse Mercator (UTM) Zone 28 distances in km. For each particular point the
slope is based on the direction of steepest descent or ascent at that point in a way that across the surface the gradient direction can change
(the operation is similar to the way a First Directional Derivative is calculated but it defines the gradient direction at each point on the map

automatically).

(2002), who concluded that Enmedio Volcano was
comprised of benmoreites (Na-rich trachyandesites).

North sector

In the north of Anaga offshore massif area, we iden-
tify the result of mass wasting movements associated
with slope failures, as demonstrated by the multi-beam
bathymetry (Figure 4). Debris avalanche deposits were
first recognised offshore Tenerife by Watts and Mas-
son (1995) who noted that these deposits covered
much of the submarine northern flank of the island.
Their volume was estimated at 1000 km?> by the Teide
Group (1997). Our data show the presence of two fan-
like structures where the bathymetric contours bulge
seaward (Figure 4):

One of these aprons is located to the NW of the
massif, at the end of a channel that limits the Anaga

offshore structure to the west and has been recognised
and studied in previous works as the ‘Orotava Debris
Avalanche’ (ODA) (Teide Group, 1997; Watts and
Masson, 2001; Masson et al., 2002).

The other lobe, called ‘Anaga Debris Avalanche’
(ADA), is the easternmost collapse deposit of Tenerife
and was identified by Masson et al. (2002) based on
the general bathymetric map, although its morphology
was neither mapped nor completely studied due to the
lack of detailed data in this area.

Orotava Debris Avalanche (ODA)

The Orotava Debris Avalanche is one of the largest
landslides that has occurred in the Canary Islands
(Masson et al., 2002) and can be traced upslope to-
wards the Orotava Valley on Tenerife, where a flat
floor flanked by steep scarps is seen (Palacios, 1994).
This is supposed to be the product of lateral collapse



98

Anaga 4

Massif
i ks P o ] b

-

350 (km) 370 (km) 390 (km)

410 (m |

3210 (km)

3150 (km) 3170 (km) 3190 (km)

3130 (km)

450 (km) 470 (km)

Figure 6. Shaded relief bathymetric map of NE Tenerife; apparent illumination from the northeast. Image derived from 100-m gridded data.
The coordinates are Universal Transverse Mercator (UTM) Zone 28 distances in km.

of the Caifiadas Volcano, estimated between 540 and
690 ka by the K/Ar dating of basaltic lavas in the upper
part of the landslide scarp (Cantagrel et al., 1999).
The new data show that there is an abrupt change
in the morphology of the area that limits the Anaga
Massif structure offshore to the west. It can be
deduced from the detailed observations based on
bathymetry data that this limit has an original struc-
tural control and that faulting processes caused the
abrupt change limiting the Anaga Massif in that
area. This should have been favoured by the fact
that Anaga Massif grew as an independent volcano
that later volcanism linked to the dorsal series (An-
cochea et al., 1990). The ODA was confined by
this limit and the sediment apron also changed its
morphology across this structure (Figure 6). How-
ever, it can be argued whether the avalanche was
confined by the fault or if the scarp was created dur-

ing the avalanche, indicating a purely morphological
feature.

The roughness of the lobe is due to the presence of
many small topographic highs between 30 and 110 m
in height and between 50 and 1140 m in diameter.
Limitation in the resolution of the bathymetric sys-
tems does not allow us to image highs less than 50 m
diameter. Most of them can be interpreted as exotic
blocks resulting from transport by the flow processes
that formed the debris apron. However, some others
seem to be pinnacles related to volcanic activity, but
the resolution of the data is insufficient to determine
the details of the morphology.

In the northeast area of the ODA, longitudinal
pressure ridges have been identified (labelled P, Fig-
ure 7). These typical flow structures show the downs-
lope movement of fan sediment due to gravitational
processes. Pressure ridges were formed after the
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show location of the submarine erosive rocky shelf.

emplacement of the ODA, since they affect unconsol-
idated sediments. The length of these features varies
between 27 and 182 m, with a relief that varies from
5 to 30 m and a separation between them ranging
between 830 and 1180 m.

Anaga Debris Avalanche (ADA)

The new data have allowed us to map the real exten-
sion of the Anaga Debris Avalanche (ADA) (Figure 7).
It is possible to differentiate two sectors of morphosed-
imentary significance associated to the ADA:

The proximal area of the ADA, where the collapse
of the subaerial/submerged flank took place, starts
with the Anaga landslide escarpment. This is not sim-
ple, being constituted by at least two scarps, which
are identified in the 3D map (Figure 8). A broad en-
trant of 10 km length is recognised at 125 m relief, on
the submarine shelf, that can reach 25-30° of slope.

At 1250 m depth there is another entrant of 3.75 km
length with a slope of 20°.

The sector extending from the abrupt area of
scars to about 3000 m depth has a slope up to 10°.
This sector represents the main channel of the de-
bris avalanche. The width of the channel is 7000 to
10,000 m, but its relief is difficult of evaluate, because
it is very modified. We estimate relief between 25 and
115 m. Mitchell et al. (2003) described how V-shaped
channels can be seen formed around local highs with
greater vertical relief in the flanks than lower down,
which they consider consistent with the greater flow
power of turbidity currents associated with the steeper
gradient. These authors consider than the channels
may have been active earlier in Anaga’s history, and
now the edifice base is an area of deposition rather than
erosion. This is confirmed by low acoustic backscat-
ter in sonar data (Masson et al., 2002). As the shelf
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Figure 8. 3D image of Anaga north submarine flank showing the Anaga Debris Avalanche (ADA) and the Orotava Debris Avalanche (ODA).
Scars of ADA are also recognised. View is from the NNW. Vertical exaggeration x10.

grew by coastal abrasion and subaerial erosion, the
submarine canyons would have been progressively
disconnected from their sources of hyperpycnal flows
(Mitchell et al., 2003). Mitchell et al. (2002) studied
the volcanic flanks of Tenerife, La Palma and El Hi-
erro and found the bathymetric contours around Anaga
more crenellated, its flank appearing more deeply gul-
lied by erosion than the constructional flanks of El
Hierro.

From our observations we found that these chan-
nels are frequently very linear and cut previous struc-
tures. We interpret many of them to be eroding
tectonic lineaments.

The distal area of the ADA is characterized by
the presence of the debris avalanche sediment apron.

Its deposits could be recognised to a maximum water
depth of 3650 m, 45 km from the coast line. The de-
posit is defined by the convex shape of the isobaths on
the bathymetric map and by their morphology in the
digital elevation model (Figures 4 and 6).

Accurate estimates of debris avalanche volumes
are difficult. Urgeles et al. (1999) noted that the
base of debris avalanche deposits can only rarely be
determined from seismic reflection profiles. That is
why volumes are usually approximated from thickness
maps created by comparing failed slopes with adjacent
unfailed regions or, more simply, by assuming a mean
deposit thickness over the area of the deposit. We think
it is more reliable to use sediment thickness maps than
to assume a mean deposit thickness. To calculate the
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Figure 9. Panel A: Shaded relief bathymetric map of Anaga Debris Avalanche (ADA) area. White lines indicate the position of bathymetry
profiles used for the thickness estimation. Black dots on the white lines are the points where the thickness of the avalanche has been estimated.
Panel B: Thickness map of ADA. Thickness ranges between 0 and 220 m. An area of 502 km? for ADA deposits and a volume of 36 km? have
been estimated. The coordinates are Universal Transverse Mercator (UTM) Zone 28 distances in km.

ADA volume, a thickness map was constructed us-
ing bathymetric profiles where the avalanche thickness
was estimated in several points by comparing failed
and unfailed slopes (Figure 9). A total volume of
36 km? was obtained for the ADA, whose deposits are
extended over an area of 502 km?. To establish this
volume we did not consider the sediments placed at
the avalanche’s scarps or close to them, where erosion
should be predominant. If there is sedimentation, it is
difficult to quantify with geophysical methods due to
the steep slope. At the northeast of the fan structure we
have observed longitudinal pressure ridges (labelled P,
Figure 7). As mentioned above, these flow structures
show the downslope movement of fan sediment due to
gravitational processes and are formed after the em-
placement of the ADA. The length of these features
ranges between 3400 and 5000 m. They have a relief
that varies with a non-regular pattern from 3 to 38 m
for the southern ones, and from 5 to 67 m for the north-
ern ones. The separation between both sides is in the
range of 1800 and 2800 m.

Hernandez Pacheco and Rodriguez Losada (1996)
studied in detail the geology of the Taganana Arc on-
shore Tenerife, located to the north of Anaga Massif.
The Taganana Arc, formed by an old dyke-swarm,
which cut breccias and massive materials, is curved
and concave to the north. These authors suggested that
Taganana Arc could be part of an edifice extending in
the past to the north of the present-day coast. They
proposed that the activity of a major fault, possibly
located to the north of the Taganana margin, was the
origin of the dip of the old dyke-swarm formed by
dragging and rotating the northern side of the Anaga
Block. They observed that the flexure the dykes have
suffered was caused by fault drag and related them
with the collapse of a volcanic edifice that extended in
the past to the north of the present-day coast. They also
suggested the possible existence of a big normal fault
(not-mapped) to the north of Anaga that lead to this
collapse. Finally, Herndndez Pacheco and Rodriguez
Losada (1996) suggested that the collapse to the north
of Anaga is still active today, as could be seen from the
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existence of modern normal faults, small slides, scree
and other recent avalanche deposits.

Our data appear to support the idea suggested by
Herndndez Pacheco and Rodriguez Losada (1996) that
Anaga has suffered one or more collapses to the north.
If we look at the scar described above, it seems pos-
sible than more than one landslide happened in this
area. On other hand, the fan structure of the ADA
seems to be the result of a single event. It is also likely
that different collapses happened to the north, the last
being the bigger, burying older events. We do not have
evidence of how many collapses happened in this area
with our detailed bathymetric analyses, so that more
detailed studies with low frequency seismic reflection
in the area of the scars will be needed to resolve this
question.

Comparison between ODA and ADA

Our data confirms that the western boundary of the lo-

bate deposits has been partially overlapped at its distal

area by the ODA, as was suggested in previous works

(Masson et al., 2002), which estimated an age of at

least 600 ka for the ADA.

Comparing both avalanches (ODA and ADA) we
note that ADA has some different characteristics:

— The surface of the ADA sediment lobe presents
less exotic blocks. This deficiency of blocks could
indicate that they had been buried by younger sed-
iments, but it also can be attributed to a longer
exposure to erosion, to the kind of material involved
in the event, or to other flow characteristics.

— Both the channel and the fan structure of ADA
have a larger degree of modifications or erosion
compared to the ODA. Also, in ADA we have
recognized at least four isolated seamounts, with
diameters 800 and 1700 m, and heights between
140 and 350 m. Their size and shape in the res-
olution of our data is enough to be differentiated
from exotic blocks. Other authors studying the
hummocky terrain in the channel between Gran Ca-
naria and Tenerife (Krastel and Schmincke, 2002)
interpreted the large, isolated blocks as volcanic
morphologies and the large number of small highs
concentrated in an area as exotic blocks. Our inter-
pretation seems to fit well with the conclusions of
Krastel and Schmincke. It is not so evident studying
our data, if the blocks are intruding the avalanche,
or if they were partially buried by it. The fact than
the ADA has suffered more triggering processes and
volcanic intrusions, seems to indicate an older age

for the ADA, which subsequently has been affected
by erosional processes for a long time.

— The pressures ridges found in ADA have maximum
lengths of 5 km, maximum relief of 38 m and a sep-
aration between them in the range of 1800-2800 m;
while the ones in ODA, having a similar depth (as
much as 30 m) are less clearly seen due to their
shorter length (less than 200 m).

South sector

On the southeast coast of Tenerife, the dominant mor-
phologic feature is the ‘Cordillera Dorsal’ (Figure 2),
composed of a series of northeast trending ridges made
of two flow series and separated by an unconformity.
At the Cordillera Dorsal an 8-9 km wide valley was
formed, with an amphitheatre-shaped head, an area of
73 km? and prominent side walls. The origin of this
Giiimar Valley was interpreted by Navarro and Coello
(1989) to be the result of landslide processes, the same
origin as for the Orotava Valley (Figure 2). Geological
studies of Giiimar Valley showed that it was formed by
a flank collapse younger than 0.83 Ma, the most recent
age obtained for lava flows in the scarp (Ancochea
et al., 1990).

South of Anaga offshore massif, the most signifi-
cant feature is a continuous scarp that produces a very
significant slope break, that can be clearly identified
in a three-dimensional representation of bathymetry
(Figure 10) and whose trace is represented in Figure 7.
The scarp is limiting the southern edge of Anaga off-
shore structure along at least 50 km, and its direction
changes abruptly from N68°E to almost E-W. Between
600 and 3375 m water depth there is a clear change
in all bathymetric contours, coinciding with the scarp
(Figure 4). There are some differences between the ar-
eas at both sides of the scarp. The area at the north side
of the scarp corresponds to the Anaga submarine mas-
sif. It has an irregular morphology characterized by
numerous pinnacles, ridges and gullies that have been
mapped in Figure 7. In some places, these forms are
cut with a narrow and linear shape, indicating struc-
tural control. Submarine channels and canyons seem
to exploit these tectonic directions. The area to the
south side of the scarp has less slope, ranging from
0 to 5° (Figure 5) and is topographically smooth. The
surface of this area has rough topography, similar to
that of the ODA, with the presence of many small
topographic highs, both pinnacles and perhaps exotic
blocks. In the shallower part of the scarp along almost
30 km of the trace, there is a steep slope that varies
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Figure 10. 3D image of Anaga SE submarine flank showing the
Santa Cruz Fault and two lobes of Giiimar Debris Avalanche (L1
and L2). View is from the ENE. Vertical exaggeration x10.

between 25° and 40°, but reaching slopes of 55° (Fig-
ure 4). In contrast, in the deepest part of the scarp,
along 20 km, the slope decreases to 5-10°.

From the morphological observation of this scarp it
is controversial whether it was created by sedimentary
or tectonic processes or a combination of both. The
origin of the steep escarpments bounding the seaward-
facing embayment in the Canaries has been the subject
of different interpretations, since its first association
with gravitational processes by Bravo (1952). Nowa-
days it is accepted that giant landslides are a common
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feature in the Canary Islands and the relation between
giant landslides and straight-walled valleys, calderas
and wide coastal embayments, has been found onshore
(Ancochea et al., 1990; Ancochea et al., 1994; Car-
racedo 1994; Guillou et al., 1996) and offshore (Watts
and Masson, 1995; Teide Group, 1997; Masson, 1996;
Urgeles et al., 1997; Carracedo, 1999, Mitchell et al.,
2002; Mitchell et al., 2003, Masson et al., 2002 and
Acosta et al., this issue). In Figure 7 the geographi-
cal position of the onshore Giiimar’s Valley scarp has
been plotted, as well as the trace of the scarp found
offshore. Looking at the coincidence of both features
we could attribute the origin of the scarp entirely to
the landslide process of the Giiimar Debris Avalanche,
being a continuation offshore of the eastern sidewall
of this avalanche on land. Such an interpretation was
suggested by Masson et al. (2002) for the sidewalls of
El Golfo Debris Avalanche on El Hierro island. But
a sedimentary origin for the submarine scarp without
involving structural process can be argued. Observa-
tion of the relations between the amphitheatres and
the scarps in other debris avalanches of the Canary
Islands, such as the ones in El Hierro, La Palma,
Tenerife and Gran Canaria islands, reveals that usu-
ally the head amphitheatre of the debris avalanche is
aligned normal to the downslope direction of move-
ment of the avalanche (for references see Masson
et al., 2002; Acosta et al., this issue). Here the offshore
scarp is not aligned with the direction of the onshore
scarp, but instead is deviated from that direction by
55° to the north (Figure 7). Looking at the scarps of
Giiimar Valley on land, it seems obvious that if an
avalanche happens in the absence of a tectonic stress, it
would create an offshore scarp following more or less
a straight direction with the onshore one, or having
a gentle turn due to the regional bathymetry, as hap-
pened in some of the landslides in Hawaiian islands
(Moore et al., 1989). The sharp angle of continuation
between both scarps seems to indicate than the de-
bris avalanche must have changed its direction sharply
when it reached the coast of the island if the scarp was
formed from the carving of the avalanche flow.
Faulting has been recognized as one of the factors
that can directly cause or contribute to the occurrence
of giant landslides. Day et al. (1999) described the
well developed topographic San Andrés fault scarp on
the flank of the steep-side NE rift of El Hierro, and
related it to an aborted giant collapse; Vidal and Merle
(2000) used a model to prove that the reactivation of
a vertical fault in volcanic cones generates normal
faults and an upturning of the layers that induces a
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flank collapse. In Hawaii, the Hilina slump has been
recognized as an active landside that breaks the mo-
bile southeast flank of Kilauea volcano and is headed
on land by a system of seaward facing normal faults
(Morgan et al., 2003). From the study of the char-
acteristics of this scarp, its relation with the on-land
features of Giiimar Valley and the comparison with
other avalanches in the Canaries, we suggest that a tec-
tonic process seems to have created the scarp. Whether
the fault scarp was created during on avalanche or be-
fore it remains unsolved, but the stress regimen in this
area could have been the cause of the debris avalanche
process on the buttressed flank of Tenerife. A subma-
rine canyon has carved the sediments following the
linear layout of the fault scarp. This canyon was also
recognized by Krastel et al. (2001) and Krastel and
Schmincke (2002), who mapped the Giiimar Scarp
on land but didn’t interpret a debris avalanche scarp
offshore.

In the absence of seismic lines transverse to the
scarp, its origin remains unsolved and therefore we
can interpret it as a fault. Future studies will be needed
to solve the fact that Giiimar Debris Avalanche seems
to be a particular case among all others previously
studied in the Canary Islands. Since it is the first time
that this scarp is described and interpreted as a fault,
we have called it ‘Santa Cruz Fault Scarp’, because the
town of ‘Santa Cruz de Tenerife’ is the nearest main
geographic place on land.

Giiimar debris avalanche (GDA)

At a water depth of 3200-3300 m the sea-floor has a
0 to 5° slope. In this area there is an important accu-
mulation of sediments that forms a deposit of 20 km
length and 12 km width that has been mapped as L1
in Figure 7. Adjacent to this lobe to the south, another
fan-shape structure has been recognised with a length
of 8 km and a width that can not be exactly defined
because it extends beyond the studied area limit (L2 in
Figure 7). The thickness of these lobes varies between
Sand 15 m for L1 and 5 and 10 for L2. Hummocks can
be recognized in the digital model elevation (Figure 6)
and in the detailed bathymetric map. Because of the
fan shape structure and the existence of the block field
terrain, we interpret these deposits as products of a de-
bris avalanche. Some of these topographically isolated
highs seem to be volcanic cones rather than blocks
transported by the debris avalanche, but distinction be-
tween them has not been possible, as there are no clear
criteria to differentiate them. So, although it seems

clear that this area is covered with the deposits left by
a debris avalanche, some volcanic morphology may
also be present. These fans can be seen in the digital
model elevation (Figure 6) and the three-dimensional
representation of bathymetry (Figure 10).

Our data indicate that the fans are the northern
deposits of the Giiimar Debris Avalanche. The total
extension of the avalanche in Gran Canaria-Tenerife
channel has been mapped by Krastel and Schmincke
(2002) and by Acosta et al. (this issue). They in-
terpreted Giiimar Valley as the source area for the
avalanche deposits of this area, and our results point
to the same conclusion. These authors also recognized
from backscatter data a large number of individual
hummocks of different sizes and they discussed their
nature, concluding that most of them are exotic blocks,
although some, usually located close to the islands, are
volcanic cones.

Anaga offshore distal region

Sedimentary characteristics

Topographic parametric sonar seismic profiles have
been the basis for studying the Anaga offshore distal
region, because bathymetric data in this area presents
numerous artefacts (see Figure 4) that cannot be re-
moved by standard processing.

The area beyond the 3500 m bathymetric contour
is called the Anaga offshore distal region. From this
contour, the slope stabilizes to less than 5°, resulting
in a more or less flat seafloor, where depths range
from 3500 to 3700 m, which are the maximum val-
ues northwest of Anaga. Seismic profiles show parallel
and continuous reflectors (Figure 11) that characterize
the distal region offshore Anaga Massif as a typical
area of deep oceanic hemipelagic sedimentation. In
the more distal region, the parametric system recorded
a maximum of 0.12 sec (two way travel time). If
we assume a velocity for marine sediments in Ca-
narian Archipelago of 1.7-2.1 km/sec. (Daifiobeitia
and Canales, 2000), this implies a total thickness of
102-126 m.

In the studied seismic sequence we have selected
four reflectors (named R1, R2, R3 and R4) to show
the interpretations. We choose these because of their
presence in most of seismic profiles. Although there
were some stronger ones, they have less continuity
along the profiles.

Taking into account the nearest deep ocean drill
sites to our study area we can deduce a very similar
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Figure 11. Seismic reflection facies defined in this study and their geologic interpretation.

composition for the material that forms the parallel
and continuous reflector seismic sequence observed in
profiles. Therefore, we used Ocean Drilling Program
(ODP) Sites 953 and 954, located to the north and
northeast of Gran Canaria (Figure 3), which reveal the
lithological composition of the sediment in this area.
In both sites, the first hundred metres corresponds
to Unit I and are constituted by Holocene to upper
Pliocene (0-3 Ma) sediments, consisting dominantly
of pelagic clayey, nannofossil ooze and graded nan-
nofossil clay-silt, with lesser amounts of foraminifer
sands, lithic crystal sands, and silts. Coarse sands, rich
in neritic biogenic material, recovered in the upper
100 m have been interpreted by Schmincke (1995)
as turbidites possibly related to glacially controlled

changes in sea level. The minor, thin fallout tephra
layers at these sites were probably erupted on Tenerife
and may represent the outer part of larger fallout fans
(Schmincke et al., 1995). In this way, we can consider
that the lithological composition in the Anaga offshore
distal region may not differ too much of the one drilled
on north margin offshore Gran Canaria.

Five distinct seismic facies are identified based on
seismic reflection character and geometry. Environ-
ment interpretation of each seismic facies has been
made based on Mitchum et al. (1977) (Figure 11).
The detailed analysis of all the seismic profiles shows
clearly the influence of Tenerife island. To the west-
ern edge of the seismic profiles the above mentioned
reflectors are not recognized. The seismic sequence
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Figure 12. Interpreted parts of Profiles 65 and 66 showing two intrusive bodies of transparent facies (Tr) that cut parallel and continuous
sequences. Location of the seismic profiles and the intrusive bodies are placed in Figure 3. Selected reflectors for this study are shown as R-1,
R-2, R-3 and R-4 and chaotic facies as Ch. There is not enough evidence to interpret the volcanic or sedimentary origin of the intrusions.

loses its parallel and continuous aspect to show a more
chaotic sequence nearer to the island. As the sequence
is closer to the island, there is more volcanoclastic
material mixed with the deep sea pelagic sediments.
Bottom currents also affect the sediments, as has been
reported in other areas of the Canaries, such as the
channel between Gran Canaria and Fuerteventura, in
which sediments are entirely modified by erosional
currents (Funck and Lykke-Andersen, 1998), or the
channel between Tenerife and Gran Canaria, where
Teide Group (1997) recognized sediments whose in-
ternal morphology suggested deposition under the
influence of bottom currents, probably the North At-
lantic Deep Water at a depth of 1500-3900 m.

The Seismic sequence is interrupted in the distal
area by an intrusive body. Continuity of the parallel
facies of Profiles 65 and 66 ends sharply, as can be
seen in Figure 12. Transparent facies material intrudes
the sequence with one root in Profile 65 and two roots
in Profile 66. These roots seem to be the conduits that
fed the intrusive bodies. Both of them have a gen-
eral oval shape, but in the shallow subsurface it turns
more irregular with the intrusive material cutting the
sediments that lie above. We have not enough criteria

to distinguish if the transparent facies material is of
volcanic or sedimentary origin.

Structural characteristics

TOPAS Profiles 51, 68, 67 and 66 show the structural
complexity typical of an area proximal to a volcanic
island. Numerous faults have been distinguished. In
some areas these faults are separated from other tec-
tonic structures by great distances, but there are also
some areas where fracture density is higher and we
found others faults every hundreds of metres or every
few kilometres. This occurs along the western edge
of Profile 67, where we recognized four faults over
ten kilometres (Figure 13). The undulating reflector
pattern in this region, indicating deformation, could be
the result of the same tectonic process that generated
the faults. The lack of penetration in this ultra-high
resolution profile does not allow us to discern between
these two possible mechanisms.

Among all the identified fractures, there is one
that is noteworthy because of its particular character-
istics, called the ‘Guayotd Fault’. This fault has been
recorded on seismic Profiles 51, 68, 67, 66, 65, 64 and
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Figure 13. Interpreted segment of seismic Profile 67 showing a high
fracture density. The undulated reflector pattern could be the result
of the same tectonic process that generated the faults, or could be
deformation caused by an igneous intrusion process, as transparent
facies are seen below. Lack of penetration in this ultra-high resolu-
tion profiles does not allow us to discern between these two possible
genesis mechanisms. Location of the seismic segment is shown in
Figure 3.

62, in a north to south order, and as the profiles are
separated by 10 km, its total length appears to be at
least 60 km (Figure 3). It can be seen that the fault
affects at least 100 metres of the more recent sedi-
ments, but as we do not have enough penetration, it
is not possible to evaluate the actual depth extent of
the fault. Additional seismic data is needed to provide
a real estimate of the thickness of materials that have
been affected by the fault and if they reach the base-
ment or not. The Guayota Fault is oriented N-S along
its north edge, among seismic Profiles 51, 68, 67 and
66; and after an inflexion between profiles 66 and 65 it
takes a direction of NW-SE, in profiles 65, 64 and 62
(Figure 3).

Figure 14 shows the segments of the seven profiles
where the fault appears. The Guayotd Fault is a com-
pressive structure with an offset varying between 25
and 30 metres. Because of the morphology seen in the
profiles and the orientation that it presents we suggest
that it is a contractional strike-slip fault.
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Two of the profiles do not show a vertical offset. As
they are the northern and southern ones and they prob-
ably indicate the limits of the fault. In Profile 51 the
fault is recognized as a deformation area, but the ver-
tical offset between the reflectors cannot be observed.
In Profile 62 the fault is recognized by the abruptly
disappearance of the reflectors, but again there is no
offset, nor deformation in the upper area of the seismic
sequence.

Structural analysis

Methodology of the structural analysis

Structural data are required to understand the complex
regional context of the Canary Islands, but there are
very few structural studies. Field structural data have
been taken and interpreted on Fuerteventura by Still-
man (1987) and Fernandez et al. (1997), in Lanzarote
by Marinoni and Pasquare (1994) and in La Palma by
Ferndndez et al. (2002).

Numerous faults have been observed in the Anaga
offshore region (Figure 7). Interest in knowing which
the prefered structural directions are, guided us to
carry out a structural analysis. Previous analysis of
the topography of the region (Mitchell et al., 2003)
did not find faulting to be an important process in the
evolution of this area. However we find that erosion is
often taking place along existing structural directions.

Submarine faults were mapped by bathymetric
maps contoured at different values. Slopes maps and
digital elevation models have been used. The software
we used has allowed us to do many tri-dimensional
models that validate the interpretations. In the bathy-
metric maps, faults have been distinguished by the
sharp inflexion produced in successive contours by
faults. In the slope maps tectonic gradients have very
clear slope contrasts. In the digital elevation mod-
els, faults are recognised as in aerial photographs by
shadow changes, and also because they cut previ-
ous structures like volcanic lineations, channels and
debris aprons. This kind of model helped us to distin-
guish faults that could not be identified in bathymetric
and slope maps. The combined study of bathymetric
maps, slope maps, three-dimensional models and dig-
ital elevation models is the best method to recognise
submarine faults in a map.

To quantify the preferred fractured direction all the
interpreted structures have been georeferenced, and
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Figure 14. Interpreted seismic reflection Profiles 51, 68, 67, 66, 65, 64 and 62 showing the Guayotd Fault. Location of the seismic profiles and
the interpreted fault are placed in Figure 3. The fault is affecting at least 100 metres depth of the more recent sediments. Its total length in a
ground plan appears to be at least 60 km. Guayota Fault direction is N-S in its north edge, among seismic Profiles 51, 68, 67 and 66; and after
an inflexion between Profiles 66 and 65 it takes a direction of NW-SE in Profiles 65, 64 and 62. It is a compressive fault with an offset varying
between 25 and 30 metres. We suggest that the Guayotd Fault is a contractional strike-slip fault.

when a fault changes its direction one or more times,
we must consider these changes segmenting this lin-
eation in more than one (Fault map in lower panel
of Figure 15). For the structural analysis we assign a
proportional weight to the fault trace length.

Results of the structural analysis

A total population of 63 fault segments is represented
in a rose diagram with an interval class of 15° (Fig-

ure 15). Almost all directions are represented, show-
ing a radial pattern typical of areas where extension
of crustal layers occurs because of the intrusion of
magma bodies or other kinds of domes. Faults are
recognized radiating from the center, as they align in
the direction perpendicular to the direction of maxi-
mum tension (Twiss and Moores, 1992; Ramsay and
Lisle, 2000). Radial patterns have been previously
identified in oceanic islands in fractures and dykes.
Examples are found in the Canaries: like the ones
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Figure 15. Panel A: Total fault length rose diagram and fault length distribution histogram. Panel B: Rose diagram for faults lengths between
0-14 km, rose diagram for faults lengths between 14-30 km, and the fault map used in the structural analysis. The coordinates are Universal
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reported in Fuerteventura (Ancochea et al., 1996; Still-
man, 1999), Tenerife (Ablay and Marti, 2000) or La
Gomera (Ancochea et al., 2003); as well as in other
archipelagos like Cape Verde (Day et al., 1999) or the
Society Islands (Blais et al., 2000).

Further more, two major structural directions are
recognized: The main one is NE-SW, with its con-
jugate at 90°, NW-SE, being the second in impor-
tance. The NE-SW submarine direction matches with
the Tenerife direction in the Anaga Massif area and
Cordillera Dorsal, clearly indicative of the importance
that structural control has in the growth of oceanic
island.

The interpreted faults have been analyzed as a
function of length. Two modal values appear, allowing
us to separate two populations of faults: The short ones
less than 14 km, and the long ones for faults between
14 and 30 km. We can conclude that for the shorter

faults the same radial pattern is recognised, although
there are three preferred directions: Two of them were
the same as seen in the general rose diagram, NE-
SW and NW-SE, but an E-W direction also emerges.
While in the shorter faults a radial pattern is recog-
nized, when studying the longer faults the results point
to a more defined pattern in a NE-SW direction.

Our results have been compared with structural
field analysis undertaken on the Anaga Massif (Mari-
noni and Gudmundsson, 2000), where three main
directions were obtained. Two of them, NW and NE,
coincide roughly with the main axial trends of Tener-
ife, while another E-W trend does not correspond
to the main axes of Tenerife, or with the rift-zone
trends proposed by Carracedo (1994). Instead, it cor-
relates with one of the major tectonic trends of the
Canarian region, which consists of E-W structures
(Banda et al., 1981: Marinoni and Pasquare, 1994).
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Structural analysis of the submarine fractures shows a
good correlation with the main directions obtained in
the Anaga onshore region.

Conclusions

The morphology of Anaga submarine slopes are partly

a result of the volcanic terrain being reshaped by mass

wasting and faulting. Bathymetric and TOPAS seis-

mic data collected around the peninsula of Anaga
have increased our understanding of the growth and
destruction of Tenerife and oceanic islands in general.

1. The offshore Anaga Massif starts with a subma-
rine shelf, a consequence of wave erosion during
Pleistocene glacially induced regressions. Volcanic
morphologies, faults that cut previous structures,
and the results of mass wasting movements asso-
ciated with slope failures can be recognized in the
submarine Anaga structure. Below the 3500 m con-
tour the slope stabilizes to less than 5° in a more or
less flat topographic seafloor, being deepest NW of
Anaga.

2. An area of 502 km? and a debris volume of 36 km?
characterize in the ADA (Anaga Debris Avalanche).
The presence of various scars shows that Anaga
could suffer several collapses to the north, as also
suggested by Herndndez Pacheco and Rodriguez
Losada (1996) studying the Taganana Arc geology
onshore Tenerife. Our data confirm that the western
boundary of the lobate deposits has been partially
overlapped at its distal area by the ODA (Orotava
Debris Avalanche), as suggested in previous works
(Masson et al., 2002) which indicated an age of
at least 600 ka for the ADA. Comparison between
ODA and ADA also point to an older age for ADA,
since more erosive processes and volcanic intru-
sions have affected both the channel and the fan
structure. Moreover, ADA has less exotic blocks
than ODA, due to burial by younger sediments.

3. Bathymetric data support the existence of many vol-
canic morphologies, between 1000-3000 m across
and 100-200 m high around Anaga submarine mas-
sif. They could be related to dyke activity radiating
from a central volcanic zone. In some areas dis-
tinction between volcanic morphologies and exotic
blocks from avalanches is difficult and in the ab-
sence of other data there is no evidence to make a
distinction.

4. An intrusive body of transparent facies has been
seen in two seismic profiles interrupting the par-
allel facies of the seismic sequences in these ar-
eas. They have one and two roots respectively that
acted as conduits feeding the intrusions. We do not
have enough criteria to distinguish if the transparent
facies material is of volcanic or sedimentary origin.

5. Numerous faults have been interpreted and rep-
resented from the new data. Most of them were
recognized by the combined study of bathymetric
maps, slope maps, tri-dimensional models and dig-
ital elevation models. They have been used to do
a structural analysis. Two of the larger structures
recognized have been called ‘Santa Cruz Fault’ and
‘Guayota Fault’:

— ‘Santa Cruz Fault’ was recognized in the bathy-
metric data limiting the southern edge of Anaga
offshore structure along at least 50 km. Its di-
rection changes sharply from N68°E to almost
E-W.

— ‘Guayotd Fault’ was recognized in seismic pro-
files at the NE distal area of Anaga along
60 km of strike. Guayotd Fault is a compres-
sive structure that affects at least 100 m of sed-
iments with a 25-30 m offset in a direction
that changes N-S to NW-SE towards the south.
We interpret it as a transpressional strike-slip
fault.

6. From the analysis of all the submarine faults direc-
tions that have been interpreted, we found a radial
pattern typical of oceanic islands. Besides this typi-
cal pattern, three main directions are emphasized in
the rose diagrams: NE-SW, NW-SE and E-W. The
main orientation, NE-SW, matches the Tenerife di-
rection for the Anaga Massif and Cordillera Dorsal,
and is also the one that controls the longer faults.
There is good correlation with the main directions
obtained in the Anaga onshore region by previous
authors.

7. Faulting has been recognized as a key process for
the occurrence of debris avalanches and the growth
of volcanic lineaments. Moreover, faulting is modi-
fying previous structures and channelling the flows.
Submarine faults are more difficult to study com-
pared with those onshore because of the environ-
ment in which they are located, but is important
to quantify submarine faults as far as possible, as
submarine flanks represent a major part of a given
oceanic island.
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Abstract

As part of a systematic mapping program of the Hydrographic and Oceanographic Research Plan for the Spanish
Exclusive Economic Zone (EEZ), gravity surveys were carried out offshore the Canary Islands. Using the gravity
data collected during cruises between 1998 and 2000 aboard the RV Hesperides and satellite and land data, we
construct free air and Bouguer anomaly maps and discuss the geodynamic implications.

Using maps of Bouguer anomaly, free air anomaly, vertical derivative, long wavelength Bouguer anomaly and
short wavelength anomaly, a detailed description of the gravity characteristics of the archipelago is presented,
describing gravity anomalies from a geologic point of view. The character of the crust throughout the studied
area has been defined, as well as high gradient zones that limit crustal blocks of different density. High gradient
zones have been mapped for the first time and interpreted as fracture zones, taking into account geophysical and
geological information. Gravity highs and lows have been studied and related to crustal, mantle and volcanic

effects.

Introduction

In 1995, the ‘Instituto Espafiol de Oceanografia’ and
the ‘Instituto Hidrografico de la Marina’ undertook
a geologic and oceanographic research study of the
Spanish Exclusive Economic Zone (EEZ). The main
objectives of this research were to map the EEZ in
order to obtain bathymetric charts and to perform a
geophysical survey, consisting of gravity, magnetic
and other information compatible with a 10 knot ship
velocity. The EEZ program involved the coopera-
tion of the ‘Real Observatorio de la Armada’, which
was responsible for magnetic data, and the ‘Departa-
mento de Geodindmica, Universidad Complutense de
Madrid’, responsible for gravity data. The investiga-
tions of the EEZ program were carried out offshore the
Canary Archipelago (Figures 1 and 2), during cruises
EEZ-1998, EEZ-1999 and EEZ-2000.

These cruises constituted the first systematic grav-
ity survey performed in the Canary Islands region,
providing data acquired using the same self-consistent
acquisition system along quasi-regularly spaced sur-

vey tracks. The purpose of this paper is to present
consistent, regional gravity maps of the Canary Islands
region, and to interpret some of the geodynamic impli-
cations they provide. The publication of these maps is
of great interest for tectonic and geodynamics studies.
Among other applications, these maps, combined with
other geological and geophysical information, provide
constraints on the different tectonic models proposed
to explain the origin of the Canary Islands (e.g., An-
guita and Hernan, 2000; Carracedo et al., 1998), on
the structure of the island crust and upper mantle (e.g.
Watts et al., 1997), on the thermal and mechanical
properties of the oceanic lithosphere underneath the
archipelago (e.g. Canales and Dafiobeitia, 1998), and
on the nature of the ocean-continent transition in the
region (Watts and Marr, 1995).

Geological setting and previous geophysical work

The Canary Islands are an intraplate volcanic
archipelago formed of seven volcanic islands located
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Figure 1. Location map of the Canary Islands and bathymetric map (depth in meters).

in the eastern Atlantic Ocean, close to the northwest
African continental margin (Figure 1) and lying on
Jurassic oceanic crust, between isochrons M21 and S1
(150 and 175 Ma, Roest et al., 1992). The easternmost
island, Fuerteventura, is only 100 km from the African
coast. Their proximity to the continent, together with
the sparse data available, influenced discussions about
the character of the crust under the Canaries. Hausen
(1962) suggested a continental character for the is-
lands while Rothe and Schmincke (1968) proposed a
continental character for the eastern islands (Lanzarote
and Fuerteventura) and an oceanic one for the western
islands. Fuster et al. (1968) advocated an oceanic ori-
gin for all the Canary Islands. The oceanic character of
the lithosphere under the Canaries has been confirmed
by seismic multichannel reflection and refraction stud-
ies at both a crustal and a lithospheric scale (Bosshard
and MacFarlane, 1970; Banda et al., 1981; Watts et al.,
1997).

The first marine gravity study of the Canary
Archipelago, together with some refraction seismic
profiles, was published by Dash and Bosshard (1969)
for the western islands. They obtained free air and
Bouguer anomaly maps using a 50 mGal contour in-
terval, described how free air anomalies followed the
bathymetry quite closely, and noticed the absence of
an offshore belt of negative anomalies associated with
the islands, such as seen in Hawaii (Watts and Talwani,
1975). Based on Bouguer anomalies they interpreted
all the islands as independent structural blocks, ex-
cept Tenerife and La Gomera, which lie in the same
block. They also interpreted two main faults, one

between Gran Canaria and Tenerife trending NE-SW,
and another through Tenerife, La Gomera and El Hi-
erro trending in the same direction. Dash and Bosshard
(1969) proposed oceanic crust for the west and a tran-
sitional type in the central area of the archipelago.
Using the same data for the western island, Bosshard
and MacFarlane (1970) constructed a more detailed
Bouguer anomaly map and used the free air values to
compute the depth of the Mohorovicic discontinuity
and Bouguer values for structural models, but their
general conclusions were the same as those of Dash
and Bosshard (1969).

Regional and local gravity anomaly data were pre-
sented by MacFarlane and Ridley for the islands of
Tenerife (1968) and Lanzarote (1969). Their results
point to a gradational position of the islands between
a truly oceanic and a truly continental environment.
Bouguer anomaly values increase from a fairly typical
continental value of 25 mGal over the continental shelf
to over 250 mGal west of El Hierro. An interpretation
of the regional and local gravity data was attempted
and some broader genetic implications were briefly
discussed. More recent local gravity studies have been
done, basically to define the structure and volcanism
in Tenerife and Lanzarote (Ablay and Kearey, 2000;
Arafia et al., 2000; Camacho et al., 2001; Vieira
et al., 1986). On a regional scale the most recent
studies focus on lithosphere analysis of the Canary
Islands using both seismic and gravity data (Canales
and Daflobeitia, 1998; Daflobeitia et al., 1994; Ranero
et al., 1995; Watts, 1986).
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Figure 3. Block diagram that shows the parameters used in ‘sea bottom corrections’ (left) and variables used in calculations (right).

Data Collection

An area of more than 124 000 km? offshore the Ca-
naries is studied here. The marine gravity data were
collected during the EEZ cruises, where a total of
338,421 useful readings were obtained (Figure 2).
Satellite-altimetry-derived gravity data (Sandwell and
Smith, 1997) as well as data from a cruise previous
to the EEZ project (Teide-95) were used to complete
the study area. Land gravity data from the ‘Instituto
Geografico Nacional’ database, distributed over the
seven major islands (I.G.N., 1996), were also used to
avoid border errors inside the studied area. The loca-
tions of track lines together with land and satellite data
are shown in Figure 2.

The acquisition of marine gravity data was carried
out aboard the RV Hespérides using a +1 mGal ac-
curacy Bell Aerospace BGM-3 gravity system, with
an automatic pitch and roll elimination. The gravity
meter used for the land link was a +0.01 mGal accu-
racy LaCoste & Romberg. The offshore gravity data
set was corrected for instrumental drift and tied into
the land network throughout the ‘Instituto Geogréafico
Nacional’ gravity bases of Cartagena (SE of Iberian
Peninsula) and Las Palmas (Gran Canaria).

Ship navigation data was obtained by two simul-
taneous differential GPS (DGPS) systems integrated
with RV Hespérides’ central navigation system. A lo-
cal DGPS base station and a second system based on
a regional base station network were used, resulting
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in better than 5 m navigation accuracy. Water depth
was recorded with both a multi-beam echosounder
Simrad EM-12S and single beam echosounder Simrad
EA-500.

Data Processing

Ship gravity data was merged with navigation data
(date, time, ship’s speed, water depth, course, latitude
and longitude), and the Eotvos effect was corrected.
Gravity data were reduced to the 1967 Geodetic Ref-
erence System (GRS), the water slab was corrected us-
ing a density of 1.03 g/cm® and Free-Air and Bouguer
anomalies were calculated following the procedure of
Nettleton (1976). Land gravity data were also reduced
to the 1967 GRS using a density of 2.67 g/cm? for the
Bouguer correction.

A total of 397 processed track lines, containing
the data described above, were included in a georef-
erenced database. Spikes were corrected in each line
and, due to the regional character of the map, high
frequency anomalies were eliminated by a low pass
filter (anomalies under 1.5 km of wavelength).

Sea bottom correction

Nettleton (1976, Chapter 5) described how to correct
the effect produced by the water slab and irregularities
of the ocean floor. This author calls the result of ap-
plying these corrections ‘Bouguer anomalies’, though
the corrections at sea are not exactly equal to those
applied on land. It should be remembered that the cor-
rection for the water slab is done with a slab of water
situated below the reference level. Also, the gravity
effect produced by sea bottom irregularities, treated as
positive and negative spikes above the lower limit of
the slab of water, are computed at sea level and can
be positive or negative. When working in areas close
to the continental slope, or in archipelagos with large
bathymetric variations, these corrections should be ap-
plied so that the map of gravity anomalies, obtained at
sea level, reflects the distribution of the densities at the
sea bottom and is not heavily affected by bathymetric
irregularities.

The correction of these effects was performed for
each point at which a reading was taken, using an orig-
inal computer programme (LANZADAF). The pro-
gramme can be explained as follows (Figure 3). The
programme uses two matrixes: appearing in the first

data matrix (DM) are the geographic coordinates of
the reading points to be corrected, their bathymetry
and the free air anomaly; in the second prism matrix
(PM) are the geographic coordinates of each regular
prism into which the study area has been divided and
their average depths. It is first necessary to divide the
sea bottom into regular prisms with the sides defined
and the altitudes equal to the average bathymetry at the
base of each prism.

The flux of the programme is carried out following
three levels described as follows and by repeating the
process for each reading point.

(1) Bouguer slab correction. This is done in the clas-
sic way, though the density under consideration is
the negative contrast arising from the presence of
seawater and the thickness of the slab is the depth
of the reading point.

(2) Creation of a residual prism matrix (RPM) with
the same geometrical disposition as in the PM. The
new geographic coordinates and their altitude will
be established by the difference between those of
the PM and those of the point to be corrected. It
is evident that the altitudes defined in this way will
be positive when the bottom surface in the position
of the prisms is greater than the lower limit of the
slab of water used for the Bouguer correction and
negative in the opposite case (Figure 3).

(3) The sum of all the effects generated by the prisms
of the RPM above the reading point and the elab-
oration of a departure matrix in the appropriate
format to execute the mapping of Bouguer anom-
alies. The operation will be broadened to a distance
at which the calculated effects will be irrelevant.
The relative X and Y coordinates, the slab correc-
tion, the depth correction, the free air anomaly and
the Bouguer anomaly are included in the departure
matrix. The gravity effect of a regular prism, with
a density ¢ over a point (Figure 3), is expressed by:

x2 y2 22
gz—ya/dx/dy/ 3
| x2+y2+2)?

where y is the constant of universal gravitation and o
the density of the prisms.

As a base of calculation for programming, we
have used the solution of this integral proposed by
Nagy (1966), because of its simplicity and appropri-
ateness for the programming of the problem, although
there have been a great many further advances (e.g.,
Plouff, 1976; Danés, 1982, Ma and Watts, 1994). In



307

]
(=]

Frequency (%)

-
i

-40 -20 0 20 40
Sea-bottom terrain correction (mGal)

Figure 4. Histogram of sea bottom terrain values obtained for all
the data.

20

-
w

—_
o

Frequency (%)

(4]

0

0 5 10 15 20 25 30

Cross-over error (mGal)

Figure 5. Histogram of differences between calculated Bouguer
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a complimentary way, Nagy (1966) also executes a
classic topographical correction for nearby land ele-
vations, breaking down the topography into straight
prisms. This correction is necessary in cases like the
Canary Islands, where altitudes of nearby emerged
land reach 3500 meters above sea level.

The prism used was 2 km wide and the sea-
bottom correction was extended to 22 km. The digital
elevation model used included satellite sea-bottom
data (Smith and Sandwell, 1997) and land data
(ETOPO30). Statistical analysis of the sea-bottom cor-
rected values showed a mean value of —1.92 mGal and
a standard deviation of 6.64 mGal (Figure 4).

Levelling correction

To estimate the overall accuracy of the gravity mea-
surements obtained during four different cruises,
differences between gravity anomalies observed at
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intersecting ships’ tracks were examined, since this is
considered the best method to evaluate uncertainties in
marine gravity data (Talwani, 1971; Wessel and Watts,
1988). The statistical cross-over analysis shows than
84% of the values have differences below 10 mGal
and 64% of the cross-over errors are under 5 mGal
(Figure 5).

The levelling correction method used was a sta-
tistical levelling that corrects errors by modelling a
trend surface to the intersection errors and removing
the trend from the tie line data. To level the tie lines
we assumed that the difference between the tie line
and all crossing survey lines can be used as an esti-
mate of the error along the tie line. It is reasonable
to assume that the tie line should, on average, match
the crossing lines. Any single line may be out of level,
but the average of all lines should follow the correct
tie line. The statistical levelling was first applied to
individual cruises and later to all the cruises together
because there are some lines that cross groups of lines
of other cruises.

Coherence analysis

Because interpolation of the anomaly maps included
both ship gravity data and satellite gravity data (ERS-
1, Geosat and Topex-Poseidon, from Sandwell and
Smith, 1997) (Figure 6 a, b), a spectral analysis of the
coherence between both kind of data was done. The
objective of this analysis was to check the precision
and the existence of a cut-off frequency that marked a
lower limit in the satellite data accuracy. The longest
ship track (495 km length), with an E-W direction,
was selected for the analysis (Line 001, Figure 3). In
that line, the auto- and cross-spectrum were calculated
for free air anomaly values obtained by both ship and
satellite (Figures 6a,b). Because the sample interval
was different in each case, about 50 m for the ship
and 3500 m for the satellite, the larger sample inter-
val was chosen for the analysis. To avoid aliasing, the
ship data were low-pass filtered before re-sampling to
the coarser interval. For that interval, we have calcu-
lated the spectral density by Welch’s method (1967)
of ensemble averaging of multiple overlapped win-
dows, using the standard error estimates of Bendat and
Piersol (1986) and following the Wessel and Smith
(1995) procedure. Finally, we have plotted the spec-
tra for the two sources and the coherence between
them. Power values are equivalent in both types of
data (Figure 6¢). The coherence has values near 1
for long wave-lengths >20 km (Figure 6d), while for
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Figure 6. Coherence analysis of free air anomaly values. a) Representation of ship and satellite free air anomaly data for Line 001, sampling
interval 3500 m. b) Ship bathymetry profile for Line 001 (located in Figure 2), sampling interval 50 m. ¢) Comparison of power spectrum of
ship and satellite data along the line. d) Coherence analysis between ship and satellite gravity data along the line.

wavelengths shorter than 15 km, there is low coher-
ence between both data sets, as also suggested by the
power values (Figures 6¢,d). These data agree with the
resolution of satellite data established at 22-30 km in
previous works (Yale et al., 1995). The good results
of the coherence analysis may be due to the system-
atic character and quality of the gravity data used. The
spectrum also shows that satellite data are sparse be-
tween 6 and 12 km wavelength. Below this value only
the ship data have a significant signal level. Because
of the regional character of the research area, it is
possible to use both kinds of data to get a synthesized
map, knowing that, for satellite data only wavelengths
above 15 km are reliable. On the other hand, results of
the spectral analysis of the coherence indicate that for
high resolution studies the use of ship gravity data is
essential.

Gravity maps
Map construction

All filtered offshore gravity data were merged with
gravity data onshore to construct free air and Bouguer
anomaly maps. The combined data were interpolated
using a Kriging algorithm that divides the search area
into six sectors. After trying different grid cell sizes
and taking into account the results of the spectral
analysis, a 6 km grid cell size was chosen as the
most suitable for this study. The final maps include
the anomaly contours over an illuminated coloured im-
age computed from a directional derivative in the 310°
direction and were drawn using GMT software (Wes-
sel and Smith, 1995). The free air anomaly map was
contoured at 10 mGal, while the Bouguer anomaly
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Figure 7. (a) Free air anomaly map (contour interval = 10 mGal). (b) Bouguer anomaly map (contour interval = 5 mGal, except to the east
of Fuerteventura and Lanzarote where the contour interval = 10 mGal). The colour palette range has been emphasized for anomalies between

125-225 mGal.

map was contoured at 5 mGal, except in the area east
of Fuerteventura and Lanzarote, where steep gravity
gradients occur and a 10 mGal contour was chosen
(Figures 7a and 7b).

Free air anomaly map

The free air anomaly map is shown in Figure 7a. Val-
ues above 100 mGal occur above sea level, reaching as
much as 4400 mGal on the highest island. Values be-
tween +100 and +50 mGal mark the submarine flanks
of the islands with steep slopes. The 0 mGal represents
deep seafloor with less island influence. Minimum
values of —75 mGal appear east of Tenerife, NE of
Gran Canaria and west of Fuerteventura. Looking at
the gradual distribution, from positive values on the

island to negative values in deep areas, there is a clear
correlation with bathymetry. This is expected, since
free air anomalies are dominated by the large density
contrast at the seafloor (Lin et al., 1990). As free air
anomaly values have a dependence on the topography
and bathymetry, it is not possible to derive a correct in-
terpretation, even qualitatively, without taking account
of bathymetry. For geological interpretations Bouguer
anomaly values are more useful, especially when a
sea bottom terrain correction is done, because the
anomalies can be interpreted in terms of density vari-
ations below the water slab and depth of the sources
that generate these variations. This allows us to make
an detailed description and to be able to discuss the
gravity data based on the Bouguer anomaly map.
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The Bouguer anomaly map with both sea-bottom ter-
rain and topography corrections is shown in Figure 7b.
The Bouguer gravity values range from 4315 mGal in
the westernmost side to +30 mGal in the easternmost
one. This change takes place in a steep and discon-
tinuous way, shaped by three major elongated high
gradient zones: near the eastern coast of Fuerteventura
and Lanzarote, across Tenerife island (both with a NE-
SW orientation) and just to the west of La Palma and
El Hierro islands, with a N-S orientation. These high
gradient zones separate four areas with different grav-
ity responses. It is clearly observed that the Canary
Islands occupy the two zones of intermediate Bouguer
anomaly values (160-240 mGal). The mean value of
the western islands is higher (220 mGal) than the east-
ern ones (180 mGal). In addition to the high gradient
zones, there are other effects that disturb the general
progressive variation in the Bouguer anomaly values
from east to west, such as the presence of more local
highs and lows and high gradient zones (Figures 7b
and 8).

There are some gravity highs of special relevance
because of their signal amplitude: Two of them are
related to Gran Canaria and another is centred on
La Gomera. Other gravity highs, located SW of
Fuerteventura, have shorter wavelengths but consider-
able amplitude (40-50 mGal).

There are some gravity lows west of Lanzarote and
Fuerteventura, and it is remarkable that the axis of
minimum values has a N-S direction in the channel
between Fuerteventura and Gran Canaria. The biggest
gravity lows, because of their amplitude values, are
related to La Palma and El Hierro.

The map shows different kinds of signals, due to
the small grid side and the large size of the studied
area. This characteristic makes it necessary to apply
frequency separation techniques to analyse the differ-
ent anomalies and to avoid possible distortion due to
their superposition.

Gravity data filtering and transformation

The Bouguer anomaly map shows a combination of
long- and short-wavelength features. In order to better
determine gravity gradients that may indicate geologi-
cal contacts between bodies of different density, and to
distinguish between deeper and shallower sources, we

have applied the following filtering and transformation
techniques: A) vertical derivative maps, by taking the
2-D Forward Fast Fourier Transform; and B) filtering
of the Bouguer anomaly map in different wavelengths
by applying Fourier analysis (cut-off wavelength val-
ues have been obtained by the 2-D spectral analysis of
the Bouguer anomaly map described later in the text).

First vertical derivative map

The first vertical derivative enhances shorter wave-
lengths, suppresses longer wavelengths and is ac-
complished by multiplying the Fourier transform of
a potential field map by the wavenumber. The ef-
fect is to enhance anomalies caused by abrupt lateral
changes in near-surface densities at the expense of
broader anomalies caused by deeper or more gradual
density changes. For this reason, the map is useful for
comparison of anomalies associated with geological
bodies exposed at the surface. Suppression of longer
wavelengths also helps in comparing and distinguish-
ing trends and anomaly fabrics in various domains
(Simpson et al., 1986; Jachens et al., 1989). As the
first vertical derivative map (Figure 9) has consider-
able similarities with the short wavelength Bouguer
anomaly map, we will discuss both maps together
below.

Bouguer anomaly filtered maps

The Fourier analysis was done with the regularly-
spaced Bouguer anomaly grid shown in Figure 7b.
Figure 10 represents the radial-averaged power spec-
trum of the Bouguer anomaly grid. It consists of a
number of linear trends, which can be interpreted in
terms of the mean depth to the major density contrasts
within the lithosphere following the method of Karner
and Watts (1983). We recognize two linear segments
of differentiated slope. The steeper one is related to
deep sources (mean depth = 65 km), responsible of
long wavelength anomalies (between 200 and 40 km),
while the other represents the shallower sources (mean
depth = 20 km), responsible for short wavelength
anomalies (between 40 and 12 km).

Using the spectral analysis results we have ob-
tained two maps of filtered Bouguer anomalies, one
of long wavelengths that show deep density variations
and/or crustal flexures, and another of short wave-
lengths, from which the noise has been eliminated,
that represents local density variations of crustal scale.



Figure 8. Interpreted Bouguer anomaly map (contour interval = 5 mGal, except to the east of Fuerteventura and Lanzarote where the contour
interval = 10 mGal). Black solid lines show linear high gravity gradients. Gravity highs are represented with 4+ symbols and gravity lows with
— symbols. Dashed black line labelled as A-A’ represent an axis of gravity lows. See text for explanation.
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Figure 9. First vertical derivative of the Bouguer anomaly map.

Long wavelength Bouguer anomaly map

The description of the long wavelength Bouguer
anomalies refers to the map of Figure 1la. It has
some similarities with the Bouguer anomaly map (Fig-
ure 7b). As was mentioned previously, the change
from low Bouguer anomalies in the east to high
Bouguer anomalies in the west takes place in a steep
and discontinuous way, allowing us to define four
sectors separated by three major high gradient zones:
— Lanzarote — Fuerteventura Gradient Zone (LFGZ).
The easternmost gradient zone is located to the east of
Lanzarote and Fuerteventura. It runs in a general NE-
SW direction, although near Fuerteventura it takes a
NNE-SSW direction. The maximum gradient values
are reached near Lanzarote (12 mGal/km).
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— Tenerife Gradient Zone (TGZ). Crossing Tenerife in
a NE-SW direction, there is a stronger gradient on the
north side of the island than on the southern edge.

— La Palma - El Hierro Gradient Zone (PHGZ). This is
the westernmost gradient trending N-S, and it passes
west of La Palma and through El Hierro. In areas
where it is not modified by wavelengths related to
other anomalies, it reaches a 3.5 mGal/km.

Some differentiated anomalies seen in the general
map appear to have an overlap effect as a unique long
wavelength anomaly, while there are others whose
effects seem to be absent.

The two independent gravity highs of Lanzarote
and Fuerteventura that are seen in the unfiltered gen-
eral map (Figure 7b) have a reflection as a unique
and elongated gravity high (Figure 11a). This trends
parallel to Fuerteventura’s west coast in the long wave-
length map (H1) and includes the Amanay and El
Banquete gravity highs. The various individual grav-
ity highs observed in the general map in relation to
Gran Canaria have a unique reflection (H2). The long
wavelength of this high suggests a deep source.

The gravity lows west of Lanzarote and Fuerteven-
tura that appear in the general Bouguer map (Fig-
ure 7b) have a possible reflection as a single gravity
low anomaly of low amplitude and a NE-SW orien-
tation (L1), with its position displaced towards the
northwest (Figure 11a).

The gravity lows located south of La Palma and
east of El Hierro are clearly visible in the long wave-
length map (L2 and L3, Figure 11a) as isolated gravity
lows displaced eastwards respect to their position in
the general map (Figure 7b).

Short wavelength Bouguer anomaly map

The description of the short wavelength Bouguer
anomalies refers to the map of Figure 11b. In this map,
as well as in the vertical derivative one (Figure 9),
gravity anomalies caused by shallow bodies and high
gradient zones are clearly visible. A detailed descrip-
tion of the most significant gradient zones, gravity
highs and gravity lows is given here:

— Gradient Zone G1. This zone is an E-W trending gra-
dient, located between Lanzarote and Fuerteventura.
It clearly separates the gravity highs located off both
islands. The associated gradient, of at least 50 mGal,
seems to separate and displace both gravity highs in a
dextral sense.

— Gradient Zone G2. This zone is located west
of Fuerteventura, separating the high values of

Fuerteventura’s west flank of some gravity lows lo-
cated to the west with a NE-SW direction. A change
of 70 mGal is observed over a distance of less than
15 km.

— Gradient Zone G3. On the eastern flank of Gran
Canaria there is a high gradient zone with N-S direc-
tion and a minimum Bouguer anomaly variation of 50
mGal.

— Gradient Zone G4. Zone G4 is located east of
Tenerife and has an ENE-WSW orientation. Based
on morphological criteria, a fault has been interpreted
as occurring in the same place and having the same
direction (Llanes et al., this issue). The fact that a
density contrast is observed across the fault supports
this interpretation.

— Gradient Zones G5, G6 and G7. There are three
gradients with a NW-SE direction located between
Tenerife and Gran Canaria. G4 and G5 are limited on
the north and south, respectively, by a gravity high
extending from Gran Canaria to Tenerife. Running
between Tenerife and La Gomera there is a NW-SE
axis of maximum values with a large longitudinal
manifestation whose southern limit is the G7 gradient
zone.

— Gradient Zone G8 is located south of La Palma and
La Gomera with a NW-SE orientation. It separates a
gravity high area to the south from an area of various
gravity lows to the north with a change of 20 mGal in
10 km. In the northern area of gravity lows there is an
isolated gravity high associated with La Gomera.

— Gravity highs H9 and H10. To the SE of Lanzarote
there is a gravity high (H9) that has no continuation
either towards the north or towards Fuerteventura. In
contrast to the high located to the east, Fuerteventura
has a gravity high on the west coast and its subma-
rine flank (H10). Both highs are separated by the high
gradient zone G1 described above.

— Gravity highs H3, H4 and HS. SW of Fuerteventura
we find three closed gravity highs. H3 is located in the
submarine flank of the Jandia Peninsula and the other
two gravity highs (H4 and HS) are associated with the
‘Amanay’ and ‘El Banquete’ seamounts, respectively.
— Gravity highs H6, H7 and HS8. There are three grav-
ity highs associated with Gran Canaria. The larger one,
at the NW of the island (H6), is limited by gradients
G4 and G5, and shows attenuation towards Tenerife.
Another gravity high is located at the submarine con-
tinuation of ‘La Isleta’ peninsula (H7) and extends in
a NW-SE direction. The third one appears at the south
of the island (H8) with a strong gradient that reaches
75 mGal in just 10 km.
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Figure 11. Low- and high-pass filtered maps. Black solid lines show linear high gravity gradients (LFGZ, TGZ and PHGZ). Gravity highs are
marked as H and gravity lows as L. a) Long wavelength anomaly map (4 > 40 km). b) Short wavelength anomaly map (12 km < 4 < 40 km).
Dashed black lines (labelled as A1 to A4) represents axes of gravity highs. See text for explanation.

— Gravity high H9. La Gomera has a very well defined
gravity high that is located at the north side of the
island.

— Gravity lows L4 and LS. Located near La Palma,
there are two remarkable gravity lows, one in the north
and the other in the southern region. The southern one
exhibits a larger geographic extent and amplitude than
the northern one.

— Gravity lows L6 and L7. Two gravity lows, close to
each other, are associated with El Hierro, one towards
the NE and the other towards the SW.

Other features that were not observed in the
Bouguer anomaly unfiltered map appear clearly after
filtering. For example in the SE area of the map, near-
est to the African continent, a net aspect is seen with
two principal orthogonal directions, NE-SW (A1 and
A2) and NW-SE (A3 and A4).

Geodynamic discussion of the gravity data

The new gravity data available and its qualitative
and quantitative interpretation, together with other
geologic and geophysical data, allow us to discuss
different aspects of geodynamic interest. The main
features observed in the Bouguer anomaly maps are
fundamentally linked to three characteristics:

— The change shown in the Bouguer anomaly values,
which oscillate between 30 mGals in the eastern edge
to 320 mGal in the occidental one.

— The discontinuous way this change takes place,
clearly conditioned by the three high gradient zones
previously described: LFGZ, TGZ and PHGZ (Fig-
ures 8 and 11a).

— The general orientation of the Bouguer anomaly con-
tours. There is a NE-SW trend in the eastern area
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(nearest to the Africa continent) which progressively
changes to a N-S direction towards the western edge,
as we advance to more ‘oceanic’ areas.

Anomaly values under 40 mGals located in the SE
edge of the research area seem to indicate the presence
of continental crust. Between the values of 40 mGals
and east of Fuerteventura and Lanzarote, where values
of 140 mGal are found, the crust has a transitional
character. In this area, with values around 140 mGal
to the west, change takes place abruptly at the LFGZ.

All of the study area located west of LFGZ has
Bouguer anomaly values between 140 and 320 mGal,
which typically correspond to oceanic crust (e.g. Tal-
wani et al., 1965). The evolution of the anomalies in
this area is not defined in a continuous way. There
are areas of small increments, limited by narrow high
gradient zones (TGZ and PHGZ).

The Canary Islands are located between two high
gradient zones, LFGZ and PHGZ (140-250 mGal)
and there is a high gradient zone (TGZ) that divides
the archipelago into two areas. The eastern islands
(Lanzarote, Fuerteventura, Gran Canaria and part of
Tenerife) are located in an area of lower Bouguer
anomaly values than the western islands (La Gomera,
La Palma, El Hierro, and probably part of Tener-
ife). From the PHGZ towards the west, high Bouguer
anomaly values are higher than 250 mGal, and could
correspond to normal oceanic lithosphere not affected
by hotspot volcanism.

The closer to the continent, the more pronounced
the NE-SW orientation of the gravity anomaly con-
tours becomes, hile in the west, they become more
N-S oriented. In this sense, the variation in the high
gradient zones orientation confirms an increase of the
oceanic influence towards the west, because they are
more parallel to the fabric of the oceanic crust.

In the island area, between LFGZ and PHGZ, there
are some closed anomalies, several tens of km in
diameter. Important differences have been observed
between them. In the western islands the anomalies
are gravity lows (L1 and L2, Figure 11a), while in
the eastern islands they are gravity highs (H1 and H2,
Figure 11a). In the central islands (Tenerife and La
Gomera) these types of anomalies are absent. The
displaced position of the gravity lows of the western
islands with respect to the centre of the islands and its
high wavelengths suggest the influence of the upper
mantle as a source for these anomalies. The gravity
highs observed in the eastern islands are eccentric for
Fuerteventura and centred on Gran Canaria. In the
first case the sources can be related to crustal density

changes, flexures in the crust (as it is located near the
transitional area) and upper mantle related effects. For
Gran Canaria the source of the anomaly can be associ-
ated with crustal density variations and mantle related
effects. The absence of this kind of anomaly in relation
with Tenerife and La Gomera is of special interest.
Smaller gravity anomalies and high gradient zones
overlie the main features, indicating the presence of
more localized structures near the surface. Some of
these gradients have a rectilinear layout which to-
gether with other geophysical and geological informa-
tion, allow us to interpret them as fracture zones: a)
The E-W gravimetric gradient (G1, Figure 11b) that
separates and displaces in a dextral sense the grav-
ity highs of Lanzarote and Fuerteventura. On both
sides of this gradient the crust has different thickness
and seismic velocity characteristics (Dafiobeitia and
Canales, 2000); b) Another gravity gradient is the
N-S oriented structure located east of Gran Canaria
(G3, Figure 11b) which limits an axis of minima with
a N-S orientation (Figure 8). In this area there is a
strong structural control to the orientation of subma-
rine canyons that sharply changes its direction to N-S,
as can be seen in bathymetric maps (Llanes, 2000;
Acosta et al., this issue); ¢) The channel between
Tenerife and Gran Canaria is structured by gravimetric
gradients of NW-SE direction (G5, G6 and G7, Fig-
ure 11b) and a strong structural control in this direction
can be also inferred from the morphology when look-
ing at detailed bathymetry (Acosta et al., this issue).
An important NE-SW fracture has been tradition-
ally interpreted in this channel (Dash and Bosshard,
1969; Bosshard and MacFarlane, 1970; Mezcua et al.,
1992), but there is no gravimetric evidence related
to it. This is the area with the highest seismic activ-
ity within the instrumented period. An earthquake of
5.2 magnitude (09/05/1989) was provisionally inter-
preted as being related to a strike-slip fault of possible
NE-SW direction (Mezcta et al., 1992). However,
there is another solution calculated for the same earth-
quake (CMT Catalogue, Dziewoinski et al., 1981)
as a reverse strike-slip focal mechanism that implies
the possible presence of an E-W or a NW-SE fault.
There are gravimetric gradients with both directions
in the channel, but none with a NE-SW orientation;
d) The last gravimetric gradient interpreted as a fault
is located between Tenerife and La Gomera with a
NW-SE direction (G7). The detailed bathymetry also
shows a strong structural control with the same direc-
tion (Acosta et al., this issue). In this location, Dash
and Bosshard (1969) and Bosshard and MacFarlane



(1970) interpreted a fault running from El Hierro to
La Gomera and Tenerife, perpendicular to the one
proposed here (G7). However, no gravity evidence to
support this has been found on our Bouguer anomaly
maps.

The gravity highs located in Fuerteventura and La
Gomera (H2 and H9) are interpreted here as being
produced by the presence of the Basal Complex that
outcrops on both islands. The Basal Complex (Bravo,
1952; Fuster et al., 1968, Ancoechea et al., 2003) is
a thick Upper Cretaceous sedimentary sequence over-
laid by submarine volcanoes and intruded by an in-
tense NNE-SSW trending sheeted dyke swarm, which
formed in association with the location of alkaline
plutons. Their outcrops have been found on three is-
lands: Fuerteventura, La Gomera and La Palma. On La
Palma, the Basal Complex outcrops in the central area
of the island, where a relative gravity high is observed,
but it is partially masked by two gravity lows (L4 and
L5, Figure 11b). When comparing the described grav-
ity highs related to the Basal Complex with that on
Gran Canaria, we found some similarities. Two of the
described gravity highs related to it (H6 and HS) have
very high relative values of Bouguer anomalies, which
could suggest the possible presence of the Basal Com-
plex near the surface (although there is no outcrop on
the island). There are also some positive anomalies of
short wavelength and high amplitude in the submarine
extension of Fuerteventura (H3, H4 and H5) that we
interpret as high density intrusive bodies.

Conclusions

From a methodology point of view it is necessary to
study Bouguer anomaly maps and not only free air
anomaly maps, in order to avoid water influence and
to have enough resolution for marine geological inter-
pretation. This is because Bouguer anomalies enhance
sub-seafloor density changes.

From a geodynamic point of view it is remark-
able that the Canary Islands have complex gravity
characteristics. The explanation is the superposition
of different effects. The following conclusions can be
drawn on the basis of this study:

— Bouguer anomaly values above 140 mGal have been
observed for all the islands in the Canary Archipelago,
which suggests an oceanic crustal character.

— Two areas are differentiated by their Bouguer anom-
aly values, one between 140 and 320 mGal that corre-
sponds to oceanic crust, and the other under 140 mGal
related with the transition and continental crust. The
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oceanic crust, located to the west, is separated from
the transitional crust by the high gradient zone LFGZ.
— The area of oceanic crust can be divided into three
bands limited by two high gradient zones, TGZ and
PHGZ.

— The orientation of the high gradient zones LFGZ,
TGZ and PHGZ progressively varies from NE-SE, in
the eastern edge, to N-S in the western edge. This vari-
ation reflects an increasing oceanic influence towards
the east.

— Circular anomalies with various tens of km in di-
ameter located in the eastern and western islands may
have different origins. The gravity lows observed in
western islands may be related to upper mantle effects,
while the gravity highs observed in the eastern islands
may be related to mantle and crustal effects. In the
central islands (Tenerife and La Gomera) these kind
of anomalies are absent.

— The gravity highs of Fuerteventura, La Gomera
and La Palma are related with the Basal Complex.
The gravity highs of Gran Canaria and the areas
of ‘Amanay Bank’ and ‘El Banquete Bank’, located
southwest of Fuerteventura, are produced by high
density intrusive bodies.

— There are some high gravity gradients that present
a linear layout and their study, together with other
geophysical and geological information, allows us to
interpret them as fracture areas. These fracture areas
have not been correctly interpreted until now or were
assigned to a different structural direction.
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Abstract

A scalar magnetic anomaly map of the regions offshore the Canary Archipelago is presented here. This map is based on measure-
ments taken inside the Exclusive Economic Zone Project framework. This paper contains a description of the data set, whose accu-
racy and internal consistency are analysed. The magnetic anomalies are described and the main structural trends are highlighted.
This analysis has served to detect two possible fractures with a NW-SE component: one separates Fuerteventura from Gran Cana-
ria Island, and the other apparently runs through Fuerteventura. The latter finding agrees with a 1.7 km depth offset, between its
northern and southern halves, detected by the algorithm based on the Euler Deconvolution. A similar approach has been per-
formed, estimating the depth to the top of the most significant anomalies. This result shows that the most noteworthy magnetic
anomaly source of the archipelago, which lies between Tenerife and Gran Canaria Island, seems to be located at an average depth
of 4 km below sealevel. A spectral analysis was performed to estimate the depth extent of the deepest anomalies. It argues the pres-
ence of sub-crustal magnetic sources (underplating) in the archipelago. A standard Euler Deconvolution analysis was executed to
analyse the spatial distribution of these mantle-like sources. Our results seem to support the existence of magmatic underplating

under Gran Canaria, Tenerife, and Fuerteventura, and suggest this possibility for La Palma.

Introduction

This paper focuses on the processing and inver-
sion of magnetic anomaly data from the Canary
Archipelago, inside the Exclusive Economic Zone
framework. We have produced a scalar magnetic
anomaly map, and, by applying some operators
(e.g., analytical signal and Euler Deconvolution),
we have highlighted structural features and
trends around this area, and inferred the depth
and location of the causative bodies. These
results improve the resolution and expand on
earlier work in the area. Additionally, the mag-
netic data can now be correlated with other data
with the same level of accuracy and resolution.
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Magnetic geological setting

The Canary Archipelago is located on the border
of the northwestern Africa passive continental
margin. Its geographical location indicates that
the oceanic crust on which these islands were
built is Early Jurassic in age (150-170 Ma). To
improve our understanding of this zone we have
compiled magnetic data from the Geophysical
Data  System (GEODAS) (Metzger and
Campagnoli, 2003) and merged them into a sin-
gle 0.2° x 0.2° grid covering the following geo-
graphical frame: 35°N-25°N and 5°W-25°W
(Figure 1).

Figure 1 shows a magnetic anomaly pattern
which is clearly unbalanced and is dominated by
a spectacular feature, M0-M4 anomalies, previ-
ously known as the J anomaly (Hayes and Rabi-
nowitz, 1975). Its shape delineates a N30°E
trend, showing a quite remarkable continuity
northward. Moving eastward, other M-series
spreading anomalies (black solid line in Figure 1)
stand out, e.g., M16, M21 and M25, the oldest
alignment consistently present in the Eastern
Atlantic (Vogt, 1986; Roest et al., 1992a).

The M0-M4 series lose definition and ampli-
tude at the Canary Lineament (near 30°N paral-
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Figure 1. Shaded relief map of scalar field magnetic anomalies, illuminated from the northwest. Figure shows principal features: volcanic
islands, linear seafloor spreading magnetic anomalies after Verhoef et al. (1991), in solid lines bathymetry, contour interval: 200 m. CB:
Conception Bank; DS: Dacia Seamount; SI: Selvagens islands; MI: Madeira islands; SS: Seine Seamount; ES: Essaouira Seamount; AS:
Agadir Seamount, JQMZ: Jurassic Quiet Magnetic Zone. Map projection is Lambert Conic Conformal (scale 1:10.000.000).

lel). A magnetic quiet zone is observed landward
of the M-sequence throughout the whole area
(Jurassic Magnetic Quiet Zone (JMQZ), 150-
170 Ma). Areas of disturbances almost always
correspond to the presence of volcanic islands or
seamounts, as was inferred from the correlation
with bathymetry or with prominent basement
peaks (Hayes and Rabinowitz, 1975). By includ-
ing the Madeira and Canary Archipelagos, Fig-
ure 1’s geographical frame contains the highest
density of islands/seamounts on the African con-
tinental margin (Ye et al., 1999).

Eastward of anomaly M25, inside the IMQZ,
no secafloor spreading anomalies are visible.
Only an elongated anomaly, just off the African
margin, can be detected easily. This anomaly,
which has a remarkably similar geometry to
that of anomaly M25, could be associated with
the so-called slope anomaly S1. This anomaly
could mark the approximate landward edge of
the oceanic crust (Roest et al., 1992a; Roeser
et al., 2002).

Previous magnetic investigations

The Canary archipelago has been the subject of
many geophysical investigations, but not much
magnetic study. In 1993, the Spanish National
Geographical Institute (I.G.N.) carried out an
aeromagnetic survey composed of seven indepen-
dent grids flown at different heights and in a
north-southward orientation. For further technical
details see Socias and Mezcua (1996). As a final
result, an aeromagnetic map at 3200 m was pub-
lished in 1995 (Instituto Geografico Nacional,
1995).

In April 1995, a marine magnetic survey was
carried out in the Tenerife offshore area by the
Spanish Oceanographic Institute (I.E.O.). This
geophysical campaign, called “Teide-95”, included
not only magnetic, but also bathymetric and grav-
ity data acquisition. Its main aims involved the
mapping of offshore area morphology, trying to
determine the volume of pyroclastic rocks and
extend the survey as close to the coast as possible.



Ultimately, the goal was to define the relationships
between the offshore slope morphology and some
onshore collapsed valleys in Tenerife (Teide
Group, 1997).

Arana et al. (2000) established a structural
model for Tenerife, combining mainly magnetic
and gravity data, as well as other volcanological
and similar geophysical data. Blanco-Montenegro
et al. (2003) performed a similar study focused
on magnetic data. They propose a crustal struc-
ture model beneath Gran Canaria island and
suggested, from spectral analysis, the presence of
rocks at mantle-like depths (from the Moho to
about 23 km) that could behave as magnetic
sources. They discussed the possible relation with
magmatic underplating proposed by previous
studies (Ye et al., 1999; Danobeitia and Canales,
2000).

Verhoef et al. (1991) published a magnetic
study performed after compilation of magnetic
data collected off West Africa over a period of
nearly 30 years (1961-1988). It allowed the accu-
rate identification of sea floor spreading anoma-
lies, showing offsets and disruptions in the
anomalies caused by fracture zones. It not only
focused on the Canary islands but covered a
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wider area, limited to the north by the Azores
Gibraltar Fracture Zone (AGFZ, 37°N) and to
the south by the Kane Fracture Zone (KFZ,
21°N). This dataset, in combination with data
from the western Atlantic, was used in later work
to decipher the African and conjugate margin
spreading histories (Roest et al., 1992a).

Since 1998, the Spanish Exclusive Economic
Zone Project (ZEEE) has studied the Canary
Islands area. This paper presents a magnetic
anomaly map derived from the compilation of
scalar magnetic measurements. They were
obtained during three one-month marine surveys
during 1998, 1999 and 2000 carried out in the
Canary Islands area, aboard the Spanish
Research Vessel “Hespérides”. Two additional
campaigns, undertaken in October 2001 and
2002, used the Spanish Oceanographic Ship
“Vizconde de Eza™.

Data compilation and methods
Instrumentation

In order to measure the geomagnetic field at sea,
three marine magnetometers were used: Geomet-
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Figure 2. ZEEE track line in the region of the Canary islands (1998-2002). Reference station sites are included, using square and circle
symbols respectively for Fuerteventura and La Palma. Giiimar observatory (Tenerife) is marked with a diamond symbol. H: Hierro;
LP: La Palma; G: Gomera; T: Tenerife; GC: Gran Canaria; F: Fuerteventura; L: Lanzarote.



132

rics G-801 Proton Precession Magnetometer,
(ROA), Geomag SMM II Overhauser effect mag-
netometer (provided by the University of Cadiz),
and a Geometrics G-876 type, installed on the
B.I.O. “Hespérides”.

To ascertain the external geomagnetic field
component, three reference station sites were
used on land (Figure 2). Giliimar Observatory
(I.G.N.) on Tenerife island provided data during
the whole survey period. Additionally, a portable
reference station was installed and maintained by
ROA staff on La Palma and Fuerteventura.
Their periods of activity were adapted to the
surveying. The permanent presence of Giiimar
Observatory, considering its geometric emplace-
ment, allowed us to infer the external field error
budget contribution. This difference has been
checked and proved not to be greater than 5 nT
(in root mean square sense) even during magnetic
storm periods. This unexpected result could be
justified by the survey shape, which mainly
evolved in a Westward progression.

Error estimates and data compilation
In order to evaluate the precision of the surveys

and the internal consistency of the whole data
set, a crossover analysis was performed. The

results, from 639 crossings, show a standard
deviation of 12.9 nT and a mean value of less
than 0.5 nT. Thus, we can infer that the results
have not been influenced by any systematic
effect.

Results are gathered in the following histo-
gram (Figure 3). Residuals could be due to sev-
eral factors:

1. An incomplete cancellation of the diurnal
variation.

2. An indirect effect produced by a possible lack
of precision in ship’s positioning. Considering
the magnetic field local gradient, incorrect
positioning could generate differences in cross-
over readings near the coast, where the spatial
gradient reaches maximum values.

3. Internal field contribution.

4. Error due to the secular variation models
used.

5. Instrumental errors.

The data has been subjected to classical correc-
tions, dating both in time and position using pre-
cise satellite navigation (DGPS). Its precision
(better than 20 m) induces an expected error con-
tribution for the navigation uncertainty not
greater than 1 nT. All tracks were corrected
using the Definitive Geomagnetic Reference Field
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Figure 3. Histogram of crossover errors.



model DGRF-95 for the period 1998-2000 and
the IGRF-2000 for 2000-2002. All measurements
were referred to 2000.0 epoch.

In order to take into account a possible error
contribution due to discrepancies caused by the
use of two different regular field models (DGRF-
95 and IGRF-2000), we have compared two grids
built with the different regular field models used,
dated at 2000.0, using the Canary Archipelago’s
geographical frame. The results conclude that
this contribution is smaller than 1 nT and is
therefore not significant.

Survey coverage was not uniform. It consisted
of irregularly spaced and irregularly oriented ship
tracks (Figure 2) with an across-track distance
which ranging from 10 km to 500 m, with an
approximate 30 m along-track resolution condi-
tioned by local water depth. To convert this into
observations over a regular grid, we have applied
a Kriging algorithm, which suits our needs quite
well when we merge different non-parallel line
data. Finally, a 5 km x 5 km grid cell size was
used.

To avoid possible edge effects we have digi-
tised the 3200 m aeromagnetic map (Instituto
Geografico Nacional, 1995) shoreline contour
anomalies and downward continued these new
magnetic anomaly values to sea level. There is no
question about instabilities due to this downward
continuation because no magnetic sources were
cut (Blakely, 1995).

Particular attention must be paid to the aero-
magnetic anomaly data used. The aeromagnetic
anomaly grid was originally obtained using a
IGRF-85 model, and referred to the epoch 1993.8
(Instituto Geografico Nacional, 1995). In order to
avoid the application of the IGRF-85 model on
an epoch outside its validation period (1985-
1990), we have removed this analytical model,
finally extracting the regular field by use of the
DGRF-90 evaluated in the flight epoch (1993.8).

As required by a spectrum analysis explained
below, we need to fill in those gaps that corre-
spond to the different islands’ land coverage. We
have digitised seven 5 km x 5 km grids (one grid
per island) from the 3200 m aeromagnetic map
(Instituto Geografico Nacional, 1995) and pro-
ceeded in the same way as described above to
avoid the IGRF-85 model and extract data with
the DGRF-90 model. We have upwardly contin-
ued our shipborne data until 3200 m and merged
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them with the aeromagnetic data, obtaining a
new grid without any geographical gap.

In order to be certain that no magnetic
sources actually exist in the region of continua-
tion, we have upwardly continued our new
3200 m grid up to the highest summit height (the
Teide peak: 3800 m, in Tenerife). Not doing so
could have introduced some type of instability
(Blakely, 1995).

Magnetic anomaly map
Description of the map

As described in the previous paragraph, we were
able to set up a 3800 m grid for the whole archi-
pelago, but we decided not to use it, except for
two specific instances in order not to lose spatial
resolution. In those cases, where we have merged
our shipborne dataset with the 3200 m aeromag-
netic’s sub-grids, it is explicitly indicated in the
corresponding figure caption. The magnetic anom-
aly map (Figures 4 and 5) shows the typical signa-
ture associated with volcanic areas, that is, short
wavelengths and high amplitudes. It is noteworthy
that the greatest anomalies are not represented
because they are associated with different calderas
located on the islands. Although we lack onshore
data, we could discern the main trends. From a
detailed analysis of the magnetic map, it is possi-
ble to mark out three different magnetic areas.

The first area includes the zones close to the
islands (Figure 4: inside white dashed polyline).
These zones contain both the greatest amplitudes,
as well as the highest frequencies. The aeromag-
netic map (Socias and Mézcua, 1996) shows the
real onshore situation, where every island’s map
is more complex than a single dipole pattern.

We could detect dipolar shape anomalies
associated with every island, always showing an
induced field shape, which meant that remanence
was acquired during a period of normal polarity
of the Earth’s magnetic field (Figure 4). Younger
islands (e.g., La Palma and El Hierro) appear to
have the most simple characteristics, extending
their magnetic influence southward.

In La Palma we mapped two large anomalies
just off the island. A negative lobe projects to the
north, and a positive one to the south. From the
aeromagnetic map we could discern they are not
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Figure 4. Detail shaded relief scalar field map of the area. Illumination from the northwest. The different magnetic areas are marked
(see text for comments).
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related and belong to different magnetic sources
(Instituto Geografico Nacional, 1995).

La Gomera and Tenerife appear to be influ-
enced by a wide, deep body and so seem to be
magnetically connected. The magnetic anomalies
get more complex further eastward. The central
islands (Tenerife and Gran Canaria) show
broader anomalies. A gently anti-clockwise trend
rotation from E-W to NE-SW was detected as
we moved toward the eastern island group
(Fuerteventura and Lanzarote).

It is noteworthy that, between Tenerife
and Gran Canaria, a very elongated anomaly is
noted. Its pattern seems to be related to an
inverse magnetised source. Mézcua et al. (1992)
related its origin to an active fault, although this
has not been verified by local seismic experiments
(Funck and Schmincke, 1998).

The second area (Figure 4: inside black dashed
polylines) is situated in the westernmost and east-
ernmost part of the archipelago. The former
shows strip-shaped anomalies with a nearly north
or N30°E trend. This fact is more clearly demon-
strated when we examine the directional deriva-
tive map (Figure 6a and b). These trends also
could be detected in the eastern part of the map.

In the northern and southern central regions
we recognised another magnetic style (Figure 4),
and, hence, a third magnetic province (Figure 4:
outside black and white dashed polyline bound-
aries). This third province shows great wavelength
anomalies, which include more local peaks with a
nearly E-W trend (Figure 6b). Particularly, in the
north a great positive terrace could be discerned.

Analytical signal

To make description easier, we combined the sca-
lar anomaly field map with the analytical signal
grid. The amplitude of the analytical signal is
defined as the square root of the squared sum of
the vertical and two orthogonal horizontal deriv-
atives of the magnetic field anomaly (Roest et al.,
1992b; Roest and Pilkington, 1993; Salem et al.,
2002).

R R TRC}

(1)
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where |4(x,y)| is the amplitude of the analytical
signal, and M the magnetic anomaly field inten-
sity. Therefore, the resulting 3D analytical signal
summarises the net variation of the gradient of
the magnetic anomaly field intensity in 3D.

The application of the analytic signal operator in
magnetic interpretation was pioneered by Nabighan
(1972). It was initially applied on profiles using a 2D
approach. Lately, this method has been generalised to
3D. (Roest and Pilkington, 1993; Mohan and Babu,
1995; Hsu et al., 1998; Bastani and Pedersen, 2001).
The method is a straightforward way to estimate the
depth to sources or to quantify remnant effects
(Salem et al., 2002).

One of the most attractive aspects of this 3D
operator is the fact that its amplitude produces
maxima over magnetic contacts nearly regardless
of the direction of magnetisation or its induced
and/or remnant character (Roest et al., 1992b;
Roest and Pilkington, 1993; Keating and Sailhac,
2004). In this sense, there is no need to assume a
purely induced magnetisation effect hypothesis or
to discuss possible remnant vector space orienta-
tion. This simplistic approach (a purely induced
magnetisation effect hypothesis) could lead to
severe distortion, mainly in volcanic environ-
ments where remnant effects play an important
role (Roest et al., 1992b; Roest and Pilkington,
1993; Blakely, 1995).

To analyse the area from the point of view
of its magnetisation, we take advantage of the
analytical signal signature (Figure 5). The ana-
lytical signal map shows three domains: One in
green colour, another in yellow to orange, and
the last one in red. The red region roughly cor-
responds to the 0.05-0.03 nT/m range in analyti-
cal signal units. The orange to yellow region is
0.02-0.01 nT/m, and the green domain delimits
the smallest amplitudes (<107 nT/m). If we
track the bathymetry contour line map, we do
not observe a single isobath fitting the green-yel-
low boundary but rather roughly defined zones
that present higher bathymetric gradients. It is
noteworthy that this operator (analytical signal)
is based on first derivatives of the scalar mag-
netic anomaly field, highlighting boundaries
according with their magnetisation contrast.
These analytical signal domains present a rea-
sonable correlation with the Free Air gravity
map (Carbo et al., this issue), while this coher-
ency is not noticeable in the Bouguer grid. All
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Figure 6. (a) x-Axis analytical signal horizontal derivative. (b) y-Axis analytical signal horizontal derivative. Labels A—H show
suggested main magnetic alignments inferred from analytical signal horizontal directional derivatives. In order to properly track
onshore features we have merged our shipborne dataset with seven 5 km x 5 km sub-grids from the 3200 m aeromagnetic grid (see
section “Error estimate and data compilation” for comments).

these reasons lead us to associate the previously

established analytical signal regions with topog-

raphy; particularly their largest signatures are
conditioned by the submarine prolongation of

every island.

Depth to the source

Depth to the top: Euler Deconvolution
Magnetic methods are able to image structures at

greater depths than other geophysical procedures.



In order to have a rough idea concerning the
depth to the top of the different magnetic
horizons, we have applied an algorithm based on
the Euler Deconvolution.

The Euler Deconvolution (hereafter called
“Standard Euler Deconvolution’) is applied by
selecting a square window of data from a total
field grid and its orthogonal derivatives. Euler’s
equation is solved, by using the least squares
method, simultaneously for each grid position
within every window. The equation includes a
parameter, the degree of homogeneity “N”°,
which is usually referred to as the structural
index (S.I.). This index is a measure of the rate
of change with distance of a field.

This semi-automated inverse method has
proved to be quite useful in several recent studies
(i.e. Muszala et al., 1999; Barbosa et al., 2000).
For a complete discussion on its mathematical
details, refer to Thomson (1982) and Reid et al.
(1990).

The  “Standard Euler  Deconvolution”
produces a large set of solutions. Due to its vul-
nerability to an incorrect structural index value,
and/or to the window size where it performs the
inversion, solutions may be generated in areas
that are free of anomalies or on the edges of
anomalies. This is a difficult task to solve, espe-
cially if the area, as is the case here, is full of
anomalies with quite different wavelengths. To
avoid this, we have applied what we will call the
“Located Euler Deconvolution”.

The new method begins by calculating the
analytical signal. It finds its peaks and then uses
these locations for Euler Deconvolution (Blakely,
1995). This procedure produces far fewer solu-
tions than the standard one, estimating solutions
only over recognised anomalies. The final solu-
tion involves only a few depth estimates.

In the first place, in order to get an adequate
S.I., we have followed the classical approach.
To provide accurate solutions, the square win-
dow of data must adequately sample each
anomaly on the grid. This occurs when the win-
dow size is about half the anomaly width (Durr-
heim and Cooper, 1998). As most of the
anomalies that interest us are 3040 km in width,
a good estimate for the search window size is
20 km x 20 km. We emphasise that for our cur-
rent purpose (selection of a correct S.I.) the win-
dow size is not critical.
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Next, we applied an Euler Deconvolution on
the grid using three different structural indices
(0.5, 1.0 and 2.0). Looking for the best solution
cluster (smaller scattering in the Euler Deconvo-
lution solutions) we discarded 2.0 and 1.0 and
in the end selected a value equal to 0.5. This
S.I. value conditions the type of magnetic source
resolved with accuracy. Because it belongs to
the magnetic contact type, it has a long wave-
length.

Aware that the subjectivity of the assumed
“structural index” might limit the effectiveness of
this technique, we have tried to compare our
results with some possible depth solutions
derived from other independent techniques. Ran-
ero et al. (1997) used multichannel seismic reflec-
tion, to study three long profiles west of El
Hierro and La Palma Islands. Their “B” and
“C” profiles fit our needs. They detected a grad-
ual change from smooth (eastern side of each
profile) to rough basement topography (central
to westernmost part of their referred profiles).
Since the area we are interested in falls eastward
of M21 (eastern side of their referred profiles), its
basement topography is stable, and this situation
favours solution quality. Top of basement is situ-
ated at 7000 ms (TWT: two-way travel time),
about 5.5 km depth below sea level (b.s.l.). Urge-
les et al. (1998) in the same zone, estimated, from
seismic reflection, a 6900 ms (TWT) basement
depth. Our “Located Euler Deconvolution” solu-
tion (based on 0.5 S.I.) estimates depth values
between 4400 and 6100 m b.s.l. (Figure 7), in
reasonable agreement with previously cited seis-
mic values (Urgeles et al., 1998).

The map shows that the most significant
sources lie in the 4000-6000 m range. In fact, for
the great inverted dipole anomaly just NW of
Gran Canaria we have obtained three depth val-
ues (b.s.l.): 5400 (label “A’’), 4100 (label “B”)
and 3600 m (label “C’). All of them show a
depth uncertainty smaller than 15% (+800 m).

Depth to bottom

The method to estimate the depth extent of mag-
netic sources has been treated from two points of
view: by analysing the shape of isolated magnetic
anomalies (e.g., Bhattacharyya and Leu, 1975),
to calculate the location of the centroid, and
when the depth to the top of the source is also
known, then the depth to the bottom of the
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Figure 7. Euler Deconvolution solutions obtained from the scalar field map using the so-called “‘Located Euler Deconvolution” for SI
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source could be obtained (Blakely, 1995). Other
studies concentrated exclusively on the statistical
properties of patterns of magnetic anomalies
(e.g., Spector and Grant, 1970). Both methods
utilise the relationship between the spectrum of
the magnetic anomalies and their depths. Tanaka
et al. (1999) used a similar procedure to the
method of Spector and Grant (1970). The top
bound and the centroid of a magnetic source
were calculated from the power spectrum of mag-
netic anomalies and were used to estimate the
basal depth of a magnetic source to magnetic
anomalies from East and Southeast Asia. Shuey
et al. (1977) have used the shape of radially aver-
age spectra to estimate the depth extent of
magnetic sources. In particular, the position k.
of the maximum along the |k| axis is related to
the depth to the bottom of the layer according to
the following equation:

kmax = 10g * lOng ) (2)

Zb — Zt

where z, and z, are the depths (measured from
the survey height) to the bottom and to the top
of the layer, respectively. Although spectrum
analysis provides depth estimates with simple
assumptions we must highlight that these meth-
ods have fundamental limitations. Following

Blakely (1995), we note that the determination of
the depth to the bottom of a source (z,) cannot
be made without knowledge of the depth to its
top (zy). Second, this estimate of the depth to the
bottom focus on the lowest wavenumber parts of
the Fourier domain, which is quite sensitive to
poorly known regional fields, and, to be able to
discriminate with accuracy the peak in the spec-
trum, the magnetic survey must have a minimum
dimension, L, which fulfils the equation:

S 4n(zp — zy)
“logzy — logz,

(3)

Blanco-Montenegro et al. (2003) applied the
method based on the k., estimation on a grid
centred in Gran Canaria, suggesting the presence
of rocks located at mantle-like depths (from the
Moho to about 23 km) which could behave as
magnetic sources.

We have followed a similar procedure to that
of Blanco-Montenegro et al. (2003). In order to
be able to resolve the peak in the spectrum, and
following Equation (3), we obtained a 347 km
size for the window. We have extracted from the
3800 m upward continued grid (section “‘Error
estimates and data compilation”) three different
347 km cast—west windows for three different geo-
graphical frames (Figure 8). The first one centred
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Figure 8. Shaded relief Analytical signal map of the area. Illumination from the northwest. In white (solid, dashed and spotted) lines
windows used for the depth to the bottom spectral calculus (see text for comments). In black boxes, areas “A”, “B” and “C” (see text
for comments). Coloured circles show depth to the top of deepest magnetic sources. We have merged our shipborne dataset with seven
5x5 km sub-grids from the 3200 m aeromagnetic grid (see section “Error estimate and data compilation” for comments).

on Gran Canaria Island (dashed white line in
rectangle, Figure 8), occupies the southern-central
zone. The second one covers a northward parallel
area (dotted white line in rectangle, Figure 8).
The third one, located to the west, centred mid-
way between El Hierro and La Palma (solid white
line in rectangle, Figure 8). Their locations were
not arbitrary. We have tried to isolate three dif-
ferent domains from the point of view of their
magnetic character. One mainly concerned with
volcanic rocks (Figure 8: Southern area), a sec-
ond one which covers a nearly off-volcanic
domain (almost oceanic) (Figure 8: Northern
area), and a last one which merges both previ-
ously cited zones (Figure 8: Western area). Their
location was constrained by: (a) the 347 km size
area inferred from Equation (3) and (b) trying
not to include areas with no data.

We have obtained the radial averaged power
spectrum of every grid, which is shown in
Figure 9. For the first grid (Figure 9: squares) we
obtained a k. = 0.007 cycles/km, and a
kmax = 0.0022 cycles/km for the second (Figure 9:
circles). The third grid (Figure 9: blue triangles)
shows a different pattern. We recognised a peak,
located in k., = 0.0021 cycles/km, but a second
one, with smaller amplitude, could be identified in
kmax = 0.0092 cycles/km.

To obtain the z, we have to resolve Equation
(2). Following Blanco-Montenegro et al. (2003),
we have assumed that z; = 15 km, which is the
average depth to the bottom of the oceanic crust
deduced by Ye et al. (1999). The result shows
that the depth to the bottom of this magnetic
source (first grid) lies at 24 km b.s.l., which pro-
vides a 9 km thick magnetic source.

For the second grid we have selected a value
(z¢) of 13 km, which, according to Watts et al.
(1997), is the average value of the flexed crust
and a typical oceanic crust domain in the area.
The resolution of Equation (2) due to such a
small kpax (0.0022 cycles/km) does not offer any
numerical solution.

For the third area we lack refraction informa-
tion from previous studies. We consider indirect
information including: (a) The basement morphol-
ogy shows no moat depression flanking the El
Hierro and La Palma Islands group, and no
seaward peripheral bulge is noticeable (Urgeles
et al., 1998). So there is not expected to be any
lithospheric flexure that could affect the Moho
depth. (b) Additionally the presence of an oceanic
magnetic anomaly in its westernmost margin (Fig-
ure 4) forced us to select a z, value even smaller
than 15 km. Again the resolution of Equation (2)
due to such a small k.« (0.0021 cycles/km) does
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Figure 9. Radial average power spectrum from three different 347 km length windows in the east-west direction. We have merged our
shipborne dataset with seven 5 km x 5 km sub-grids from the 3200 m aeromagnetic grid (see section “Error estimate and data

compilation” for comments).

not offer any numerical solution. Moreover, after
a careful analysis it appears to be independent of
the z-selected value. Nevertheless as has already
been mentioned, the existence of another peak at
0.0092 cycles/km needs a more specific analysis.
This feature is discussed below (section “Mag-
matic underplating’).

Alignments and trendings

We have taken advantage of the fact that the
magnitude of the analytical signal is to a great
extent independent of induced and remnant
amplitude ratio and also of the direction of mag-
netisation. Accordingly, a directional derivative
has been applied to two orthogonal directions, the
x-axis and y-axis on the analytical signal grid, to
enhance magnetic alignments (Figure 6a and b).
In order to track features not only offshore but on
land also, this analytical signal grid is derived
from the scalar magnetic anomalies merged with
seven 5 km x 5 km sub-grids from the 3200 m
aeromagnetic grid, upwardly continued to 3800 m
(see section “Error estimates and data compila-
tion”). This technique highlights the main mag-
netic alignments around the archipelago.

Discussion of results
Lineations and magnetic trendings

The Canary Archipelago was constructed on old
oceanic crust (150-170 Ma). Without accounting
for the so-called “‘slope anomalies’ (Roeser et al.,
2002), its westernmost margin marks the limit of
the oldest magnetic oceanic anomaly (M25) recog-
nised in the Atlantic Ocean, as well as the begin-
ning of the Jurassic magnetic quiet zone (Hayes
and Rabinowitz, 1975; Verhoef et al., 1991; Roest
et al., 1992a). Roest et al. (1992a) proposed that
M25 approached the eastern flank of El Hierro
and La Palma group (Figure 1).

In Figure 4, a linear trend (label A-A)
appears to be associated with these western
anomalies. This linear magnetic anomaly shows,
to the southwest, a branch that runs sub-parallel
with a nearly 21 km offset. This could be inter-
preted as a fracture zone (Figure 6a). We sug-
gest, as did Verhoef et al. (1991), that this
anomaly (A—A) probably corresponds to M21.

The main fractures in the islands and ocean
floor have NE-SW and E-W orientations. Both
cases, due to the fact they are parallel or similar



to the spreading direction of oceanic basement,
are considered results of this tectonic process.
These alignments could be identified in the west
and north area. Likewise, the E-W trend could
be discerned mainly in the north and south cen-
tral areas, and always far from magnetic volcanic
disturbances (Figure 6b). This could support a
correlation with the tectonics of Atlantic Ocean
opening.

In the eastern part of Lanzarote and Fuert-
eventura, NE-SW trends could also be discerned.
This NE-SW pattern has suggested to different
authors that the eastern islands form part of a
NE-SW ridge system parallel to the African coast
and related with NW-African tectonic events
(Roest et al., 1992a).

Mezcua et al. (1992) noted that the eastern
islands show almost a single block magnetic pat-
tern (Figure 5). Local magnetic trends, mostly
showing arc shapes, are roughly perpendicular to
the inferred structural axis pointed out by Carra-
cedo (1980), which initially runs NE-SW, turning
in a clockwise direction to the E-W (Figure 6a:
label “H-H").

Offshore Gran Canaria to the north and
south, there are rough NE-SW magnetic align-
ments, and on the island’s northwestern coast
there is a NW-SE alignment. “D” and “E” align-
ments (Figure 6a) are almost perpendicular to
the most remarkable anomaly of the whole sur-
vey area. Several authors have interpreted this
anomaly as a fault (Anguita and Hernan, 1975;
Mezcua et al., 1992; Romero et al., 2000).

The most noteworthy magnetic trend is a
long wavelength feature, seen in blue (Fig-
ure 6a). This signal shows a reasonable geo-
graphical correlation with the region, which
includes the strongest analytical signal amplitude
(Figure 5). We interpret this wide lineation as
an indicator of a region where old oceanic crust
was altered by extrusive processes. This trend
runs almost continuously through the archipel-
ago and is only locally disrupted in an area
between Gran Canaria and Fuerteventura (Fig-
ure 6a: label as “G”). As there is no seismic
refraction information for this zone, it is diffi-
cult to assess its cause. Collier and Watts (2001)
use multichannel seismic reflection profiles to
determine the seismic stratigraphy of the flexural
moat that flanks the Canary Islands. Their Line
15 crosses this area. Nevertheless, the top of the
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oceanic crust cannot be inferred due to a shal-
lowing bathymetry and a thickening sediment
layer. The geometry of the experiment (N-S) is
also poor and cannot help in this regard. The
Bouguer map (Carb6 et al., this issue) reflects a
high gradient area. Figure 5 shows a disruption
in the most intense part of the analytical signal
signal (red colour), but the yellow background
seems to be intact. As was previously stated, it
is difficult to conclude anything, although a
fracture, which does not affect the whole crust,
would agree with our data.

The derivative image (Figure 6a) west of El
Hierro Island reveals many alignments delineat-
ing an almost north—south course, parallel to the
isobaths, except the previously cited linear mag-
netic anomaly (Figures 4 and 6: A-A) which
shows a slightly NE course. East of this oceanic
magnetic anomaly we were able to observe a
roughly N60°E trend (Figure 6b: label as ‘K’)
that marks the limit of a wide area with low sca-
lar magnetic values (Figure 4). Its inclination
seems to be greater than average. Urgeles et al.
(1998) recognise three seismic units west of El
Hierro and La Palma bounded by strong reflec-
tors. These seismostratigraphic units were inter-
preted as distal products of the volcanic
evolution (erosion, mass wasting) of the archipel-
ago. They show that the contours defined by
these reflectors have a nearly N50°E trend. In
contrast, the present-day seafloor contours run
oblique to them, at a 30° northward angle. As
was previously stated, Figure 6a shows anomaly
A-A (Figure 4), which is interpreted as an oce-
anic anomaly. This trend shows a nearly anti-
clockwise 30° oblique strike with respect to the
“K” alignment. Considering the strike of this
alignment, and that it limits a region of low posi-
tive scalar magnetic amplitudes (to the west) and
of low negative ones (to the east), we interpreted
the “K” trend as a boundary between two
domains: first, the transition from a marine
basin, whose structure is closely related with
Canary Island evolution from the point of view
of its seismostratigraphic units, and, second, a
typical oceanic region.

We detected a linear segment surrounding
the northwestern part of Tenerife (Figure 6a:
“B”), which also appears on Figure 5 (same
label). These alignments join several short wave-
length signals and probably are correlated with
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some submarine features classified by Romero-
Ruiz et al. (2000) as secamounts (their Figure 4).
We suggest a probable volcanic origin for them
on the basis of their high analytical signal value,
in spite of the short wavelength character and a
water depth greater than 3500 m. Just east, an
arc-shaped set of analytical signal anomalies is
well established (Figures 5 and 6: “C”). They
were detected in the previously cited work and
classified as seamounts (its Figure 4). We sug-
gest a volcanic origin for these anomalies as
well.

The inverse magnetised anomaly between tenerife
and Gran Canaria

Funck and Schmincke (1998) analysed three seis-
mic profiles around Gran Canaria. Their P104
and P107 profiles show a thin sediment layer on
the Gran Canaria western flank (about 0.5 km
thick). Considering the water depth (2500 m on
average) and depth solutions b.s.l. obtained from
Euler Deconvolution (section “Depth to the Top:
Euler Deconvolution’): 5400 m (Figure 7: label
“A”), 4100 m (Figure 7: label “B’’) and 3600 m
(Figure 7: label “C”), we infer an upper crust
location for the top of the great inverted dipole
anomaly and that the causative body seems to be
tilted to the NE. Nevertheless, the latter finding
must be considered with caution because depth
differences between the solutions are within the
uncertainty associated with the measurement,
roughly 1 km.

Several works (Anguita and Hernan, 1975;
Mezcua et al., 1992; Romero-Ruiz et al., 2000)
concluded there was an African type fault between
Tenerife and Gran Canaria due to the relationship
with the tectonics of the Atlas range in the African
continent. This solution corresponds to a submar-
ine fault some 50 km long with transcurrent (left-
lateral) and reverse components.

Blanco-Montenegro et al. (2003) consider this
linear magnetic anomaly to be an intrusive body
cooled during a period of reversed polarity of the
Earth’s magnetic field, and suggest the possibility
that it could have acted as the magmatic source
of the submarine volcanism detected between
Tenerife and Gran Canaria. Probably this is the
most likely possibility. This magnetic source
shows amplitude of 1000 nT peak to peak. After
testing some forward models we estimated that

an extremely thick sediment layer would be
needed (greater than 6 km) so it is improbable
that this magnetic anomaly could be attributed
to a purely structural feature (a fault) alone. We
attribute this magnetic anomaly principally to
the effect of remnant magnetisation.

We consider that the fault hypothesis cannot
account for this strong anomaly, at least as a
major contributor because structural features
usually cause small anomalies. Moreover, the
Bouguer anomaly map (Carbo et al., this issue)
does not show either a significant signal or a high
gradient area with this strike. The possibility that
the anomaly represents a reverse polarised intru-
sive body seems more reasonable.

Magmatic underplating

Underplating is defined as magmatic material
added to the base of the Earth’s crust. This geo-
physical feature has been reported under Hawaii
(Lindwall, 1988) and the Marquesas (Caress
et al., 1995) and it is still an open question and a
matter of debate for the Canary Islands. Watts
et al. (1997) performed a refraction seismic study
in Tenerife and found no evidence of underplat-
ing beneath the island. Ye et al. (1999) performed
a similar refraction seismic study, but on Gran
Canaria, covering its northern and northeastern
sector up to 60 km away from the coastline. A
zone of magmatic underplating, as deep as
26 km, was found beneath the island, suggesting
the possibility that if the underplating beneath
Tenerife occurs in the same way as in Gran
Canaria, that is, restricted to the main volcanic
edifice without extending towards the ocean
basin, the geometry of the experiment and the
quality of the onshore data could have affected
its detection. Danobeitia and Canales (2000)
reviewed the previously cited works (Watts et al.,
1997; Ye et al., 1999) and re-examined records
sections of Banda et al. (1981), reconsidering
their interpretation. Dafiobeitia and Canales
showed a velocity depth section for both castern
islands (Fuerteventura and Lanzarote) as an
alternative model. This velocity depth section
shows a smooth boundary between the lower
crust and a diffuse Moho, slightly deepening
towards the centre of Fuerteventura. It also
showed a 8-10 km thick layer in the lower crust,
with a high average velocity of 7.4 km/s, overly-



ing an anomalous upper mantle velocities of 7.6—
7.8 km/s. There was always a fundamental differ-
ence with other oceanic islands, like Hawaii and
the Marquesas, specifically the limited radial
extension of this magmatic material incorporated
at the base of the crust, which does not underlie
the whole volcanic edifice, but is restricted to
specific parts and ends abruptly (Dafiobeitia and
Canales, 2000). The key question is whether mag-
netic data can provide some clue concerning this
geophysical feature?

Two main problems appear. The first con-
cerns the possibility that at mantle-like depths,
temperatures could be low enough to remain
below Curie temperature. The second concerns
whether it is possible to detect such a potentially
deep magnetic source. Concerning the first ques-
tion, magnetisation measurements as well as pet-
rologic studies of rock samples brought to the
surface from the mantle by structural and igne-
ous processes indicate that ferrimagnetic miner-
als, which are the sources of most magnetic
anomalies, generally are not present in the man-
tle. However, the existence of sub-crustal litho-
spheric sources of magnetic anomalies cannot be
ruled out because the possibility exists that there
are localised zones where mantle processes pro-
duce ferrimagnetic minerals and that ferrimag-
netic elemental iron could be present in the
upper mantle (Langel and Hinze, 1998). This fea-
ture has been discussed by Blanco-Montenegro
et al. (2003), taking into account the pressure
dependence of the Curie point, and its relation
with crustal and sediment layer thickness (Hay-
ling and Harrison, 1986). In the case of Gran
Canaria Island, this sediment layer could be
4 km thick in its northern region. Therefore,
Blanco-Montenegro et al. (2003) following the
Hayling and Harrison (1986) pure conductive
heat flow model, concluded that a 200-300 °C
temperature could be reached at the base of the
crust. Considering this temperature, Blanco-
Montenegro et al. (2003) stated that, if the plu-
tonic complexes located beneath Gran Canaria
were of gabbroic composition, they could con-
tribute to the measured magnetic anomaly.

Here we summarise what is known about the
Moho depth and sedimentary layer thickness
knowledge for the whole archipelago before
beginning an interpretation of each of the follow-
ing magnetic sources analyses. The analyses seek
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to determine if the sources are sub-crustal, and,
hence, plausible candidates for underplating.
Recent local seismic studies performed in the
Canary archipelago (Banda et al., 1981; Waltts
et al.,, 1997; Urgeles et al., 1998; Ye et al., 1999)
suggest that a value of 15 km for the Moho
depth, and a 5 km sedimentary cover thickness
could be considered representative for the central
islands (Gran Canaria and Tenerife). A different
situation occurs in the eastern islands, where seis-
mic models (Banda et al., 1981; Danobeitia and
Canales, 2000) show a smooth boundary between
the lower crust and a diffuse Moho, which dee-
pen slightly towards the centre of Fuerteventura,
reaching a maximum depth of 24-25 km. The
upper limit for the sediment cover thickness is
5 km.

With respect to the western islands (La Palma
and El Hierro), we note that the sedimentary
layer on their western submarine flanks reaches
nearly 5 km thickness (Ranero et al.,, 1997,
Urgeles et al., 1998). As there is no refraction
and reflection seismic data for the islands’ imme-
diate surroundings, nothing can be said about
the Moho and the actual thickness of the sedi-
mentary layer, except that it seems implausible
that the Moho is deeper than 15 km. The reason,
according to the Bouguer anomaly map (Carbo
et al., this issue), is that the islands are located
on the westernmost margin of a transitional
crust, and from 342° meridian westward, isolines
delineate a strongly north-southward component,
showing Bouguer anomalies ranging in accord
with oceanic values.

This situation leads us to believe that in the off-
shore marine area an underplated source in Can-
ary Archipelago could have a magnetic signature
and thus appear on the magnetic anomaly map. In
the same way, we could expect there to be a simi-
lar source attached to a Fuerteventura and Lanza-
rote islands, possibly at a depth of 1315 km, with
a magnetic signature. However, its sub-crustal ori-
gin cannot be asserted “‘a priori”.

Determining whether or not such a potentially
deep magnetic source can be detected is key to
answering the second question. From the depth
to the bottom analysis (section “Depth to bot-
tom’) we have obtained three profiles that repre-
sent the radial average power spectrum of three
different grids (Figure 9). In the southern area,
the peak situated at k.x = 0.007 cycles/km could
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be compatible with the presence of a magnetic
source with a depth to the bottom of 24 km
b.s.l., indicating a nearly 9-km-thick magnetic
body. As was stated in section “Depth to Bot-
tom”, the northern area spectrum is not compati-
ble with the presence of any sub-crustal source.
Since in the Canary Archipelago any magmatic
underplating evidence has always been connected
with volcanic islands (Ye et al., 1999; Danobeitia
and Canales, 2000), this result is supported by
the absence of any island in its interior.

The third grid, in the westernmost area, shows
two peaks, one at k., = 0.0021 cycles/km, and a
second one at ky,x = 0.0092 cycles/km. Although
the first is the greatest, in power terms, the latter
shows a slightly lower value: 1.39 times in power
terms units and must not be discarded. We
interpret this anomalous behaviour to the fact
that this mathematical procedure is based on a
probabilistic behaviour of the distribution of
magnetisation, which assumes magnetisation to
be isotropic, that is, its statistical behaviour is
the same in all horizontal directions (x and y)
(Blakely, 1995). From Figure 8, we see that this is
not correct for the westernmost window,
which shows an unbalanced situation with a lin-
eated anomaly in its western border, and strong
magnetic anomalies in its right half associated
with volcanic islands (Tenerife, Gomera, Hier-
ro and La Palma). In this sense, we must
take into account the presence of the other
peak (kpax = 0.0092 cycles/km). If we solve for a
z¢ = 15 km, Equation (2) provides a depth to
the bottom solution at 20 km b.s.I. This value
corresponds to a 5 km thick magnetic source, but
it is surely influenced by the variability of
the Moho depth in this area, where we link a
transitional crust domain and an oceanic one.
If we solve with z, = 13 km, which could better fit
an average Moho depth value in the westernmost
frame, the solution turns out to be 22.5 km,
which corresponds with an almost 10 km thick
magnetic source and shows reasonable agreement
with seismic values (Ye et al., 1999).

Another interesting aspect is the location and
distribution of all these possible sub-crustal mag-
netic sources. We have taken advantage of the
Euler Deconvolution algorithm, but must take
into account some drawbacks: (a) This algorithm
incorporates three gradients. This fact makes it
sensitive to noise, which could affect the quality

of the solution by introducing fluctuations and
incoherencies into solutions between adjacent
grids. (b) We are interested in a potential deep
source that could have a low magnetic signature
that must be isolated. (c) Previous geophysical
studies of the archipelago have shown the local
character of the signal we are seeking. It seems
to be associated always with islands (Tenerife,
Gran Canaria, and possibly Lanzarote and
Fuerteventura), and shows a nearly 10 km verti-
cal extent.

To overcome all these drawbacks we have
applied the “Standard Euler Deconvolution”
instead of the so-called automatic “Located Euler
Deconvolution” procedure. As was stated for
drawback (b), the signal we are interested in does
not necessarily show a high magnetisation con-
trast, and this semi-automated method, based on
the detection of analytical signal peaks, could be
inadequate.

Drawback (c), states that the underplated
body is limited in both the vertical and horizon-
tal planes. We have selected a high SI. An index
equal to 3 should represent an ideal body, a
sphere. An index equal to 2 can describe a body
with only one infinite dimension. We believe this
is an intermediate case between both and is best
seen in an index of 2.5 (Reid et al., 1990).

Another significant question concerns window
size. This method employs overlapping windows,
resolving Euler’s Equation for each. The window
of data must adequately sample each anomaly on
the grid. This window must be large enough to
include the entire anomaly being analysed, but
not so large that it could contain multiple anom-
alies, which could lead to confusing solutions.
Additionally, a small window could be more sen-
sitive to noise as the number of data points in
the window is decreased.

As the anomaly associated with every island
has different sizes, we have selected a variable
window size, different for every island. To set a
criteria to determine the window size we have
used the analytical signal wavelength. We have
selected, as a balance, a window size equal to
half the characteristic analytical signal wave-
length associated with every island. This window
size goes from a 15km x 15km value for
Gomera island to 40 km x 40 km for Gran
Canaria and Tenerife islands. With all these con-
ditions, especially the window size criteria, we



have highlighted the deepest sources. To reduce
topographic influences, as well as to highlight
deeper sources, we have upwardly continued the
mixed “‘shipborne plus aeromagnetic” 3800 m
grid (see section “Error estimate and data compi-
lation” for details) to 5000 m. Those solutions
that show a 15% depth uncertainty or that fall
outside their correspondent window cell are dis-
carded.

Gran Canaria: This island shows an homoge-
neous set of solutions, all of them deeper than
15 km. It is observed that they appear to be
located in the northern half of the island (central,
NNW and NNE sector). This result shows good
agreement with constraints from seismic methods
(Ye et al., 1999).

Tenerife: A similar pattern as that found at
Gran Canaria was observed. A clear cluster of
solutions is displayed in the NE sector of the
island (Anaga Peninsula). The data set of
solutions obtained on the eastern offshore side of
the island shows a certain spatial variability.
Nevertheless, most of solutions (72%) fall into
the 14-16 km segment, which takes into account
the uncertainty associated with this type of depth
estimation and fits quite well with the Moho
under this island.

No refraction seismic experiments have been
performed in this area. Additionally, in roughly
the same area, the Bouguer map (Carbo et al.,
this issue) presents a wide terrace whose bound-
ary is set by the 200 mGal isoline. This area con-
tains a body with a lower than expected density,
considering the monotonic transition from a con-
tinental domain to an oceanic one observed to
have a strong north-south component. This tran-
sition basically shows a change in Moho depth,
apparently disrupted in this area due to the pres-
ence of the slightly low-density body that mag-
netic solution indicates could have its top
at Moho-like depths. We suggest that it is
plausible to consider the body to be magmatic
underplating.

We observed a set of solutions, marking
depths from 13.5 to 14.5 km, that link the island
of Gran Canaria and Tenerife. This set of solu-
tions shows a remarkably linear trend and a rea-
sonable correlation with the inverse magnetic
anomaly track (Figure4). Ye etal. (1999)
inferred that both ocean islands’ uplift and
evolved volcanism were caused by the same pro-
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cess of magmatic underplating. The up-welling
magma did not make it to the surface but, due
to its density and rheology, was trapped below
the crust and fractionated into more dense, basic
magma added to the base of the crust and
lighter, more evolved magma able to continue
rising. This explanation agrees with the interpre-
tation of the inverse magnetised body between
Tenerife and Gran Canaria. In the section “The
inverse magnetised anomaly between Tenerife
and Gran Canaria” we conclude that the possi-
bility that this anomaly represents a reverse po-
larised intrusive body seems more reasonable.
With an “Extended Euler Deconvolution”, we
located its top at an upper crust level. We sug-
gest that the linear magnetic anomaly we reflect
in the total field anomaly grid could be a conse-
quence of two contributions, one deeper than the
other: one with a top at upper crust like depths,
and the other at a sub-crustal level, but both
linked in their origin. This possibility offers
another clue that cannot be discarded as long as
we do not have refraction seismic information
for this particular area. There is the possibility
that the same plutonic complex links both Tene-
rife and Gran Canaria.

La Gomera: The entire set of depth solutions
falls below 10 km, in fact 88% are less than
7.6 km. There is lack of information concerning
Moho depth at La Gomera, nevertheless a 15 km
average value for crustal thickness at Tenerife
seems to support a crustal origin (possibly upper
crust) for causative magnetic bodies.

El Hierro: A similar analysis could be applied
on El Hierro. The depth to the top of the causa-
tive source ranges from a minimum 6.5 km to
11.2 km depth. Most of them (66%) are grouped
around 9 km b.sl. Its westernmost position
makes it difficult to conclude anything about its
crustal or upper mantle origin.

La Palma: There are some depths values situ-
ated on the NW side of the island. They are con-
centrated around 6.1 km depth (minimum
= 5.1 km; maximum: 7.4 km). On its southern
side we found certain variability, in fact there
was a 10.2 km average depth value, and 13.1 km
and 8.2 km as the maximum and minimum
depths to the top of the magnetic source, respec-
tively. We inferred a step of nearly 4 km between
north and south solutions. We suggest a crustal
origin for the north set of depths, but the south
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group of solutions deserves a more careful analy-
sis. In spite of the depth variability, we see that
solutions are clearly deeper than in the north
(almost 4 km). Once again we lack seismic infor-
mation to locate the Moho. Offshore La Palma
we could see another depth solution cluster. They
show similar statistics with regard to the depth
solution group just mentioned. Moreover, in the
scalar field map (see Figure 4) there is a south-
ward positive anomaly. In the same sense, the
Bouguer map (Carbo et al., this issue) shows a
non-absolute minimum anomaly in the area.
Taking both facts into consideration, the
possibility of an anomalous mantle seems plausi-
ble and coherent.

Fuerteventura and Lanzarote: The depth solu-
tion shows variability. This has to do with the
estimative nature of the algorithm and that is
why we prefer to use statistical terms. In order to
simplify the discussion we have drawn three
boxes (Figure 8, labelled A, B and C). These
groups of boxes have three different average
“depth to the top of the deepest magnetic
sources” levels. In box “A”, from a set of solu-
tion of 26 values, we have obtained 11.5 km as a
mean depth value, with maximum and minimum
depths equal to 12.8 and 10.1 km, respectively.
In box “B”, from a set of solution of 41 values,
we have obtained 13.2 km as the mean depth
value, with maximum and minimum depths equal
to 16.0 and 10.0 km, respectively. It is worth
pointing out that only six values were greater
than 11 km. In box “C”, from a set of solution
of 55 values, we have obtained 11.5 km as a
mean depth value, maximum and minimum
depths equal to 15.5 and 10.1 km, respectively.
Again, it is important to stress that only six val-
ues are greater than 11 km.

We could discern a nearly 2 km jump between
“A” and “B” frames, and in “C” a similar hori-
zon to “A”. Dafobeitia and Canales (2000) re-
examined old seismic records sections from
Banda et al. (1981) suggesting the presence of un-
derplated material but denote, however, a slight
deepening of Moho boundary, as well as for the
upper to lower crust limit, towards the centre of
Fuerteventura as a consequence of a flexure. Our
results agree are consistent with that conclusion.

Figure 8 shows an absence of solutions from
the south to the north set. Our depth solutions
are located over the higher analytical signal

amplitude sources. We consider that these places
mark the locations where upwelling magmas
interact with an old oceanic crust, disrupting and
magnetising it and that this process does not
affect the whole volcanic edifice but is instead
restricted to specific parts. Additionally, in Fig-
ure 6a we observed the presence of a high gradi-
ent in the NW-SE direction in this zone
(Figure 6a: label “F”). It may be an indicator of
a Fault. This aspect could justify the absence of
solutions in this area, and the existence of a
nearly 1.7 km vertical average offset between “B”
and “C” frame solutions.

Conclusions

In this paper we have described the main geo-
magnetic characteristics of ZEEE in the region of
the Canary Islands. In the first part, we con-
centrated mainly on purely technical aspects
including: data acquisition and treatment, instru-
mentation, and quality of the surveys. The analy-
sis of this data set has led to several conclusions,
summarised as follows.

From a spectral analysis we have obtained
evidence, which shows the possible existence of
magnetic sources. The evidence locates the depth
to the bottom at a sub-crustal level. They seem
to be located especially in the southern islands
area (Figure 8). They show a 24 km b.s.l depth
extent, which indicates a 9-km-thick magnetic
source.

Additionally, we applied a Located Euler De-
convolution algorithm to the scalar magnetic
anomaly grid and obtained three depth values
b.s.l. 5400 m (label “A”), 4100 m (label “B”),
and 3600 m (label “C”), for the inverse magne-
tised anomaly between Gran Canaria and Tene-
rife. These results suggest a top upper crust
location for the basement top of the magnetic
body.

Using a Standard Euler Deconvolution algo-
rithm we have located the deepest magnetic
sources in the archipelago, analysed their spatial
distribution and their possible sub-crustal mag-
netic origin. We have found evidence of these
sources, particularly at Gran Canaria and Tene-
rife. Their distribution seems to be restricted to
specific areas, in good agreement with previous
seismic studies (Ye et al., 1999; Dafobeitia and



Canales, 2000). Fuerteventura and La Palma
show a cluster of solutions at the 11.5-13.2 km
range, and 10.2 km b.s.l. depth, respectively.
Seismic studies (Danobeitia and Canales, 2000)
show that at Fuerteventura there is a diffuse
Moho boundary. At La Palma there is no refrac-
tion seismic data to delineate the Moho. In this
situation, nothing can be inferred yet, concerning
the sub-crustal origin of these deep magnetic
sources.

The same analysis (Euler Deconvolution) pro-
vided evidence which suggests the possibility that
the inverse magnetised body between Tenerife
and Gran Canaria could tie together two contri-
butions: one at upper crust levels and the other,
deeper, seems to be mantle in its origin. The con-
tinuity of the solution data set suggests another
possibility, that is, that Tenerife and Gran Cana-
ria could be connected at depth by the same plu-
tonic complex. Concerning the westernmost
islands we have found no evidence that supports
the presence of magmatic underplating under
either La Gomera or El Hierro islands.

Additionally, south of La Palma a clear clus-
ter of solutions appears. Bouguer map (Carbo
et al., this issue) reflects non-absolute minimum
values at the area. These factors support the exis-
tence of an anomalous mantle, which starts in
the south of La Palma and extends nearly 27 km
southeastwardly.

The Euler Deconvolution analysis shows a
gap in the depth solutions at Fuerteventura and
Lanzarote. The magnetic alignment map (Fig-
ure 6a) shows a high gradient in the NW-SE
direction, in the gap areca. We consider this to be
an indication of a major fracture.
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Abstract

A series of clastic dikes and tubular vents were identified in southern Tenerife (Canary Islands). These fea-
tures are the result of seismic liquefaction of a Holocene sand deposit, as the consequence of a high intensity
paleoearthquake. The peak ground acceleration (pga) and magnitude of the paleoearthquake generating these lique-
faction features were estimated by back calculation analysis. A representative value of 0.30 £ 0.05 g was obtained
for the pga. From this, an earthquake intensity of IX was estimated for the liquefaction site. Magnitude bound
methods and energy based approaches were used to determine the magnitude of the paleoearthquake, providing a
moment magnitude M = 6.8. The zone in which the liquefaction structures are found has undergone tectonic uplift
and is affected by two faults. One of these faults was responsible for displacing Holocene materials. Dating of the
uplifted sand formation indicates an age of 10,081 £ 933 years, the liquefaction features ranging from this age to
3490 £ 473 years BP. This paleoearthquake was of much greater magnitude than those known historically. Faults
with neotectonic activity are significant features that should be borne in mind when assessing the seismic hazards

of the Canary Islands, presently considered as low and mainly of volcanic origin.

Introduction and regional seismicity

Several structures attributed to liquefaction phenom-
ena of seismic origin have been identified in exposed
sand deposits near El Médano, on the south coast of
Tenerife, Canary Islands (Figure 1). These findings
prompted subsequent tectonic investigations including
the geotechnical characterization of soils, geochrono-
logical analysis, and the analysis of geophysical, seis-
micity, and neotectonic data which we report here.
In these investigations, we were able to characterize
a Holocene sand formation and analyze the liquefac-
tion structures. Possible formation mechanisms and
the origin and age of these structures were evaluated.
In the same area, we identified two faults that af-
fected the Holocene deposits. Estimates were made of
the acceleration and magnitude of the paleoearthquake
that produced these structures, and possible seismic
sources were characterized

Based on earthquake information, the Canary Is-
lands have been generally thought to experience low
to very low seismicity, with earthquakes always as-
sociated with volcanic activity. During the historical
period (Figure 2A), which starts in the XIV cen-
tury with the first references to volcanic eruptions,
the most intense earthquakes on the archipelago took
place in Yaiza (Lanzarote) in 1730 (intensity X), in
Fuencaliente and Cumbrevieja (La Palma) in 1677 and
1920, respectively (both VII), in Ingenio (Gran Ca-
naria) in 1913 (VII), and in Fuerteventura in 1915 and
1917 (both VII). On the island of Tenerife, the maxi-
mum intensity recorded was VI for the earthquakes on
1910/03/15 in Icod, 1909/01/4 in Puerto de la Cruz,
1909/09/23 in La Orotava, 1909/11/21 in Vilaflor and
1937/06/21 in Garachico. In this historic record, six
earthquakes of intensity VI were registered on Tener-
ife, all in the 20th century and mostly affecting the
north side of the island or its capital city Santa Cruz.
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Figure 1. General location of the study area.

This record only reflects earthquakes felt in the most
highly populated areas or those associated with vol-
canic eruptions. Knowledge of events occurring on
the islands of El Hierro, La Gomera or the south of
Tenerife is practically non-existent.

It was not until 1958 that a seismological station
was installed in the Canaries. Two further stations
were built in 1975, and over the past few years a more
extensive network is being set up, with plans for sta-
tions over all the islands (there were seven stations in
2002). This will allow greater precision in locating and
characterizing earthquakes. The distribution of epicen-
ters recorded over the instrumented period is shown in
Figure 2B.

The largest instrumented earthquake had a mo-
ment magnitude M = 5.2, its epicenter being in the
sea between the islands of Tenerife and Gran Canaria
(27°56.8' N and 16°12.0/ W). Its maximum inten-
sity was even felt on Tenerife. An analysis of this

earthquake (Mezcua et al., 1992) has provided some
ideas regarding the seismotectonic setting of the Ca-
naries, which could help explain the paleoearthquake
that caused the paleoliquefaction discussed here. The
distribution of aftershocks recorded by a temporary
station set up on the south coast of Tenerife between
May 9 and June 17, 1989 indicates concentrated af-
tershocks along an 80 km long band aligned N33°
(Figure 2C). This earthquake corresponds to a fault
of around 30 km length. The hypocenter depth of the
5.2 magnitude event has been calculated as 50 km by
Mezcua et al. (1992) and as 15 km by Dziewonski
et al. (1990).

The analysis of the focal mechanism and that of
the aftershocks points to a NNE-SSW alignment and
inclination close to the vertical for the fault. This
fault could also have been responsible for seismicity
of greater magnitude and not related to processes of
volcanic activity. Further more, geophysical marine
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investigations have revealed the occurrence of sig-
nificant tectonic events (Llanes et al., this volume)
associated with epicenters in the sea.

There is an obvious need for investigations that fo-
cus on paleoseismicity and neotectonics in regions for
which earthquake information is scarce. This is defi-
nitely the case for the Canary Islands, whose instru-
mental period is shorter than 30 years and historical
record is incomplete.

Geology of the Study Area

The area investigated is found in El Médano close
to Leocadio Machado Beach (Figure 3). This beach
is bounded inshore by a 40-50 meter wide range of
coastal dunes orientated in a NE-SW direction. Some

small lagoons have formed between the dunes and a
coastal platform. This platform overlies a formation
of volcanic tuffs of acid composition, and descends
from the volcanic central part of the island. Towards
the SW, a minor volcanic structure, the Montafia Roja,
is composed of pyroclastic basaltic materials that over-
lie the tuff formation. These materials are overlain by
a formation comprising beach sands that rises 2 to
15 m above sea level and shows several liquefaction
structures.

The tuffs correspond to a set of pyroclastic units
related to a phase of explosive salic eruptions be-
tween 0.7 and 0.13 Ma. The material is composed
of pumice lapilli, lithic fragments and sanidine crys-
tals. The Montafia Roja volcano lies at the southern
margin of the study area (Figure 3). The volcano is
a breached cone, open towards the ESE. Its altitude
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is 150 m above the lowlands at its base. It is com-
posed of basaltic ash and cinder type pyroclasts and
has been dated as being older than 100,000 years.
The beach sand formation comprises bioclastic sands
or weakly cemented, compact calcarenites and is 2.0
to 2.5 m thick. The coarse sand is made up of shell
fragments, lithic grains, and plagioclase and pyroxene
crystals. The substrate is composed of massive salic
tuffs, within which an alteration level or softer pale-
osol 0.5 m thick can be observed. At some points, it is
easy to distinguish a dense network of plant root struc-
tures, indicating the beach is transgressive and lies
upon a densely vegetated surface. In turn, the beach
material is covered in some areas by a thin pyroclas-
tic level <1 m thick and by calcareous crusts. The
pyroclastic level contains centimetric-size, yellowish,
pumice fragments enveloped by a pumice matrix. The
white carbonate crust is laminated and 0.1 m thick.
The beach sand formation is slightly inclined at
3.5° towards the NE and is fractured such that faults
and a network of joints organized in sets may be ob-
served. The most outstanding tectonic structures are

two N55° E trending faults (F1 and F2) running from
Leocadio Machado Beach towards the SW (Figure 3).
The southern fault F1 is most evident and is marked
by an escarpment of 0.7 to 1.2 m height, SE side up,
interrupting the beach and chain of coastal dunes, and
also bounding the inland lagoon. The scarp disappears
towards the SW and the fault’s course appears to be
covered by recent dunes and a reddish-colored basaltic
pyroclastic deposit coating the NW flank of Montafia
Roja volcano. The trace of fault F1 can be followed
1.2 km onshore, although it extends under the sea at
both its exposed ends. In fact, several seismic reflec-
tion profiles were performed in the surroundings of
El Médano in the bay’s offshore zone. The profiles
were obtained using a UNIBOOM system (EG&G)
on a catamaran with an 8-element hydrophone, firing
500J as the energy source. The ship was positioned
using a Raydist system with two shore-stations work-
ing in circular mode. The profiles indicate an acoustic
basement and a top series of unconsolidated Quater-
nary sediments. A NE-SW trending fault cutting the
acoustic basement was detected along the trace of fault
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F1 (Figure 4). The minimum length of this fault is
5 km.

The northern fault, F2 (Figure 3), is marked by
a less pronounced morphological scarp. This fault is
best observed at the NE extreme of the mapped area
and fades out until it disappears at the SW end. The
fault is marked by a slight flexure that produces a scarp
0.5 m high with more erosion of the footwall. A verti-
cal displacement of 0.7 to 1.2 m has been observed in
fault F1. The time of the displacements was after for-
mation of the beach, dated as Holocene as described
below.

A set of highly continuous fractures interpreted
as joints mainly affects the tuff formation. Some of
these joints, nevertheless, show an intensely curved
trace. Although relatively small in number for the
area, their inclinations were always close to 90° ver-
tical. The most common alignments define three sets
of joints whose directions in order of highest to lowest
frequency are N175°, N56° and N105° (Figure 5).

Description of the liquefaction features

Liquefaction structures were observed in the uplifted
beach sand formation (Figures 3 and 6). This forma-
tion extends over an area of around 90,000 m2, but
could have reach 650,000 m? in the past 50 years.
Changes produced in coastal dynamics and anthro-
pogenic effects have substantially modified the zone
over the last decades, with the almost complete dis-
appearance of the dunes and acceleration of erosive
processes. Artificial removal of a large proportion
of the uplifted beach sands has led to the current
appearance of the study area.

The section observed in the site was as follows
from top to bottom:

— An upper layer H1 located at the top of the de-
posit composed of coarse to intermediate, highly
compact, partially-cemented sands. Its thickness is
approximately 1 m. The surface is intensely eroded
and shows wind erosion structures indicating its
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Figure 5. Rose diagrams displaying the two dimensional orientation
distribution of data in the form of a circular histogram. A: Joint
strike direction; B: Dike strike direction.

thickness was greater, possibly attaining at least
2 m. This layer shows evidence of liquefaction
structures, sand dikes and vents described be-
low. Above this layer, small calcareous crusts of
1-10 cm thickness and altered tuffs appear.

— The lower layer H2, beneath the previous layer,
is comprised of medium to coarse sands, some-
what finer and less compact than in layer HI.
It shows lamination and cross-stratification. This
layer is partially crossed by vents but no dikes are
observed. Its thickness ranges from 0.5 to 1 m.

— The substrate is composed of two layers of tuffs,
T1 at the top and T2 at bottom. T1 comprises
reddish tuffs weathered to form a 0.5 m thick

paleosol. T2 is formed by yellowish, massive,

highly compact pumice tuffs.

Within layers H1 and H2 there are numerous lig-
uefaction structures formed by vents and clastic dikes
or tabular structures (Figures 7 and 8). These outcrop
both at the surface or in natural exposures. The dikes
are composed of sands of the same composition as
in layer H2, with strikes of 145°, 25°, 5° and 110°
(Figure 5). The 145° striking dikes, besides being the
most frequent, lie almost perpendicular to the direction
of the topographical slope, while those trending 110°
show similar directions to the 105° striking joints. In
the mapped area, the length of the dikes reaches 25—
30 m, although they are not easy to observe because of
the intense erosion and dune deposits that partly cover
them. Dikes are commonly 4 to 8 cm thick, although
in some cases, thicknesses of up to 20 cm have been
measured. Many of these dikes have a central opening
or double rim 0.5 to 1.0 cm wide (Figure 9). The main
system (145°) is the most continuous and presents the
greatest thicknesses. The dikes show lateral termina-
tions in the shape of thin filaments up to 1 cm long.
Sometimes they cut into each other and also cut the
tubular structures.

The formation mechanism of the clastic dikes
seems to be related to lateral spreading and hydraulic
fracturing mechanisms (Obermeier, 1990). The ori-
entation of the main system (145°) perpendicular to
the slope and its greatest thickness and continuity in
relation to the other systems could be explained by
a mechanism of lateral spreading. Lateral spreading
reflects translational movement downslope and sepa-
ration between individual blocks where shaking has
been especially strong (Obermeier et al., 1993). Move-
ment occurs where there is only minor resistance to
lateral translation of the cap sitting on liquefied sedi-
ment. Besides lateral spreading, the geometry of the
dikes (145° and other directions), their orientation,
injected material, apical terminations and central aper-
tures all point to a hydraulic fracturing mechanism.

The sand formation also shows numerous tubular
structures in the shape of vents with diameters of 8 to
20 cm, whose greatest density coincides with a zone
close and parallel to the scarp that marks the surface
evidence for fault F1 (Figure 3). These tubes have
a very compact peripheral ring with secondary infill-
ing materials of loose sand inside them. Owing to the
greater compactness of the ring, erosion has preserved
the structures and these may be seen in the outcrops.
These structures are present from the lower layer H2
upwards and cross the upper layer H1 (Figure 7). In
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Figure 6. General view of the seismites zone showing an abundance of tubular vents. For scale purposes the height of the paleoseismic features

is between 20 and 30 cm.

Figure 7. Longitudinal section of a tubular vent affecting layers H1
and H2. For scale purposes the hammer is 30 cm long.

the zone of greatest density, 3 to 5 tubes occur per m?;

the average being around 2 tubes per m?.

Origin of the liquefaction features

To establish the origin of the liquefaction structures,
possible causes of both seismic and aseismic nature
were analyzed. The following causes were considered:

Volcanic activity. This can generate structures that
give rise to vents or tubular conduits, injection of
materials, fractures, infills, alterations, etc., as a
consequence of the ejection of fluids, gases and ma-
terials. The last volcanic episode registered in the area
took place over 100,000 years ago, while the age of
the beach deposits is of the order of 10,000 years.
The dikes and vents only affect the paleobeach de-
posit and not the tuffs of the substrate, ruling out a
possible direct volcanic origin, although hydrother-
mal processes are being investigated, as a potential
secondary process related to the tubular vents.

Biological origin. Some marine and coastal organ-
isms can produce channels and orifices in beach de-
posits. However, the size, geometry and arrangement
of the structures analyzed preclude this possibility
(Calvo, pers. comm., 2002).

Pressure waves and tsunamis. Tsunamis produced
by large offshore displacements of the sea bottom
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Figure 8. Clastic dikes in the area of greatest density of liquefaction features. For scale purposes the dikes’ height is between 5 and 10 cm, and

their length is tens of meters.

Figure 9. Clastic dikes showing a central aperture and large vent. For scale purposes the hammer’s length is 30 cm.

are highly improbable in this zone. The most recent
landslide, in the valley of Guimar (35 km east of El
Medano), occurred around 0.8 Ma (Masson and Watts,
1995). Although tsunamis or submarine slope failures
of seismic origin cannot be ruled out, deposits asso-
ciated with these have not been found in the study
area. Nevertheless, this hypothesis is unlikely given

the distribution and orientation of the liquefaction
structures.

Artesian pressures. The morphological and hy-
drogeological conditions of the zone exclude this
possibility.

The evidence supporting a seismic origin includes:

Upward directed hydraulic forces would be exerted



rapidly or almost instantly. The formation of dikes
with the injection of sands transported from a source
area by high-energy upward directed hydraulic forces,
the apertures or double rims in the dikes and their
apical terminations indicate mechanisms of hydraulic
fracturing at high pressures. The geological evidence
shows that virtually all the dikes must have a seis-
mic liquefaction origin, and could almost certainly
have formed solely in response to hydraulic fractur-
ing (Obermeier, 1996). The direction of the tabular
dikes is not random as would be expected if the dikes
had originated by non-seismic mechanisms. The gran-
ulometric characteristics of the sand layers and their
high uniformity, geological age and origin, geomor-
phological conditions and depth of the water table
(discussed below), along with the resistance of the
sands in which the structures developed are indicative
of a high susceptibility of the deposits to liquefaction.

On the basis of the above evidence we can rule out
a possible non-seismic origin and propose a seismic
origin. This idea is also consistent with the seismotec-
tonic characteristics of the region and the proximity of
the previously described faults. The principal mecha-
nism giving rise to the structures analyzed, also known
as seismites, was liquefaction of the lower layer H2
that was composed of saturated sands. Due to the ef-
fect of intense interstitial pressures, water and sand
were transported and expelled towards the surface via
the vents, forming sand blows or craters by sand ex-
plosion. Hydraulic fracturing or lateral spreading led
to rupture of the upper layer H1 of compact sands, giv-
ing rise to sand dike injection. The possibility of more
than one earthquake occurring in the zone should not
be precluded because of the presence of dikes cutting
the vents, possibly implying more than one phase of
liquefaction.

The beach sands formation has been dated by ther-
moluminescence as Holocene (Milldn et al., 2002 as
10,081 +£ 933 years BP). The calcareous crusts that
cover some of the liquefaction structures have been
dated by the same technique at 3490 4 473 years BP.
According to these data, liquefaction and the seismic
phenomenon that produced it took place prior to 3490
years ago but after 10 ka.

Estimates of acceleration and magnitude of the
paleoearthquake

The force of a seismic event and the magnitude of a
paleoearthquake can be estimated by several methods.
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These have been reviewed in detail by Obermeier et al.
(2001). The following methods are applicable to the
present case:

(a) The cyclic stress method based on estimates of the
lower-bound peak ground acceleration at individ-
ual sites of liquefaction.

(b) The Isihara method, which uses dike height at the
site of hydraulic fracturing to estimate the actual
value of peak ground acceleration at the site.

(c) The magnitude bound method, which uses the
furthest distance from the seismic source to the
liquefaction zone.

(d) Energy based solutions.

Methods (a) and (b) serve to calculate the peak
acceleration needed for liquefaction to start at a par-
ticular site. The cyclic stress method is based on the
method of Seed and Idriss (1971) and subsequent up-
dates by Seed et al. (1985) and Youd and Noble (1997).
Its application requires the interpretation of the soil
profile at the time of liquefaction. To this end, we took
into account the current conditions of the sand deposit
and the aging processes to which the soil has been
subjected from the time of liquefaction to the present.

The most common aging processes are (Olson etal.,
2001): destruction of pre-earthquake soil structure
and aging effects during liquefaction; post-liquefaction
consolidation and densification, and post-liquefaction
aging. The main outcome of liquefaction is increased
granular packing, which may compact the sediment
by some 27% (Owen, 1987). Following deposition,
natural and man-made deposits develop a structure
resulting from post-depositional mechanical readjust-
ment and possible weak chemical bonding at particle
contacts. This process is referred to as aging. The de-
velopment of soil structure results in the improvement
of soil properties such as shear strength, modulus, and
penetration resistance (Schemertmann, 1991).

The present uplifted sand beach deposits show ev-
idence of these aging processes. The main factors
that have contributed to the compaction and partial
cementation of the upper Hl1 layer are the uplift of
the deposits by tectonics and the resultant downdrop-
ping of the water table, the geochemical conditions
of the environment that favored an input of calcium
carbonates and aluminum silicate compounds, and the
extremely arid climatic conditions. Sands that could
reflect conditions predating the aging processes were
identified. These sands occur in the vicinity of the site
closest to the coast and show the typical site granu-
lometry and composition. Prior to liquefaction, the soil
profile may have been as follows:
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— An upper layer H1 formed of coarse to medium
sands, dense to very dense with less than 2% fines,
apparent natural density 1.7 g/cm? and Nspt (num-
ber of blows of the standard penetration test or
SPT, ASTM — D1586) equal to or more than 30
blows. Estimated mean layer thickness was 2 m.
The water table would have lain towards the base
of this layer, and would have been subjected to
variations in the water table. Its behavior could
correspond to that of a hard, semi-confining and
nonliquefiable layer.

— A lower layer H2, comprising medium to coarse
sands, relative density intermediate, containing
less than 2% highly uniform fines, apparent nat-
ural density 1.5 g/cm3 and Ngpr between 15 to
20 blows. The water table would lie above this
layer and it would therefore be saturated. Mean
estimated layer thickness is 1 m. This layer would
have acted as a source zone for liquefaction.

— Layer T1 containing red tuffs weathered to 0.5 m
thick paleosols.

— Layer T2, substrate composed of massive, very
compact tuffs.

The cyclic stress method was applied following
these hypotheses to estimate the peak ground accel-
eration (pga) necessary for the soil to undergo lique-
faction. The results obtained give an acceleration of
0.22 g for (N1)sp = 15 and 0.30 g for (N1)enp =
20. According to Youd and Noble (1997), this would
correspond to a 50% probability of liquefaction.

The Ishihara (1985) method considers that the
maximum height of liquefaction dikes is controlled
by two factors: the thickness of the liquefied sedi-
ment and the pga. This method is valid for seismic
structures produced by hydraulic fracturing. It is ap-
plicable where the cap thickness is reasonably uniform
and when source sands range from very loose to mod-
erately compact, at least for earthquakes of moment
magnitude M ~ 7.5 or larger, (Obermeier, 1998).
It was considered that the hard, semi-confining, non-
liquefiable layer was 2 m in thickness and a thickness
of 1 m was assumed for the liquefiable source. For
these conditions, the resulting pga was 0.35 g accord-
ing to the Ishihara method. Bearing in mind that the
cyclic stress method represents the minimum accelera-
tion value, and Ishihara method considers average con-
ditions, a representative value of 0.30 g was selected
from the possible range between 0.22 and 0.35 g.

From the accelerations calculated, intensities at
the site can be estimated using one of the avail-

able empirical expressions. The equation used in
the Spanish Seismic Code is: I = [3.2233 +
log;o(a/g)1/0.30103, where I are intensities, a is the
horizontal pga (cm/s?) and g is in % gravity. Hence an
acceleration of 0.30 g gives a predicted intensity of IX.

The magnitude of paleoearthquakes, in terms of
the moment magnitude M, can be calculated using
the magnitude bound method and energy based ap-
proaches. The magnitude bound method estimates the
magnitude of a paleoearthquake using relations be-
tween earthquake magnitude and the distance from
the tectonic source to the farthest site of liquefaction.
It is based on worldwide historical earthquakes (Am-
braseys, 1988) and the data described by Obermeier
et al. (1993) and Pond (1996). This method requires
the identification of the seismic source. In the present
case, the closest seismic sources are found between
Tenerife and Gran Canaria over a line of epicenters in
the ocean, at an approximate distance of 35 km from
the El Médano site (Figure 2C). This source is asso-
ciated with a NE-SW trending fault that runs parallel
to the eastern coast of Tenerife, and was inferred from
gravimetric data by Bossard and McFarlane (1970). In
1989, this fault produced the greatest earthquake in-
strumentally recorded on the archipelago (M = 5.2).
The length attributed to this fault is 30 km (Mezcua
et al., 1992), yet it extends to over 80 km. A further
possible seismic source is fault F1 located at the site.
Its prolongation beneath the ocean was established
by reflection seismic profiles indicating a minimum
length of 5 km. However, the instrument record makes
no reference to earthquakes with epicenters close to
this fault, so that we only consider the submarine fault
35 km from the site as a seismic source when cal-
culating the earthquake’s magnitude, which yielded a
magnitude M in the range 6.4 to 6.8. Given that 6.4 is
the lower limit of the data considered by Ambraseys
(1988), we took a M = 6.8 as being representative.
Wells and Coppersmith’s (1994) relationship between
fault length and magnitude also gives a M = 6.8.

The second method used to estimate magnitude is
based on so-called energy-based approaches that relate
magnitude to energy release (Davis and Berrill, 1982)
and subsequent reviews by Berrill and Davis (1985)
and Trufinac (1995). This method relates magnitude
to distance from the epicenter, to the liquefaction site
and the (N1)go (number of blows of the SPT for a pres-
sure of 10 t/m? and an effective energy of 60%). For
(N1)so = 20, the results obtained indicate a magni-
tude M = 6.8 according to the method of Berrill and



Davis (1985) and of 7.2 according to that of Trufinac
(1995).

In summary, the magnitudes estimated are in the
range 6.4 to 7.2; a value of M = 6.8 being considered
the most representative. These estimates were based
on the assumption that the seismic source was the sub-
marine fault. If fault F1 as being closer to the site
was the source of seismicity then models predict lower
magnitudes but similar accelerations.

Conclusions

Several liquefaction structures were identified in El
Médano, in southern Tenerife. These structures were
clastic dikes and tubular vents; their origin being at-
tributed to the liquefaction of sands by an earthquake
of great intensity.

The mechanisms that gave rise to the clastic dikes
were hydraulic fracturing and lateral spreading of a
layer of compact sands in response to high pore pres-
sures of seismic origin. These pressures, in turn, led
to the movement and injection of sands across the
compact sands level. The vents are the result of high
upward hydraulic pressures causing the ejection of wa-
ter and sand through these conduits to the surface,
possibly forming sand blows and explosion craters.

The peak ground acceleration needed to produce
liquefaction and the sand dikes was estimated at 0.22
to 0.35 g. An acceleration of 0.30 g, considered to be
the most characteristic, would correspond to an inten-
sity of IX at the site of liquefaction. The magnitude
of the earthquake causing liquefaction was calculated
to be in the range 6.4 to 7.2 with a value of M =
6.8 taken to be representative. This result was ob-
tained assuming that a submarine fault was the seismic
source.

The liquefaction structures developed over a tec-
tonically uplifted beach of sand deposits dated as
10, 081 = 933 years BP. Over these sands and lique-
faction structures, fine calcareous crust levels dated
as 3490 £ 473 years BP were observed. The pa-
leoearthquake responsible for liquefaction occurred
during the Holocene; its age lying between these two
dates. Nevertheless, tectonic and geomorphological
data from field observations suggest an age closer to
the younger constraint.

Two faults F1 and F2 aligned in a direction N55°
close to the liquefaction site were identified. Fault F1
cuts the uplifted beach sand formation. Through seis-
mic reflection profiles, its extension under the sea was
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identified, and a minimum length of 5 km was estab-
lished. Both faults limit a small graben, which gives
rise to a depression in whose approximate center there
are several lagoons.

Possible seismic sources near the site of liquefac-
tion were considered. The main source is inferred to
have been a submarine NNE-SSW trending fault some
35 km from the site between the islands of Tenerife
and Gran Canaria. Its movement takes the form of a
sinistral thrust. This fault shows associated seismicity.
Another proposed source is fault F1, which affects the
sand formation where the paleoliquefaction is found.
No historical epicenters related to this fault have been
recorded.

The tectonic structures affecting materials of re-
cent age and the seismicity associated with these struc-
tures demonstrates existing seismotectonic relation-
ships and confirms the paleoseismic activity identified
in southern Tenerife. The paleoearthquake investi-
gated here is the largest of those registered on the
Canary Islands.

The presence of active faults affecting materials
of very recent age and their association with a pale-
oearthquake of high intensity in the south of Tenerife
are key factors that need to be borne in mind when
evaluating seismic hazards on the Canaries, a region,
which up until now, had been considered to be of low
seismic activity.
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Abstract

A number of samples have been dredged from the upper parts of Amanay and El Banquete Seamounts, yet volcanic
materials have been collected only on Amanay Seamount. Based on textural features and the presence or absence
of kaersutite, two main types of olivine pyroxene basaltic rocks have been identified. The rocks are basanites with
high enrichment in the most incompatible elements, similar to that displayed by Ocean Island Basalts. Samples
from Amanay Seamount formed due to a low degree of melting of an enriched mantle, very similar to that which
probably caused the Miocene volcanic activity of Fuerteventura. The age of Amanay volcanic rocks, 15.3 + 0.4
and 13.1 £ 0.3 Ma, is similar to those of the older volcanic units exposed in the nearby islands (Gran Canaria,
Fuerteventura and Lanzarote). This proves the formation of a separate submarine volcanic edifice coeval with the
other edifices of the Eastern Canarian Volcanic Ridge. Volcanic activity on the submarine edifice is thought to have

ceased at about 13 Ma, simultaneous with the adjacent main volcanic construction.

Introduction

The islands of Lanzarote and Fuerteventura represent
the emergent crest of the Eastern Canarian Volcanic
Ridge that extends north-northeast below sea level
subparallel to the African coastline and to the ocean-
floor spreading fabric. To the North, the Ridge is
connected to Conception Bank (Figure 1A), a subma-
rine volcanic complex situated above 30°-31° N lati-
tude (Luyendyk and Bunce, 1973; Uchupi et al.,1976;
Weigel et al., 1978; Dafiobeitia, 1988; Dafiobeitia and
Collette, 1989).

In the southern part of Fuerteventura two circular
shaped seamounts appear west of the Jandia Peninsula.
The seamounts were interpreted as corresponding to
two volcanic edifices the ‘Amanay Submarine Edi-
fice’, situated northwest of Jandia, and “El Banquete
Submarine Edifice”, which occurs southwest of Jandia
(Ancochea et al., 1996). The latter edifice is connected
to the southern end of Fuerteventura by a flat and
shallow platform (Figure 1B and C).

Dredging of Amanay and El Banquete Seamounts
was carried out under the scope of the Oceanographic
and Hydrographic Research of the Spanish Economic
Exclusive Zone (ZEE Project, August 2001) by R/V
Vizconde De Eza dealing with the study of the ocean
floor around the Canary Islands. The aim of the dredg-
ing operations was to collect samples in order to
determine both the composition and age of the rocks
forming the seamounts.

Amanay and El Banquete

Amanay and El Banquete Seamounts (Figures 1
and 2) lie to the east of Gran Canaria and
close to Fuerteventura. In view of their proxim-
ity, they were expected to show common geo-
logical characteristics. Both seamounts are simi-
lar in size, with a basal diameter of 28-29 km,
exceeding 2000 m in height, and are sepa-
rated by a narrow channel exceeding 1000 m in
depth.
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Figure 1. A: Bathymetric map of the Canary Islands and the eastern branch of the Canary Ridge modified after Dafiobeitia and Collette (1989).
B: Location map of Amanay Seamount using Smith and Sandwell (1997) database and Generic Mapping Tools (Wessel and Smith, 1995). C:
Bathymetry map of Amanay Seamount. Contour interval is 100 m. Bathymetry data comes from ‘Spanish Economic Exclusive Zone Project’.

Gran Canaria

The subaerial volcanic history of Gran Canaria be-
gan about 15 Ma and was divided into three main
phases (Schmincke, 1982). The first phase, the sub-
aerial Miocene phase, started with rapid emission of
tholeiitic to weakly alkalic basalts (~13 Ma), fol-
lowed by rhyolitic/trachytic and phonolitic/trachytic
lava flows and ignimbrites. After a period of quies-
cence (from 8.5 to 5 Ma) the Pliocene phase consisted
of nephelinites, alkali basalts, basanites, tephrites and
phonolites, with peak activity at 4 Ma. Basanites,
tephrites, nephelinites and melilitites make up the
Quaternary—Holocene phase, which affected only the
northern part of the island.

Fuerteventura

Two major structural and petrological units are dis-
tinguished in Fuerteventura: the Basal Complex and
the Subaerial Volcanic Series. As defined by Bravo
(1964), Fuster et al. (1968) and Stillman et al. (1975)
the Basal Complex is a thick, Cretaceous sedimentary
sequence overlain by submarine volcanic rocks and
intruded by an intense NNE-SSW trending sheeted-
dyke swarm, which was formed in association with the
emplacement of alkaline plutons. The Basal Complex
represents the submarine growth stage of the volcanic
complex and the subvolcanic roots (plutons and dykes)
of their successive subaerial episodes (Ancochea et al.,
1996).
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Table 1. Age and composition of the Subaerial Volcanic Series of Fuerteventura.

Units Age (Ma)  Composition
Southern  Lower 20.7-19.3  Mildly alkaline
Volcanic ~ Middle 17.2-15.4  Mildly alkaline
Complex  Upper 15.2-14.2  Middle alkaline
(SVC or Late Formations  ? Ultra-alkaline
Jandia)

Old Central Lower >22.5 Mildly alkaline

Basaltic Volcanic ~ Middle 22.5-20 Middle alkaline

series Complex  Upper 17.5-14.5  Middle alkaline

(Miocene) (CVC) Late Formations  ?-13.2 High alkaline —

ultra-alkaline

Northern ~ Lower >22-15.3  Middle alkaline-
Volcanic Mildly alkaline
Complex  Upper 14.3-12.8  Alkaline
(NVC)

Recent series Series II, IIT 5-0 Middle alkaline

(Pliocene —Quaternary)  and IV Ultra-alkaline
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Within the Subaerial Volcanic Series, two episodes
are distinguishable. The earliest and most important
is the Miocene Old Basaltic Series. Ancochea et al.
(1991), Cubas et al. (1992), Hernan et al. (1993)
and Ancochea et al. (1993, 1996) have proposed that
the Miocene Old Basaltic Series corresponds to three
major volcanoes or volcanic complexes: the South-
ern Volcanic Complexes (SVC or Jandia), Central
Volcanic Complexes (CVC) and Northern Volcanic
Complexes (NVC) (Figure 2). Each complex has a
separate history, in some cases longer than 10 m.y.,
with several periods of activity alternating with qui-
escence accompanied by erosion (Table 1). After a
period lasting about 7 m.y. (Coello et al., 1992) and
characterized by lack of activity and erosion, new
basaltic materials were erupted during emplacement
of the Pliocene—Quaternary-Recent series. The im-
portance of this stage is lesser in terms of volume,
although it continued until present times.

The geochemical character of the volcanic rocks
on Fuerteventura is always alkalic, but alkalinity
varies from mildly alkaline (normative hyperstene and
olivine but without Ca-poor pyroxene), middle alka-
line (0 < normative nepheline Ne <5), high alkaline
(5<Ne<10) and ultra-alkaline (Ne>10).

Methods

Rocks were dredged in four sites, two from the
Amanay Seamount (Al and A2) and two from El
Banquete Seamount (B1 and B2), one of each pair
at shallow depth and the other one at a greater depth
along the flank (Figure 1 and Table 2).

Volcanic samples have been dredged only in one
site (A1). Fragments of volcanic rocks in this site were
abundant and appear to be of uniform petrologic type
in hand-specimen. They show minor differences in
vesiculation, varying from almost 0% (non-vesicular)
to more than 10%.

Ten samples from site Al were selected for de-
tailed petrographic and mineralogical study. Two of
the samples (number 24 and 32) were considered to
represent the main petrographic types and were later
analysed. The analysed samples were treated with
deionised water to remove seawater. Major and trace
element concentrations were determined by ACT-
LABS laboratories in Ontario (Canada) by X-ray flu-
orescence spectrometry and by inductively coupled
plasma-mass spectrometry (ICP-MS). Samples 24 and
32 were dated by the K/Ar method by Teledyne Iso-

topes Laboratory (USA). The material used for dat-
ing was represented by ‘whole rock’ samples of one
or two grams, with particle size varying from 0.3
to 1 mm. Argon was extracted by fusion after de-
gassing at moderate temperature in high vacuum and
the 8 Ar tracer was added to the analysis using a con-
tinuous pipetting system. The analytical errors were
calculated according to the method of Dalrymple and
Lamphere (1969). Converted ages were calculated us-
ing the following constants: “°K/K = 1.167 x 1072
atoms %; Ae = 0.581 x 10710 yr=1: Jp=4.962 x
10710 yr=1:404,/30 A atmosphere = 295.5. All errors
are given at the 2 ‘o’ level.

Chemical analyses of minerals was carried out
with a JEOL electron microprobe (JXA-8900 M)
equipped with four spectrometers at the Universidad
Complutense de Madrid. The operating parameters
were: 20 s total counting time, 15 kV accelerating volt-
age, 20 nA beam current, and 1-5 xm beam diameter.
Calibration was against standard minerals provided by
Department of Mineral Sciences of the Smithsonian
Institution (Jarosewich et al., 1980).

Results

Sedimentary samples

Sampling site A-1: Medium to coarse sandstones.
Well-rounded grains of volcanic rocks and skeletal
fragments with isopach sparite cement, interpreted as
originally aragonitic in nature (calcite now). In spite
of cementation, porosity locally reaches 20%. Fossil
content is very high, including bioclasts of Lithotham-
nium algae (largely branching), echinoids and bi-
valves. Bivalve shells are moderately penetrated by
microborings. The sand is interpreted as having been
deposited in agitated, clean, shallow-marine waters
(upper shoreface).

Sampling Sites A-2, B-1 and B-2: Bioclastic grain-
stone with Lithothamnium, gastropods, echinoids,
bivalves with superficial microboring, benthic and en-
crusting Gypsina-like foraminifers. There are some
remains of a peloidal matrix. Most grains are coated
by isopach sparite to microsparite cement, interpreted
as originally aragonitic. There is some intergranular
porosity. The environment of deposition was shallow-
marine, clean, and characterized by agitated waters
(upper shoreface or carbonate platform).

As these rocks were sampled in deep waters, post-
sedimentary downslope transport is inferred, although



Table 2. Location of the sampling points

Seamount Sampling  Coordinates Water
Points (GPS differential)  Depth (m)
Amanay Al 28° 13.843'N 27
14° 42.773' W
A2 28° 14.574' N 290
14° 41.134' W
El Banquete Bl 27° 57.442'N 47
14° 40.256' W
B2 28°03.707’ N 312
14° 40.039' W
Table 3. K-Ar radiometric age.
Sample  40Ar* %40Ar* %K  Age (Ma)
(sce/gr x 10 *5)
24 0.056 79.8 1.10  13.1+0.3
32 0.073 78.6 123 15304

it is possible that subsidence also contributed to mov-
ing these rocks to deeper waters.

Volcanic samples (only site Al)

Petrographic analyses of the rock samples indicate
that they are olivine pyroxene basalts, generally non-
vesicular or sparsely vesicular.

Two main populations of basaltic rocks can be
identified. The most frequent type, represented by
sample 24, is a hypocrystalline porphyritic rock in
which the groundmass shows variable crystallinity.
The main phenocrysts are clinopyroxene and olivine,
but minor amounts of amphibole are also present.
The basalts display some evidence of alteration to
secondary minerals, and locally a few small vesi-
cles (<0.3 mm) filled with calcite or zeolites were
observed. Fine-grained granular polycrystalline aggre-
gates (up to 1 cm across) are commonly found; they
consist of diopside with variable enstatite contents
(44-47%) and rare plagioclase; frequently anhedral
grains of pargasitic hornblende surround them. The
other group of basalts (represented by sample 32)
show holocrystalline texture with clinopyroxene and
olivine phenocrysts set in a fine-grained matrix. Am-
phibole is absent in these rocks which, in addition,
do not show glass, vesicular texture, microcrystalline
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Figure 3. Classification of rocks dredged of Amanay Seamount (24
and 32) using the total alkalis versus silica (TAS).

aggregates or any significant alteration. All these fea-
tures are clearly different from the basaltic group
described above.

In both groups, the clinopyroxene is diopside,
which forms subhedral to anhedral zoned and twinned
phenocrysts with variable size up to 3 mm across and
appears to be fresh. The diopside exhibits irregular
concentric zonation patterns with a range of enstatite
content from core to rim (32.5-46.2%) and cores with
variable aegirine contents (3—14%). The high Ca+Na
content determined in diopside is characteristic of the
clinopyroxene of alkaline lavas (Leterrier et al., 1982).
Olivine is present as subhedral microphenocrysts and
is less abundant than clinopyroxene. The olivine phe-
nocrysts display complete alteration to iron oxides and
hydroxides, as well as resorption rims.

The amphibole shows some variation in abundance
within the samples and varies in size from 1 mm to
0.1 mm. It occurs both as anhedral phenocrysts and as
microcrysts. Larger phenocrysts frequently show re-
sorbed rims with alteration to iron oxides and sphene.
In all samples the amphibole is kaersutite and shows
an increase in the Mg/(Mg+Fe?) ratio towards the
cores.

The groundmass in both basalt groups typically
consists of fresh idiomorphs laths of labradorite to
andesine plagioclase (Anss to Ang3z), clinopyroxene
(diopside) prisms and oxide minerals (magnetite with
exsolutions of ilmenite, Cr-bearing magnetite and
ilmenite.)

Two K/Ar radiometric determinations (one from
each petrographic type) have been carried out from
unaltered or slightly altered samples (Table 3). The
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Table 4. Major and trace element data of Amanay rocks (oxides in wt%, trace elements

in ppm)

24 32 24 32 24 32
Si0, 41.47 4173 Co 41 39  La 84 774
AL O3 12.51 1299 Cr 130 94  Ce 196 181
Fe,03 13.58 13.84 Cs 0.5 05 Pr 19.9 18.4
MnO 0.19 02 Cu 95 91 Nd 821 77.6
MgO 7.09 703 Ga 22 22 Sm 15 145
CaO 11.05 1075 Nb 75 77 Eu 452 43
Na,O 3.30 304 Ni 99 91 Gd 121 115
K>0 1.35 124 Sc 25 24 Tb 1.6 1.6
TiO, 4.24 438 V352 372 Dy 8.1 8.2
P,05 1.09 106 Y 36 35 Ho 1.4 1.3
LOI 2.93 268 Zn 120 140  Er 3.4 33
Total 98.81 98.93 Zr 384 395 Tm 0.4 0.41
Ba 519 488 Ta 4.9 49 Yb 2.3 24
Rb 15 18 Th 6.7 63 Lu 0.32 0.32
Sr 1171 1071 U 1.5 15 Hf 8.3 8.6

percentage of **Ar* (>20%) is quite high for rocks
with such a low K content. The chronologic data
correspond to the middle Miocene (16.4-11.2 Ma).
The composition of both basalt types is very sim-
ilar, with MgO contents around 7% (Table 4) and
both plot in the basanitic field of the Total Alkali-
Silica diagram (Le Maitre et al., 1989) (Figure 3).
Although the rock looks unaltered, a partial alteration

of its composition could have resulted from its location
in a marine environment Ti, Zr, Y and Nb contents,
which are thought to be relatively immobile in aque-
ous fluids, confirm its alkaline character (Winchester
and Floyd, 1976; Pearce, 1982). One can come to a
similar conclusion from the high Ti/V ratio (73 and
75) and low TiO,/P,0Os ratio, which are typical of al-
kaline rocks (Winchester and Floyd, 1976; Shervais,



1982). The samples show depletion in heavy rare earth
elements (HREE) relative to the light and intermedi-
ate rare earth elements ((La/Yb)y = 21.5 and 23.9,
(Sm/Yb)N = 6.95 and 6.52).

The compositions of the samples normalized to a
primordial mantle (Thompson, 1982; Figure 4) reflect
enrichment in the more incompatible elements, espe-
cially Nb, Ta, La and Ce; K is depleted relative to
Th, Nb, Ta, La and Ce. The pattern is similar to that
displayed by Oceanic Island Basalts and Canary Island
basalts, showing a strongly negative potassium anom-
aly and high LREE contents. The low Ba/Nb, Rb/Nb,
K/Nb, Th/Nb and Ba /La ratios are similar to those of
HIMU basalts (Weaver, 1991).

Comparison with adjacent volcanic edifices

The volcanic rocks from Amanay show some compo-
sitional similarities with other Canary Island volcanic
rocks, but they display some significant differences.
The Amanay rocks show higher alkali, Zr, Y and
REE contents at similar MgO contents compared to
the basalts from the nearby islands (Gran Canaria,
Fuerteventura) (Figure 5). The most similar rocks
are those from Jandia (SVC), which is the closest
volcanic edifice. Both low HREE contents and the
high (Gd/Yb)N ratios of the Amanay samples sug-
gest low degrees of partial melting, a common feature
for Canary Island basalts. (Gd/Yb)y ratios are higher
(3.8-4.1) than those typical of the Miocene basalts of
Gran Canaria (3.1-3.4) but similar to the determined
(Gd/YDb)y ratios from basalt of La Palma (3.4-4.5) and
Fuerteventura (3.4-5.1, average: 4.1). This could indi-
cate that mantle melting may have started at greater
depths than in Gran Canaria, but at the same depth as
in La Palma and Fuerteventura (Abratis et al., 2001;
Ancochea et al., 1993). High (La/Yb)y ratios (21.5-
23.9) suggest lower degrees of melting than beneath
Gran Canaria (10-19), NVC (14-21) and CVC (9-18)
of Fuerteventura. The degree of melting of Amanay is
within the range of the Jandia edifice (14-29). Zr/Nb,
Y/NDb and Ba/Y ratios (5, 0.45 and 14 respectively) are
in the same range of those determined in rocks from
Fuerteventura, but quite different to the basalts from
Gran Canaria (Zr/Nb>6, Y/Nb>0.5 and Ba/Y <10),
which suggests a more enriched mantle source for the
rocks of Amanay and Fuerteventura.

Ages determined from the volcanic samples of
Amanay (13.1 £ 0.3 to 15.3 £ 0.4 Ma) indicate that
the rocks formed during a time interval in which Gran
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Figure 5. Zr, Y and La+Ce contents versus MgO of Amanay, Gran
Canaria and Fuerteventura Miocene basalts.

Canaria (Schmincke, 1982), Fuerteventura and the
southern part of Lanzarote (Coello et al., 1992) experi-
enced volcanic activity (Figure 6, Table 1). Regarding
Gran Canaria, the age is coincident with the first stage
of building of the island, with major activity at 13 Ma.
In this period the volcanic activity is important in the
three volcanic complexes of Fuerteventura where the
youngest volcanic units were being formed (Ancochea
etal., 1996). The oldest age determined in the Amanay
basalts is coeval with the lower unit of the NVC, and
the youngest age is coeval with the upper unit of the
NVC. Regarding the CVC, the upper unit of the edi-
fice was being formed at 15 Ma, whilst the volcanic
activity (Late Formations, Ancochea et al., 1996) was
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residual at 13 Ma. Correlation with the SVC shows
that the 15.3 4 0.4 age is located at the boundary be-
tween the Middle and the Upper SVC whilst the 13.1
4 0.3 Ma age is probably contemporaneous with the
late formations. The two determined ages are also co-
eval with the formation of the Ajaches edifice (15.5
4 0.3 to 12.3 £ 0.3 Ma) in southern Lanzarote. Ages
determined in the Famara edifice (northern Lanzarote)
are younger (Coello et al., 1992). Finally, two sam-
ples dredged from the Conception Bank (Geldmacher
et al., 2001) have yielded ages of 16.64 £ 0.2 Ma and
17.50 & 0.6 Ma, somewhat older than the Amanay
rocks, but possibly coeval with earlier stages of the
building of Amanay Seamount.

Conclusions

The samples dredged from the Amanay Seamount
support the volcanic origin of this edifice. As previ-
ously postulated by Ancochea et al. (1993, 1996), the
Amanay Seamount is a submarine edifice linked to
a row of volcanic edifices extended along a rift sub-
parallel to the African coast-line. The volcanic rocks
of Amanay are basanites composed of olivine and
pyroxene phenocrysts, erupted at 15.3 and 13.1 Ma.
Two petrographic types are distinguished. The
main difference between the two types is the pres-
ence or absence of phenocrysts of kaersutite and fine-
grained granular polycrystalline aggregates of diop-
side, enstatite, pargasitic hornblende and plagioclase.
The chemical composition of the two basalts col-
lected in Amanay is quite similar. They show OIB
and HIMU patterns with clear, strong LREE en-

richments. The composition is also similar to the
old basaltic rocks of Fuerteventura. The rocks from
Amanay derive from a mantle source more enriched
and melted at greater depth than that seen in Gran
Canaria, but similar to that found in Fuerteven-
tura.

The volcanic rocks of Amanay formed throughout
aperiod (15.3 = 0.4 and 13.1 &£ 0.3 Ma) of remarkable
volcanic activity in the Eastern part of the Canarian
Archipelago. During this period, the three volcanic
complexes of Fuerteventura and the Southern Edifice
of Lanzarote (Los Ajaches) were active. The younger
age determined (13.1 Ma) from the Amanay rocks is
similar to that shown by the later units belonging to
the Fuerteventura and Los Ajaches edifices.
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