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Abstract

To contribute to our understanding of the structure of the Teide volcano, a detailed aeromagnetic survey was
carried out covering the area of Las Cafiadas caldera and the Teide-Pico Viejo complex. Taking into account
the rugged relief of the area (altitude ranges from sea level to almost 4000 m), a terrain correction has been
applied. As a first approximation, the topography has been characterized by a uniform magnetization of 5
Am™ (based on field and laboratery rock magnetic data). Several enhancement techniques have been applied
to the residual map (original map minus topographic effect), such as reduction to the pole, pseudogravity inte-
gration and upward continuation. In the reduced-to-the-pole map the large positive anomaly that appears cen-
tered to the north of Pico Viejo is noteworthy and could be caused by a basaltic intrusion responsible for the
last eruptions in this area. Also, a small magnetic low appears over Teide peak, which should be related to
slightly-magnetized shallow phonolitic materials. The main tectonic direction of Tenerife, SW-NE, is also
clearly reflected on the magnetic anomaly map. The comparison between the pseudogravity and the Bouguer
anomaly maps indicates a good correlation between magnetic and gravimetric sources.

Key words Teide — aeromagnetic anomalies — to- the internal structure, the evolution and the
pographic correction present state of its eruptive system, with the
maximum possible accuracy, Teide was se-
lected as one of the European Laboratory Vol-
canoes, as well as one of the Decade Volca-
noes. Although Teide has been widely investi-
gated, this project has been very useful to com-
plete and integrate previous studies.

Among other research objectives, a detailed
aeromagnetic survey of Las Cafiadas caldera,
including the Teide-Pico Viejo complex, was
carried out. Previous structural studies never
comprised a magnetic survey, which is first
analysed in this paper. Since a detailed micro-
gravimetric model of the area of Las Cafiadas

Mailing address: Dr. Alicia Garcia, Departamento de caldera exists (Camacho et al. 1991), a com-
Volcanologia, Musco Nacional de Ciencias Naturales, prehensive structural model -of the area is
Consejo - Superior de Investigaciones Cientificas, José ‘ . .. .
Gutiérrez Abascal 2, 28006 Madrid, Espafia; e-mail: ~ therefore envisaged with the joint analysis of
mengg92@pinarl.csic.es potential field data. This work describes the

1. Introduction

Teide, with a height of 3718 m, is the
largest and only active stratovolcano of the Ca-
narian Archipelago, with its last eruption in
1798. This volcano was constructed as the
product of the most recent phase of central vol-
canism on Tenerife, and is located in the north-
ern part of Las Cafiadas caldera. To determine
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preliminary analysis carried out with the aero-
magnetic data. The first step has been the esti-
mation of the average effect of the topography,
which is very rugged, on the magnetic anomaly
map. After the removal of the magnetic
anomaly due to the relief, different enhance-
ment techniques were applied to clarify the tar-
get magnetic anomalies and identify their
sources. A first interpretation of these results is
also proposed.

2. Geological background

Teide volcano is located in the centre of
Tenerife, the biggest island of the Canarian
Archipelago. Tenerife was originally con-
structed by fissure eruptions of ankaramites,
basanites and alkali-basalts forming the Old
Basaltic Series that ranges in age from 12 Ma
to 3.3 Ma (Fuster et al., 1968; Ancochea er al.,
1990; Marti et al., 1995). Differentiated vol-
canics and basalts formed a large volcanic
complex in the central part of Tenerife (from >
3.5 Ma to present, according to Marti e al.,
1994a), where the existence of evolved peral-
kaline phonolitic magmas indicates the devel-
opment of high level magma chambers. At the
same time, the Dorsal Series was formed as the
result of basaltic eruptions along the SW-NE
Dorsal Ridge or Cumbre de Pedro Gil (Fuster
et al., 1968; Ancochea et al., 1990). On the
rest of the island, a large number of mono-
genetic basaltic volcanoes constitute the Re-
cent Basaltic Series (Fuster et al., 1968).

The central volcanic complex of Tenerife is
known as Las Caiiadas edifice (fig. 1), a shield
structure which culminates in the walls of a
large elliptical depression measuring 16 x 9 km
called Las Cafiadas caldera. This is located at
an altitude of 2000 m and its maximum depth
is 600 m. Several periods of volcanic activity
separated by periods of quiescence have been
identified during the evolution of the Las
Cafiadas edifice (Marti et al., 1994b). Each
constructive-destructive cycle comprises a sim-
ilar sequence of events: 1) continuous ascent of
mantle-derived basaltic magmas; 2) formation
of a discrete shallow phonolitic magma cham-
ber, which implies a predominance of phono-
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litic eruptions and the existence of a shadow
zone for basaltic eruptions in the central part of
the island; 3) caldera-forming event, implying
the destruction of the volcanic edifice and the
partial/total destruction or cooling of the shal-
low magma chamber; 4) eruption of basaltic
magmas in the central part of the island; and
5) construction of a new shallow magma
chamber in a different location and, conse-
quently, migration of the phonolitic volcanic
activity to other sectors of the central part of
Tenerife. This multicyclic process of caldera
formation has developed over the last 1.2 Ma
(Marti et al., 1995).

In the northern part of Las Cafiadas, the
Teide-Pico Viejo complex was constructed as
the product of the most recent phase of central
volcanism on Tenerife. Teide and Pico Viejo
are two large stratovolcanoes which have
grown in close mutual proximity. They overlap
to form an elongated double edifice, their sum-
mits being separated by a distance of 2.5 km.
The highest altitude corresponds to the Teide
youngest summit vent, El Pitén, at 3718 m.
The main cone is approximately circular, with
a basal diameter of about 5 km. A satellite vent
known as Montafia Blanca is located on the
eastern flank of Teide. The Western Las
Cafadas caldera is occupied by Pico Viejo
products, mainly mafic to intermediate lava
flows. Products of Teide filled the central
caldera and flowed northward to bury the
northern slopes of the Las Cafiadas edifice.
The youngest phonolites from Teide cover
much of the Teide-Pico Viejo edifice. Rela-
tively recently, the eastern caldera became a
focus for phonolitic volcanism (Ablay and
Marti, 1995).

Only five historic eruptions are precisely
dated (Garcia Moral, 1989). All of them took
place in the central part of the island and were
of basaltic nature. The last eruption within Las
Cafiadas caldera was Las Narices del Teide or
Chahorra eruption, which took place in 1798,
and its lava flows cover the southwestern
slopes of Pico Viejo.

The Canary Islands region is affected by
various fault systems, which could be classi-
fied into two different families or groups de-
pending on their relationship with the opening
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Fig. 1. Simplified geological map of Tenerife Island and location of the Las Cafiadas caldera and Teide-Pico

Viejo complex (from Marti et al., 1995).

of the Atlantic or the tectonics of the Atlas
range in the African continent. For the African
family of fractures the orientations are approxi-
mately ENE-WSW and NNE-SSW, while the
Atlantic follow the direction WNW-ESE (par-
allel to the transform faults of the Mid-Atlantic
Ridge) (e.g., Emery and Uchupi, 1984; Arafia
and Ortiz, 1991; Mezcua et al., 1992). The tec-
tonic framework of Tenerife is determined by
these regional fault systems. In fact, the main
volcano-tectonic alignments of the island fol-
low these directions, the Atlantic trend being
related to salic eruptive vents and the African
trend related to basic vents (Coello and Bravo,
1989). The most active faults of Tenerife are
oriented NW-SE and NE-SW (the direction of
La Dorsal), and converge in the central part of
the island (Arafia and Ortiz, 1991; Ancochea
et al., 1995).

3. Data acquisition and reduction

In 1993, and within a regional aeromagnetic
survey of the Canarian Archipelago, the Span-
ish IGN carried out a detailed survey of Teide-
Las Cafiadas. The size of the area is 26x26 km?
(fig. 2). The main flight lines were flown in a
N-S direction with a 500 m spacing at an alti-
tude of 3810 m. The corresponding spacing for
tie lines, flown in an E-W direction, was 5000 m.
The aircraft speed was approximately 285 km/h
that, with a sampling rate of 0.1 s, implying
a data point every 10 m. Magnetic total in-
tensity was measured with a stinger mounted
Magnetometer-Scintrex cesium vapour with a
sensitivity of 0.001 nT. Altitude was measured
with both a barometric and a radar altimeter. A
GPS receiver was used for the positioning.
Two base stations were installed at La Espe-
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ranza (Tenerife Island) and Tahiche (Lanzarote)
for the purpose of removing external field vari-
ations.

The calibration of the equipment included: a
magnetic lag test (computation of the time
elapsed from the instant a point is recorded on
the video and the one in which the correspond-
ing magnetic field value is recorded on the
tape); a heading effect test (to estimate the ef-
fect due to the ferromagnetic materials of the
aircraft which depends on the sensor position
and on the geomagnetic field intensity and di-
rection; the correction was 0.07 nT for the
main lines and 1.85 nT for the tie lines); a cali-
bration of the altimeter; a navigation test (to
calculate the accuracy of the positioning sys-
tem, which was under 10 m); and a test of re-
peatability (to check the stability of the acqui-
sition system).

The pre-processing of the magnetic data
consisted of: correction for altitude variations;

corrections for diurnal variations; levelling
(based on the comparison between the cor-
rected total magnetic field values at the inter-
sections of main lines and tie lines); IGRF sub-
traction and minimum curvature gridding with
a spacing of 200 m. The resulting magnetic

-anemaly map is shown in fig. 3.

A ground survey was carried out during
April 1995 where magnetic susceptibility was
measured with a portable susceptibility meter
on 63 outcrops (shown in fig. 2).

4. Data analysis

Several techniques of analysis were applied to
the magnetic data, in order to obtain some infor-
mation on the anomalous bodies. With the excep-
tion of the calculation of the topographic effect,
the processing was carried out with the program
TRSMAP (Gibert and Galdeano, 1985).
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Fig. 2. Location of the area covered by the aeromagnetic survey and of the outcrops where magnetic suscepti-
bility was measured (dots). Coordinates are UTM (m).
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4.1. Removal of the topographic effect

The rugged topography of the Teide-Pico
Viejo edifice (the caldera floor is at approxi-
mately 2000 m while the Teide summit is at
3718 m) leads to the belief that many of the
observed anomalies are directly related to the
unevenness of the relief. As the purpose of this
study is to define the internal structure of the
volcano in terms of magnetization, it is neces-
sary to quantify and remove the anomaly cre-
ated by the topography in order to clarify the
anomalies caused by deeper sources.

As a first approximation, we calculated the
magnetic anomaly due to a uniformly-magne-
lized terrain (fig. 4). For this, we used the pro-
gram PFMAG3D (Blakely, 1981), an imple-
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labels corresponding to altitude in m). The thick line

mentation of Parker’s algorithm (Parker,
1972), who obtained the magnetic anomaly
over an uneven source by summing a converg-
ing series of Fourier transforms of the magneti-
zation and powers of the top and bottom sur-
faces. The input of the program was a portion
of the digital elevation model of Tenerife
which includes the area of the aeromagnetic
survey. To avoid edge effects, the terrain
anomaly was obtained over a grid of 3636 km?,
while the original magnetic map covers
an area of 26x26 km? Tt is necessary, of
course, to assign a value to the magnetization
of the rocks, For simplicity, we assumed a con-
stant magnetization o' 5 Am™ for the subuerial
volume of the volcano (from sea level to the
Teide summit}). This selection was based on the
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Fig. 4. Magnetic anomaly caused by the topography assumed to be characterized by a uniform magnetization
aof M=5 Am! parallel to the present [lield (D = —8°, I = 38°).

values of total magnetization obtained from
field susceptibility data and the values of rema-
nent magnetization published by Carracedo
(1979) (see table 1). As a large portion of the
subaerial volume of Tenerife corresponds to
basalts and trachybasalts (about 70% in the
central part and more than 90% in the rest of
the island) (IGME, 1968; Arafia, personal com-
munication) the values that characterize this
type of rock were considered for the modelling
of the topographic effect. The magnetization
vector was assumed to be parallel to the pre-
sent geomagnetic field provided by the IGRF
(D =-8°1=38°.

The anomaly due to the uniformly-magne-
tized relief was removed from the original
magnetic anomaly map. The residual map is
shown in fig. 5.

8]

4.2. Reduction to the pole

The transformation that converts the origi-
nal magnetic map (measured in a place charac-
terized by a declination and an inclination of
the main field) into the one that would be ob-
tained at the north magnetic pole is widely ap-
plied in magnetics (Baranov, 1957). The result
is a map where the relation between anomaly
and source is more direct. Magnetic anomaly
maps are usually very complex, especially in
young volcanic arcas, and reduction to the pole
is a useful tool in the simplification of the
maps. However, some assumptions must be
adopted to perform this transformation. First of
all, a constant direction for the magnetization
vector is needed, and in some cases this may
not be realistic. On the other hand, it is neces-
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Table I. Magnetic propertics of representative rocks ol Tenerife. ¥, is avera
is induced magnetization (assuming a magnetic field intensity of 30.7 Am™!
tization {data from Carracedo, 1979), My is the sum of induced plus rem
sumed Lo be parallel, and Q is the Koenigsberger ratio,

Rock Type

Basalt 22,0
Trachybasalt 9.8
Phonolite 4.4
Trachyte 8ed

Basanite 28.0
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Fig. 5. Residual map obtained after sublracting the eftect of the relief from the original
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sary to assign a certain consiant direction to
the Earth’s main field, that is usually valid for
studies of local scale. To estimate the direction
of the total magnetization vector, a distortion
or shape analysis of the magnetic anomalies
has been made (Fedi et al., 1994): when the re-
duction to the pole is calculated using the cor-
rect values of inclination and declination of the
magnetization, the low of the anomaly created

Fig. 6. Distortion analysis of the magnetic anoma-
lies to estimate the direction of the magnetization.
The cross mark indicates the obtained wvalues of
declination and inclination which correspond to the
lowest absolutc value of the minimum of the
anomaly (D = 12£2° 1 = 38+2°),
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Fig. 7. Reduced to the pole residual magnetic map when the dircction of the magnetization is given by
D = 12° and I = 38° (obtained through the shape analysis of the anomalies).
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Fig. 8. Upward continuation to 5 km a.s.l. of the magnetic anomaly map.

by a body characterised by a positive magneti-
zation contrast reaches its minimum absolute
value. Therefore, the calculation of the reduc-
tion to the pole for different declination-incli-
nation pairs will provide the real direction of
the magnetization vector when the minimum
absolute value for the low is found. The main
anomaly, that is, the one that presents a high to
the south of Pico Viejo and a low to the north
of Teide (see fig. 3) was considered for this
analysis. The result is that the magnetization
vector is characterised by a declination of
12£2° and an inclination of 38 + 2° (fig. 6).
For the Earth’s field, we assumed the direction
provided by the IGRF (D = —8°, I = 38°). Re-
duction to the pole was applied to the residual
map (fig. 7). By residual we mean the differ-
ence between the original anomaly and the
anomaly due to the relief characterized by a
constant magnetization of 5 Am™'.
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4.3. Upward continuation

The continuation of a potential field
anomaly map to a height which is more distant
from the source filters short-wavelength
anomalies, usually linked to shallow structures.
Therefore, the anomalies due to larger and
deeper sources appear more clearly. In order to
enhance these anomalies, we performed the up-
ward continuation of the residual anomaly map
to a height of 5 km as.l. (fig. 8).

4.4. Pseudogravity

This transformation, first introduced by
Baranov (1957), provides the «gravity» map
under the assumption that gravimetric and
magnetic anomaly sources coincide, and is
based on Poisson’s relation. The interpretation
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of the resulting map is easier, as gravimetric
anomalies are much simpler than magnetic
ones. For example, magnetic anomalies are
shifted with respect to their sources (except
when they are measured at the magnetic poles),
while gravity anomalies are located in the ver-
tical of their sources. This shift correction is
also obtained when the anomaly is reduced to
the pole. Pseudogravity is indeed useful when
a gravity anomaly map of the same area is
available. The comparison between gravity and
pseudogravity may help to determine if mag-
netic and gravity sources are the same or not.
This transformation was applied to the residual
magnetic data (fig. 9). As for the reduction to the
pole, the direction of total magnetization and of
the Earth’s field are needed. Again, the values of
declination and inclination obtained by means of
the distortion analysis of the magnetic anomalies
were considered for the total magnetization vec-
tor, while the direction provided by the IGRF
was considered for the present field.
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5. Discussion of results

As usually occurs in a recent volcanic area,
the aeromagnetic map evidences the existence
of important anomalies over Las Cafiadas
caldera and Teide-Pico Viejo complex. The
techniques of analysis applied to the data have
helped to relate the anomalies to the volcanic
structures, although it is necessary not to ne-
glect the hypotheses we made to simplify the
real situation and the limitations they imply.

In the original aeromagnetic map (fig. 3) it
is casy to distinguish a large maximum in the
southwestern part of the caldera and a mini-
mum to the north of the Teide-Pico Viejo com-
plex. A secondary high is detected to the east,
outside the caldera rim, which is not as well
defined, as it appears in the boundary of the
studied area.

The magnetic map obtained when a uni-
formly-magnetized topography is assumed to
be the only anomalous source shows the im-

pseudo-mgal

8800

easting (m)

Fig. 9. Pseudogravity integration of the residual magnetic anomaly map when the direction of the magnetiza-
tion is given by D = 12° and I = 38° (obtained through the shape analysis of the anomalies).
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portance of the relief of the Teide-Pico Viejo
complex (fig. 4). Therefore, it is likely that
some of the anomalies not directly related with
the topography are masked by the relief effect.
In fact, when this is removed the magnetic map
changes considerably (fig. 5). The residual
anomalies are due to deep structures and to
shallow bodies with magnetizations different
from 5 Am™!, which was taken as reference. It
is essential to take into account during their in-
terpretation that the aeromagnetic survey was
carried out at a constant altitude of 3810 m.
This means that the aircraft passed at 100 m
over Teide peak, but at more than 1800 m over
the caldera floor. Consequently, a shallow
structure within the Teide cone will be re-
flected in the magnetic map as an anomaly
much more intense than if it were emplaced
beneath the caldera floor. It is shown, for ex-
ample, that the major part of the northern mini-
mum could be explained by the unevenness of
the relief. However, the large anomaly of the
southwest of the caldera is still present, al-
though its magnitude has logically decreased.
The direction of the La Dorsal fracture, SW-
NE, is clearly observed. It is interesting to note
that a small magnetic low appears near the
summit of Teide.

When the magnetic map is reduced to the
pole, anomalies are shifted to the vertical of
their sources (fig. 7). The small minimum
mentioned is now located over the Teide peak.
Its short wavelength and intensity seem to indi-
cate a very shallow origin. We had seen, from
field measurements and other author’s data,
that phonolites are characterized by very low
susceptibility and remanent magnetization
compared with other types of rocks (table I).
The shallowest materials of Teide-Pico Viejo
are phonolitic (Ablay and Marti, 1995). The
small negative anomaly over Teide indicates
that very slightly-magnetized phonolites (with
a magnetization much lower than 5 Am™") are
present and that, in some way, they must be
different from those overlying Pico Viejo. On
the other hand, the strong maximum appears
now centered over the northern slopes of Pico
Viejo. Both its intensity and size imply a
strongly-magnetized source buried at some
depth. The upward continuation of the mag-
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netic map confirms these conclusions (fig. 8).
On one hand, the small anomaly over Teide
peak disappears, and this is proof of its shallow
character. On the other hand, the large high
near Pico Viejo is still present, although logi-
cally smoothed. This anomaly covers the
northern part of the caldera and could be re-
lated to the basaltic intrusion responsible for
the last eruptions in Tenerife. We can also see
that the southern caldera boundary is clearly
outlined by a linear magnetic high centered
over the caldera wall, reaching its maximum
value over the peak of Guajara.

Regarding pseudogravity (fig. 9), the result-
ing map is very similar to the reduced to the
pole one, although anomalies have been
smoothed (this is expected as pseudogravity at-
tenuates high wavenumbers). The caldera limit
is not so clearly marked, but a broad low ap-
pears in the zone of Guajara. As a preliminary
approach, the qualitative comparison between
the pseudogravity and the Bouguer anomaly
map of Las Cafiadas area (Camacho ef al,
1991) yields a good correlation between mag-
netic and gravity sources.

6. Conclusions and future work

This preliminary analysis carried out with
the aeromagnetic data of Las Cafadas caldera,
including the Teide-Pico Viejo complex, has
provided a new insight into the structure of this
interesting active volcanic area. The main re-
sults obtained to date are the following:

— the rugged topography of the area is re-
sponsible for many of the measured magnetic
anomalies;

— a large magnetic high appears centered to
the north of Pico Viejo and covering the north-
ern part of the caldera. This anomaly could be
related to a basaltic intrusion responsible for
the last eruptions of the Pico Viejo area (e.g.,
Las Narices del Teide);

— a small magnetic low is located over the
summit of Teide. This seems to be caused by
very low-magnetized shallow phonolites, dif-
ferent from the ones of Pico Viejo;

— the SW-NE tectonic direction, parallel to
the La Dorsal fault, is reflected on the mag-
netic maps;
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— a secondary magnetic high appears out-
side the eastern caldera limit. It seems to be
caused by a structure characterised by a posi-
tive magnetization contrast, although it is not
well defined, as it coincides with the boundary
of the magnetic map;

— the comparison between the pseudograv-
ity and the Bouguer anomaly map indicates a
good correlation between magnetic and gravity
sources.

Future work will take into account the cor-
rection of the topographic effect considering
different magnetizations for each area. Also,
the magnetic data of Las Cafiadas area will be
completed with those of the entire island and
of the marine survey that has recently been
carried out. Finally, the joint interpretation of
both magnetic and gravimetric anomalies will
provide an integrated geophysical model of the
subsurface structure of Teide.
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