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Abstract

A local ground magnetic study of the Furnas caldera (S. Miguel Island, Azores) has provided new insight into
the magnetic structure of this volcano. Analysis of the data comprised removal of the IGRF, reduction to the
pole, pseudogravity integration and upward continuation. Also, a spectral method was applied to estimate the
depth to the magnetic sources, as well as a 2.5D forward modelling technique. Magnetic properties obtained at
the laboratory for some representative sample rocks were considered in the modelling process. The most rele-
vant features are the existence of an important negative anomaly inside the caldera and of an intense positive
anomaly to the south of the coast. The former points out a decrease in the magnetization of the caldera filling
materials with respect to the surrounding rocks, which could be explained as the result of post-eruption pro-
cesses such as hydrothermal alteration. This is expected as Furnas has an active hydrothermal system probably
related with a magmatic reservoir at high temperature. The positive anomaly suggests the existence of a
strongly-magnetized body beneath the south coast.

Key words Furnas caldera — magnetic anomalies — tology and Natural Hazards» programme in
hydrothermal alteration 1991. A multidisciplinary research was planned
aimed at obtaining information on the activity
of this volcano, its eruptive history and its

1. Introduction structure. This latter topic was considered in

the geophysics subproject, which included a

Furnas is one of the three active quaternary magnetic survey.

stratovolcanoes on the island of S. Miguel, in The study of the magnetic anomalies is con-
the Azores Archipelago. It consists of a multi- sidered a useful method for the structural in-
cyclic caldera which last erupted in 1630 A.D. vestigation of recent volcanic areas, since vol-
The activity of this volcano has been mainly canic rocks are generally characterized by high
explosive. At present, there are important fu- magnetizations. Magnetization contrasts in
marolic emissions linked to the presence of an these zones have different origins: high tem-
active hydrothermal system. Furnas was se- perature rocks, volcano-tectonic structures,
lected by the European Union as one of the six shallow or deep magmatic chambers, intru-
laboratory volcanoes included in the «Clima- sions, difference in the amount of lavas and

pyroclasts, reversed or normal magnetized
rocks, hydrothermal alterations, etc. (Lenat and
Aubert, 1982). Thus, magnetic studies are a
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Okubo, 1994). However, few of them deal with
structural studies of caldera complexes (Muroi,
1973; Nishida, 1984; Ortiz et al., 1992; Okubo
and Shibuya, 1993; Campos-Enriquez and Gar-
dufio-Monroy, 1995).

Furnas cannot be considered a well-studied
volcano, especially from the geophysical point
of view. As far as we know, the only paper
dealing with its structure is that of Machado
(1973), who made a simplistic interpretation
of the gravimetric and aeromagnetic maps of
S. Miguel Island compiled during the 60’s
(Coelho, 1968; Quintino, 1962). According to
this author, S. Miguel Island is crossed by the
Mid-Atlantic Ridge; consequently, positive and
negative magnetic anomalies detected over the
island correspond to the normal and reversed
polarity zones associated with the crustal gen-
eration from this spreading center. In the 80’s,
interest in exploiting geothermal resources of
S. Miguel promoted some geophysical re-
search. However, these studies were almost ex-
clusively focused on the neighbouring volcano
Fogo-Agua de Pau. Only an audio-magnetotel-
luric survey was carried out on Furnas (Hoover
et al., 1983), detecting very shallow (tens of
meters) resistivity anomalies linked to fu-
maroles. This paper describes a magnetic sur-
vey, the techniques used to produce the mag-
netic anomaly maps and the results obtained
concerning the causative bodies. These results,
integrated with those from other geophysical
and geological techniques, contribute to a bet-
ter understanding of this volcano.

2. Geologic setting

The Azores Archipelago is located in the
Atlantic, where the American, Eurasian and
African lithospheric plates meet (Krause and
Watkins, 1970; Forjaz, 1984). Three main tec-
tonic features characterize the geodynamics of
this part of the North Atlantic: a) the Mid-
Atlantic Ridge which crosses the Archipelago
between the islands of Flores and Faial (Krause
and Watkins, 1970); b) the East Azores Frac-
ture Zone which extends E-W from the Mid-
Atlantic Ridge to Gibraltar (Krause and
Watkins, 1970); c) the Terceira Rift or Azores
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Fracture Zone which extends from the island
of Santa Marfa towards the Mid-Atlantic Ridge
following approximately a NW trend (Macha-
do, 1959). Also, there is an important fault sys-
tem which crosses the islands of Faial-Pico and
San Jorge, which have a general WNW-ESE
trend and converge with the Terceira Rift at the
western end of Sdo Miguel (fig. 1).

Sdo Miguel Island is located over the
Azores Fracture Zone and is the biggest island,
covering an area of approximately 65 x 15 km?*
(fig. 2). The oldest materials are found in the
Nordeste volcanic complex, with an age of
4 Ma. At present, three active stratovolcanoes
exist on this island: Sete Cidades, Agua de Pau
or Fogo and Furnas. All three volcanoes have
calderas that formed in the Late Pleistocene as
a consequence of voluminous eruptions of tra-
chytic pyroclastic flows and fall deposits.

Furnas volcano, located between the volca-
noes of Fogo and Povoagao (the last one con-
sidered extinct), was constructed almost en-
tirely during the last 100000 years (Moore,
1991). The present caldera, with a size of
7x4.5 km (N-S, E-W directions, respectively)
and flanked by steep walls as high as 500 m,
was formed after several different collapse
episodes, the last being about 5000 years ago
(Guest et al., 1994). These collapses were fol-
lowed by caldera filling eruptions. It is known
that Furnas erupted explosively at least ten
times during the last 5000 years (Booth et al.,
1978). Two of these eruptions are historic, one
in the mid fifteenth century and the other in
1630 A.D. The latter buried the south rim of
the caldera and destroyed the village of Furnas.
A detailed geologic mapping of Furnas vol-
cano was performed by Moore (1983, 1991).
Trachyte is the most abundant type of rock, as
it constitutes more than 83% of the total vol-
ume of Furnas.

An active hydrothermal system exists as
well as important fumarolic emissions. This in-
dicates the presence of a magmatic body at
high temperature within the caldera, the exis-
tence of which is postulated by several authors
(Machado, 1973; Booth et al., 1978; Forjaz,
1986; Moore, 1991). A system of active nor-
mal faults crosses the caldera following a
WNW-ESE direction. A second important tec-
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Fig. 1. Geodynamical framework of the Azores Archipelago. WAFZ = West Azores Fracture Zone;
EAFZ = East Azores Fracture Zone; MAR = Mid-Atlantic Ridge; TR = Terceira Rift (after Forjaz, 1984).
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Fig. 2. Map of Sdo Miguel Island. Hatched lines mark the calderas: S = Sete Cidades; A = Agua de Pau or
Fogo; F = Furnas; P = Povoagao. The square shows the area covered by the land magnetic survey.
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tonic trend ranges from N-S to NE-SW and
comprises a complete set of conjugate normal
slip faults (Guest et al., 1994; Gaspar et al.,
1996).

3. Data acquisition and reduction

Magnetic total intensity was measured in
two field surveys (1993-1994). A total of 473
points were measured using a proton preces-
sion magnetometer (resolution 0.1 nT), cover-
ing the area marked in fig. 2 (about 15 x 15 km?).

41914

41811

4176

4171 ‘

‘better define marine anomalies.

Latitude and longitude of each point were mea-
sured with a portable GPS receiver. A refer-
ence station was deployed at the Ermita Nosa
Sefiora da Paz, to the North of Vila Franca vil-
lage (outside the area of the study). Distance
between stations was selected to be about 500 m,
especially in the immediate neighbourhood
of the caldera, although the distribution of the
data points is not regular in some areas be-
cause of the rugged topography and the dense
vegetation (fig. 3). Land data were completed
with some US NGDC marine profiles located
near the south coast of the island, in order to
Some rock
samples were collected from the most repre-
sentative outcrops of the volcano in order to
study their magnetic properties (magnetic sus-
ceptibility, remanence, Curie temperature).
These results were used as reference values
when modelling the deep structures that gener-
ate the magnetic anomalies.

The data reduction process included re-
moval of the external field variations and sub-
traction of the core field applying the IGRF
model (IAGA, 1992). After this, the data were
gridded at a constant spacing of 0.5 km using a
minimum curvature algorithm. The resulting
map is shown in fig. 4.

4. Rock magnetic properties

Crustal magnetic anomalies reflect the spa-
tial variation of the total magnetization of
rocks. To understand the origin of this variabil-
ity it is necessary to know the magnetic prop-
erties of the rocks and the factors that control
them. This is essential to the reliable geologi-
cal explanation of the observed magnetic
anomalies.

Total magnetization, M, is the sum of
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Fig. 3. Location of the land magnetic stations and
the selected marine profiles (dots). The outcrops
where the rock samples were collected are also
shown (stars). Coordinates are UTM (km).
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(NRM: Natural Remanent Magnetization),
and induced magnetization, M. That is,
Mr = Mygm+Minp = Marm+ /1 B, where ¥ is
the magnetic susceptibility of the rock, u is the
magnetic permeability and B is the Earth’s
magnetic induction. In volcanic rocks, NRM is
called TRM, thermal remanent magnetization,
as remanence is primarily acquired when
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Fig. 4. Mugnetic anomaly map of Furnas caldera and surrounding areas obtained from the land magnetic data.
As in the next figures, the thick black line marks the caldera rim and the Lagoa das Furnas ou[lmc Coordi-

nates are UTM (km)

erupted rocks cool below their Curie tempera-
ture. Both y and Mgy essentially depend on
the amount, grain size and composition of
titanomagnetite, which is the main carrier of
magnetization in volcanic rocks (Reynolds
et al., 1990). The variation of these properties is
a consequence of magma composition, cooling
rate, volatile content and alteration history
(Hildebrand et al, 1993). Volcanic rocks are
usually characterized by a high remanence-to-
induction ratio (Mypm/Mpp = @, Koenigs-
berger ratio). This is due to the small grains of
magnetic minerals typical for these rocks (pro-
duced by high-temperature alteration pro-
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cesses), which generally implies high rema-
nence and low susceptibility (Watkins and
Paster, 1971).

Different processes can alter the magnetic
properties of primary titanomagnetite: mineral
ex-solution, high-temperature oxidation, low-
temperature oxidation and hydrothermal alter-
ation (e.g., Haggerty, 1979; Reynolds, 1990). It
is necessary to know what type and degree of
alteration have affected the rocks in order 1o
obtain an appropriate explanation of the varia-
tions in total magnetization detected by means
of magnetic anomaly studies. For example,
both ex-sclution and high-temperature oxida-
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Table I. Magnetic properties measured in the laboratory for the rock samples collected from the outcrops
shown in fig. 4. Mgy is Natural Remanent Magnetization; y is initial magnetic susceptibility; Myp is induced
magnetization (assuming a magnetic field intensity of 34.7 Am™'); Q is Koenigsberger ratio (Mxrm/Minn);
Moy is the sum of Mygy plus Minp (supposed to be parallel) and T is the Curie temperature.

. Age Myrm —6 Mnp Moy o
Sample Rock type (years) (Am) x (107 SI) (Am™) 0] (Am™") Tc(°C)
1 Trachytic pumice 5000 0.09 9.5 0.05 1.8 0.14 225
2 Hawaiitic stromb. 11500 1.25 7.3 0.04 312 1.29 515
pyroclast
3 Trachytic pumice :
(1630 A.D. historic 364 0.01 2.5 0.01 1.0 0.02 270
eruption)
4 Trachyte 120000 227 175.2 0.96 24 3.23 260
5 Trachytic dyke 28000 1.41 108.4 0.59 2.4 2.00 450
6  Basalt 750000  15.39 165.6 091 169 1630 g‘gg
7 Trachytic ignimbrite 640000 6.07 65.3 036 169 6.43 580
8 Hawaiite 75000 3.41 810.1 4.43 0.8 7.84 530
9 Hawaiitic stromb. 17000 0.45 5.0 003 150 048 280
pyroclast

tion favour the decrease of the titanium content
of titanomagnetite and therefore lead to in-
creases in magnetization, Curie temperature
and magnetic stability. Advanced high-temper-
ature oxidation of magnetite + ilmenite, never-
theless, creates weakly magnetic hematite.
Low-temperature  oxidation of magnetite-
ulvospinel to titanomaghemite causes a decrease
in magnetization and an increase in Curie tem-
perature, while low-temperature oxidation of
low-titanium magnetite to hematite greatly
diminishes magnetization (Reynolds et al.,
1990). The effect of hydrothermal alteration is
not known likewise, but it generally leads to a
decrease of magnetization and a rise in the
Curie point.

The rock samples collected in the field were
analyzed in the laboratory for the determina-
tion of their magnetic susceptibility, remanent
magnetization and Curie temperature (table I).
The location of the outcrops are marked in
fig. 4. The samples include five trachytes (two
pumices, one dyke, one ignimbrite and one
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lava), three hawaiites (two pyroclasts and one
lava) and one basalt (lava). Both susceptibility
and remanent magnetization appear to be very
variable. The lowest values correspond, as ex-
pected, to the pumices (samples 1, 3) and the
pyroclasts (samples 2, 9). The hawaiite (sam-
ple 8) shows the greatest susceptibility, five
times greater than for the rest of the trachytes
and the basalt. The high value of remanence of
the trachytic ignimbrite (sample 7) and, espe-
cially, of the basalt (sample 6), must be high-
lighted. The Koenigsberger ratio is greater than
1 for most rocks, with only one exception
(sample 8). The highest value corresponds to
sample 2, with a ratio of more than 30. It is
noteworthy that Q is low for the trachytes
compared to the rest of rocks. This was also
observed by Nunziata and Rapolla (1987) on
the island of Ischia (Italy). Total magnetization
was calculated assuming that both remanent
and induced magnetization are parallel, taking
into account the ages of the rocks. The basalt
(sample 6) is the most strongly magnetized



rock, followed by the hawaiite (sample 8) and
the ignimbrite (sample 7). The Curie points
were obtained from the curves of susceptibility
versis lemperature, heating the samples from
0°C to 700°C. They range from 225°C to
580°C. This suggests that the main carriers of
the magnetization are titanomagnetites with
different degrees of oxidation.

The values measured for the magnetic pa-
rameters, especially those of the trachytes, will
be used for the interpretation of the anomalies
which will be discussed later. However, the

AI
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Fig. 5. Upward continuation to 2 km as.l. of the magnelic
ack lines correspond to the profiles selected for the spectral

arcas obtained from land and marine data. The bl
analysis and for the forward modelling.
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small number of samples and the evidence of
an active hydrothermal system (which modifies
the physical properties of the rocks within the
caldera) must be considered, so that the resulis
mentioned here may not be representative of
all the materials in Furnas.

5. Interpretative technigues

In order to clarify the magnetic anomaly
map and obtain some information on the

anomaly map ol Furnas caldera and surrounding
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sources, different interpretative techniques
were applied to the data. Upward continuation
was performed for the filtering of terrain ef-
fects; reduction to the pole and pseudogravity
integration were applied to shift anomalies
above their sources; a simple spectral inversion
method was used to define magnetic layers. Fi-
nally, bearing in mind all the information pro-
vided by this techniques, a structural model
was constructed along a selecleed profile.

5.1. Upward continuation and terrain effects

One important problem derived from the
high magnetizations that usually characterize
young volcanic rocks is that many of the mea-
sured anomalies are often originated by the un-
evenness of the relief. Sometimes, these shal-
low anomalies are so high that they mask and
distort deeper ones. In Furnas volcano the to-
pography is rugged, as the altitude ranges from
sea level to almost 1000 m. The caldera walls
are, at some points, 500 m higher than the
inner ground. Therefore, it is necessary to re-
move or, at least, attenuate the anomalies
caused by the relief in order to enhance those
due to deeper sources.

Several methods have been developed to
perform this correction (e.g., Clarke, 1971;
Plouff, 1976; Blakely, 1981; Grauch, 1987).
One of the traditional techniques, based on the
application of linear filters, is the upward con-
tinuation (Bhattacharyya and Chan, 1977;
Jacobsen, 1987). This method is based on the
property that the extension and magnitude of
the anomaly is closely related to the distance
between the source and the measurement point.
Therefore, shallow anomalies are usually char-
acterized by short-wavelengths and are attenu-
ated as we move away from the sources. A
similar result would be obtained using a low-
pass filter. This method is effective when the
topographic anomalies and the target anoma-
lies are characterized by quite different wave-
lengths. However, short-wavelength anomalies
that could be important may be removed and,
on the contrary, long-wavelength anomalies of
topographic origin may be maintained.
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Taking into account that recent volcanics
are usually reflected on the magnetic anomaly
maps as short-wavelength anomalies, upward
continuation was applied to remove terrain
effects. The program TRSMAP (Gibert and
Galdeano, 1985) was used. After performing
the continuation to several heights, an altitude
of 2 km a.s.l. was selected. The upwardly-con-
tinued map appears in fig. 5.

5.2. Reduction to the pole and pseudogravity

The dipolar character of magnetic anoma-
lies, especially at low and temperate latitudes,
makes their interpretation more difficult than,
for example, gravity anomalies. This means
that magnetic anomalies are shifted with re-
spect to the sources, so it is not evident to re-
late the former to the latter. Reduction to the
pole and pseudogravity integration help to
solve this problem (Baranov, 1957). The first
transforms the original map into the anomaly
map that would be measured in the north mag-
netic pole. Pseudogravity integration calculates
the «gravity» anomaly map assuming that
magnetic sources coincide with gravity ones.
In both transformations the directions of the
Earth’s magnetic field and of the total magneti-
zation are needed. The former can be approxi-
mated with a model of the core field such as
the IGRF. Although methods for taking into
account the variations in the direction of the
geomagnetic field and of the magnetization
over the region have been attempted (Arkani-
Hamed, 1988), it is generally necessary to as-
sume that both have constant directions. Be-
cause remanent magnetization is generally
much greater than induced magnetization and
the rocks of Furnas were emplaced after the
last field reversal, it was assumed that the total
magnetization vector is parallel to the present
field. Reduction to the pole was applied to land
survey data in order to enhance shallow
anomalies (fig. 6a). Pseudogravity transforma-
tion was applied to both land and marine data
after upward continuation was made (fig. 7).
Thus, deeper anomalies will be interpreted and
modelled more easily.
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¥ map ol Furnas caldera and surrounding arcas obtained

{rom the land magnetic data; b) topographic map of the same area, where L = Lagoa das Furnas (Furnas laké);
F = Furnas village; G = Pico do Gaspar; M = Pico das Marconas; RQ = Ribeira Quente village: PF = Pico do
Ferro; PC = Pico Ceguinho; PG = Pico Grande: PB = Pico do Buraco; SC = Salto do Cavalo.

5.3. Magneric layers

Spectral analysis is a widely-used technique
for the estimation of the depth to the magnetic
sources, as the formula of magnetic anomaiies
is considerably simpler in the wavenumber do-
main. The most typical processing techniques
consider statistical models, and are generally
based on the method developed by Spector and
Grant (1970). However, for its simplicity,
we have applied the method of Okubo and
Shibuya (1993). Assuming that the magnetic
source is a bidimensional body, these authors
deduced a very simple linear expression which
relates the power spectrum of the magnetic
anomaly with the depth to the source. Begin-
ning with the formula of the power spectrum
of a rectangular prismatic body (Bhattacharyya
and Leu, 1975), they obtained the following
expression introducing some hypotheses:

.|

This is valid when ka <= 1, kD <« 1 aud

P(k)[f2
k

:I:A—kzu. (5.1)
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cot ¥ = I, where: P(k) is the power spectrum
of the magnetic anomaly; & is the wavenumber:
A is a constant; @ is the horizontal half-thick-
ness of the body: D is the vertical half-thick-
ness of the body; v is the inclination angle of
the body; and z; is the centroid depth of the
body. This expression shows that it is possible
to obtain the centroid depth of the source di-
rectly from the gradient of the spectrum.

In the same way, the following relation can
be written (Okubo et al., 1985):;

-
p e

In [P(k)'?] = B—k (5.2)

Where B is a constant and z, is the depth to the
top of the body. Again, we see that it is
straightforward to obtain the depth to the Lop
of the source by means of the anomaly power
spectrum. It is simple to calculate the depth to
the bottom of the source, z, with the expression
Zp = 22'.[)—3,.

Three profiles, which cross the most signifi-
cant anomalies, were selected to apply this
method, and are shown in fig. 5. The power
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Fig. 7. Upward continuation to 2 km a.s.1. of the pseudogravity map of Furnas caldera and surrounding arcas

obtained from land and marine data.

spectra were calculated with a FFT algorithm,
and both In [P(kY'k] and In [P (k)'7] versus k
were plotted. Finally, a linear fit was per-
formed to obtain z, and z, (fig. 8). When inter-
preting these results, however, we must keep in
mind that the initial hypothesis of a 2D struc-
ture may be quite restrictive.

54. Forward modelling
A 2.5D forward method was applied to fit

the synthetic anomaly caused by a certain
structure to the anomaly observed along the
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profile A-A’. For this purpose, the GRAVMAG
(1993) program was used. This program pro-
vides the magnetic anomaly along a profile as-
suming that the anomalous bodies are finite
prisms of polygonal cross-section and uniform
magnetization. The expressions for these
anomalies were taken from Shuey and Pa-
squale (1973). First, the anomaly created by
a uniformly-magnetized topography was ob-
tained (fig. 9), with the aim of quantifying the ef-
fect of the terrain. Second, after taking into ac-
count all the previous information obtained about
the sources, a structural magnetic model was
constructed along the same profile (fig. 10).
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z(0) = depth to the centre (or centroid depth).
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Fig. 9. Comparison between the upwardly-continued magnetic anomaly map (black line) and the synthetic

anomaly (dashed line) created by a topography characterized by a constant total magnetization of 6 Am

along the profile A-A’ (see fig. 5).

6. Discussion

The magnetic anomaly map shown in
fig. 4 is complex, as results from the superpo-
sition of many high-amplitude anomalies (sev-
eral thousand nT) characterized by different
wavelengths. This is expected as magnetic
sources have different sizes, different magneti-
zation contrasts and are located at different
depths.

The interpretative techniques described
above have provided some information about
the sources, especially concerning their size
and location. Nevertheless, this must be used
carefully, as it has been necessary to assume
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some hypotheses in the processing of the map
which, in some cases, could be not completely
verified.

6.1. Shallow structures

If we compare the magnetic anomaly map
and the topographic map it is possible to ap-
preciate a certain correlation between them.
This becomes clearer when the map is reduced
to the pole (fig. 6a,b). In general, the higher el-
evation areas seem to be related to positive
values of residual magnetic field, while over
the inner part of the caldera, for example, they
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Fig. 10. Comparison between the upwardly-continued magnetic anomaly map (black line) and the synthetic
anomaly (dashed line) created by the structure that appears in the figure, where the numbers correspond to to-
tal magnetizations in Am™' along the A-A’ profile (see fig. 5).

are negative. This important shallow contribu-
tion is expected in any volcanic area, espe-
cially when it is a quaternary structure, as is
the case of Furnas. However, the topography is
not the only magnetic source. Figure 9 shows
the magnetic anomaly observed along A-A’
profile and the synthetic one due to a uni-
formly magnetized topographic layer. This is
only a first approximation, but it allows us to
state that, although there is some similarity,
they are quite different. Moore (1983, 1991)
points out in the geological map of Furnas that
the caldera and surrounding areas are widely
covered by trachytic pyroclasts. The values of
susceptibility and NRM measured for this kind
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of materials (table I, samples 1 and 3) reveal
very low magnetizations, as expected for such
light products. The correlation between mag-
netic anomalies and topography prove that
these materials constitute a very thin layer
overlying denser materials (lava flows, domes,
ignimbrites), which are responsible for the high
magnetization of shallow origin.

In the inner part of the caldera, two different
zones of negative anomaly are distinguished:
one is detected over Furnas Lake, while the
lowest values of the caldera appear in the
immediate neighbourhood of Furnas village
(fig. 4 and 6a). Pseudogravity integration sepa-
rates both zones, pointing out that the main
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source should be near Furnas village (fig. 7).
The domes named Pico do Gaspar and Pico
das Marconas are revealed in the reduced to
the pole magnetic anomaly map as small highs
in comparison with the surrounding values of
residual magnetic field. In the north of the
caldera, the negative anomaly continues out-
side the caldera wall. This indicates a different
source from the unevenness of the relief.

The outer part of the caldera shows a series
of small highs which corresponds to a dome
alignment near the northwest (Pico do Ferro,
Pico do Ceguinho, Pico Grande) and northeast
caldera rim (Pico do Buraco) (fig. 4 and 6a).
The intensities of these small highs seem to
be related to their composition: the highest
ones are associated to mafic domes (Pico do
Ceguinho, Pico Grande, Pico do Buraco),
while their intensity is lower for the trachytic
ones (Pico do Gaspar, Pico das Marconas).
Sample No. 8, which belongs to the hawaiitic
deposits of Salto do Cavalo-Pico do Buraco, is
characterized by a strong susceptibility. There
is one exception: the Pico do Ferro dome
which, in spite of being formed by trachytic
materials, is associated to a more intense
anomaly. This difference could be due to the
different material the domes overlie, as the size
and age of the cones are similar. In fact, Moore
(1991) suggests that Pico do Ferro could be
emplaced over a tristanite flow. In this case,
the general law that associates greater anoma-
lies to salic materials rather than to mafic ones
when oxidation processes have not taken place
(Haggerty, 1979) is not verified. This fact sug-
gests that some oxidation must have occurred.

6.2. Deep structures

Upward continuation filtered short-wave-
length anomalies favouring the effect of rela-
tively deep sources (fig. 5). The most remark-
able features are the negative values that ap-
pear within the caldera (now it is not possi-
ble to distinguish between the two zones men-
tioned before) and the intense high that appears
to the south of the coast. The appearance of
these anomalies leads to the conclusion that
both are caused by the same structure (i.e., a
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strongly-magnetized body beneath the south
coast). In fact, the azimuth of the imaginary
line which connects both anomalies is almost
coincident with the magnetic declination in
Sdo Miguel (—11°), and it seems reasonable
that the magnetization of this anomalous body
is approximately parallel to the present field. If
this is true, pseudogravity integration would
transform the magnetic anomaly into a pseudo-
gravity high located over the source some-
where between the magnetic high and the low.
However, the transformed map displays both a
pseudogravity maximum and a minimum,
pointing out that two different sources are pre-
sent. This means that it is likely that a
strongly-magnetized body exists below the
south coast (the reason for the maximum), as
well as a structure characterized by a negative
magnetization contrast beneath the caldera
(which produces the minimum). Nevertheless,
it is necessary to take into account that the dis-
tribution of marine data does not allow the in-
tensity or size of the magnetic high to be pre-
cisely defined.

The spectral analysis based on the method
of Okubo and Shibuya (1993) can be applied
to linear anomalies, as it assumes a two-dimen-
sional source. In a first approximation, three
profiles which cross the caldera were selected
(fig. 5). The linear fits of spectra and estimated
depths are shown in fig. 8. In all the profiles it
is easy to distinguish two different magnetized
layers (which are worse defined in the C-C’
profile). The magnetic horizon separating them
is at an average depth of 0.8 km. Thus, we can
imagine a shallow layer which extends from
the surface to this depth, and a deeper one
from there on. These results are coherent with
the structure proposed by Forjaz (1986), who
suggests that the interface between Furnas ma-
terials and the submarine lavas overlaid by
them is located at a depth of approximately
1 km. This result was integrated in the struc-
tural forward model, as well as all the charac-
teristics of the magnetic sources deduced from
the different interpretative techniques.

Taking into account that the transformations
applied to the anomaly map especially empha-
size the above mentioned anomaly, the struc-
tural model was constructed along the A-A’



Magpetic study of the Furnas caldera (Azores)

profile. The main problem of this task in a
place such as Furnas is the lack of geological
and geophysical data to support the hypothe-
ses. The existence of a body at high tempera-
ture somewhere beneath the caldera is evident,
as it must be the source of heat for the fu-
maroles and thermal springs at the surface. In
the same way, a reservoir where the original
basaltic magma has evolved to the acidic one,
responsible for the typical trachytic eruptions
of Furnas, must exist. Machado (1973) states
that this magma chamber must be emplaced at
a depth of about 5 km, but it is not clear how
he reaches this conclusion. If this assertion is
true, the shallow character of this study does
not allow a body to be detected at such depth.
Sigmundson et al. (1995) detected, from GPS
and optical levelling tilt data, a small inflation
greater than 7 mm/yr inside the caldera, and
suggest that it may be caused by accumulation
of magma at shallow depth beneath the
caldera. However, they do not reject the possi-
bility that it could be due to fluid accumulation
within a deep hydrothermal system beneath the
caldera. On the other hand, there are no well
logs which reveal the dependence of the mag-
netic properties of rocks on depth, or seismic
studies that provide information about the
structure of the crust in this area. The number
of rock samples that were collected may not be
representative of the magnetic properties of the
entire volume of the volcano. Keeping all this
in mind, the proposed model is only one of the
possible structures along a profile which could
be representative (fig. 10). This is a simple
model, as more detail will not necessarily
mean more resolution and accuracy, as it
would not be supported by real data.

It is necessary to note that the applied for-
ward modeling technique assumes that the
structures are symmetric with respect to the
profile direction. Therefore, although the
anomalies show a quasi-axial behaviour with
respect to this direction, we must not forget
that real sources may not be so symmetric as
we presumed. The initial fixed parameters of
the modelling were: 1) the location of the hori-
zontal contrast between the materials of Furnas
and the oceanic lavas at a depth of 500 m
b.s.1; 2) the average magnetization of the ter-
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rain: as trachyte is the most abundant rock
(Moore, 1991), measurements obtained in the
laboratory for this kind of material have been
considered typical. Taking into account that,
even the upwardly-continued map contains in-
formation from the topography, the shallowest
materials were characterized by a high total
magnetization (remanent + induced) of 6 Am™:
3) the magnetization of the basaltic oceanic
lavas: a typical value of 4 Am™ for this kind of
material was assumed (Reynolds er al., 1990).
Starting with this initial simple model, several
structures, based on reliable assumptions, were
added in order to fit the synthetic anomaly to
the actual data (fig. 10).

To explain the secondary high that appears
to the north of the caldera, a total magnetiza-
tion of 10 Am™" has been assumed. This could
be related to the presence of basaltic materials
in the northern part of the volcano (Moore,
1983). On the other hand, the evident existence
of an active hydrothermal system which must
affect the caldera filling materials, led us to as-
sume that the alterations that the hydrothermal
fluids produce on the magnetic minerals are, at
least in part, the origin of the wide magnetic
low.

Several authors have associated magnetic
lows with the decrease of magnetization due to
alteration of hydrothermal origin (Smith et al.,
1974; Kane et al., 1976; Criss and Champion,
1984; Rapolla et al., 1989; Hildebrand et al.,
1993). This effect mainly consists of the oxida-
tion of the ferromagnetic minerals which are
transformed into paramagnetic or antiferro-
magnetic ones when fluids at high temperature
(200-300°C) circulate within the rocks. A typi-
cal transformation would be the oxidation of
magnetite to produce hematite. However, the
exact mechanism of this process is not very
well understood, as sometimes the result is an
enhancement of magnetic moment. For exam-
ple, Criss and Champion (1984), studying the
Idaho batholith, observed the crystallization of
secondary magnetite as a consequence of the
precipitation of iron from the hydrothermal flu-
ids. This effect was also described by Hall and
Fisher (1988). The exact conditions which pro-
duce one process or the other are not very well
known, so it is not possible to assure that hy-
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drothermal alteration always decreases the
magnetization of the rocks. This type of alter-
ation undoubtedly exits in Furnas (Malheiro
et al., 1993), but there is no information about
its effect on magnetic minerals. The samples
we collected in the field and studied in the lab-
oratory belong to fresh rocks so, unfortunately,
do not aid in ascertaining the influence of hy-
drothermalism on the magnetic petrology in
Furnas caldera.

Magnetic lows can have other causes.
Reversely-magnetized rocks or temperatures
above the Curie point are often the source of
negative anomalies: the former because they
create a magnetic field opposite to the present
main field, and the latter because these rocks
have no magnetization. In both cases, the mag-
netization contrast with respect to the sur-
rounding rocks would be negative. Both cir-
cumstances have been rejected in Furnas. The
age of the volcano restricts the acquisition of
remanence to a period where the polarity of the
main field has remained normal (Furnas has
been almost entirely constructed over the past
100000 years (Moore, 1991), while the last re-
versal occurred 750000 years ago (e.g., Parkin-
son, 1983)). On the other hand, the oceanic
lavas below Furnas are magnetized in the nor-
mal direction, as revealed by the map of ma-
rine anomalies of this area. Taking this into ac-
count, it is clear that a reversed magnetization
cannot be the cause of the magnetic low over
Furnas caldera.

The size of the area covered by the mag-
netic survey restricts the depth to the magnetic
sources to approximately the first 3 km. Thus,
if rocks at temperatures higher than the Curie
point exist within this 3 km-layer they will
contribute to the broad magnetic low over the
caldera. The first question is: what temperature
is the Curie point for these rocks? The values
obtained for the rock samples are very variable
and, in some cases, range from 225° to 280°C
(corresponding to titanomagnetite with low de-
gree of oxidation). These temperatures are in
the interval of temperatures of the hydrother-
mal fluids. In the neighbouring volcano Fogo-
Agua de Pau, temperatures of 240°C for these
fluids have been measured at a depth of 500-
1000 m (Gandino et al., 1985). Unfortunately,
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there are no data about the vertical distribution
of temperature in Furnas. But considering the
closeness (a few kilometers) and similarities
between both volcanoes, it is possible to as-
sume that the vertical temperature profiles
should be of the same kind. However, the ef-
fect of hydrothermal oxidation on the Curie
temperatures is always a rise, as titanomag-
netite looses titanium and approximates to pure
magnetite (Ade-Hall er al., 1971; O’Reilly,
1984). That is, altered rocks are characterized
by higher Curie temperatures than fresh rocks.
Consequently, it is unlikely that rocks at tem-
peratures of a few hundreds degrees Celsius
have lost their magnetic properties as a result
of overtaking the Curie point.

Bearing in mind all these reasonings, we
have considered that, at least a portion of the
magnetic low observed over Furnas caldera
(especially in the northern part) is originated
by the oxidation of magnetite as a result of hy-
drothermal oxidation. Therefore, the materials
filling the caldera have been assigned a magne-
tization lower than that of the surrounding
ones. As the fluid circulation seems to be more
active in the first kilometer (Lawrence and
Maxwell, 1978, measured the greatest concen-
tration of fluids at 600-700 m in Fogo close
volcano), a slightly lower magnetization con-
trast has been considered for the deeper materi-
als. For this assumption we also took into ac-
count that at depths greater than about 1 km
the nature of rocks is different (basalts instead
of trachytes), and that the temperatures and
concentration of hot fluids should be differ-
ent too.

To explain the origin of the large magnetic
high to the south of the island it is necessary to
include a strongly-magnetic body in the model
(M = 12 Am™), emplaced below the south
coast as inferred from the pseudogravity map
(fig. 7). This magnetic body is, of course,
source for some of the negative anomaly inside
the caldera. The origin of this body is not
straightforward. It could be, for example, a tra-
chytic intrusion emplaced amongst the basaltic
lavas which did not reach the surface. Once
this magma was emplaced, the slow cooling
would favour deuteric oxidation and ex-solu-
tion, transforming initial titanomagnetite into
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almost pure magnetite and, consequently, in-
creasing its magnetic moment. This could be
an explanation for the acquisition of a high re-
manent magnetization.

7. Conclusions

The local magnetic anomaly study of Furnas
caldera has disclosed the existence of impor-
tant magnetic anomalies in this area which are
related to the different structures of the vol-
cano. This result will be useful to improve our
understanding of this hazardous volcano. The
most important conclusions that can be derived
from this work are summarized as follows:

— A rather good correlation between the
magnetic anomaly map and the topographic
map is observed. This implies that the shallow-
est materials are characterized by strong mag-
netizations, as could be expected for such a
young volcano.

— The short-wavelength positive anomalies
are related to mafic domes (Pico do Ceguinho,
Pico Grande, Pico do Buraco), while they are
not so intense when the domes are of trachytic
composition (Pico do Gaspar, Pico das Mar-
conas). There is one exception: Pico do Ferro.
Although it is a trachytic dome, it appears as-
sociated with a high positive anomaly. This
fact could be connected to the existence of a
tristanite flow overlaid by the dome.

— It was not possible to detect, at least at
first, the main fault system of the area (WNW-
ESE). This is probably because these fractures
exclusively affect the shallowest pyroclastic
deposits.

— The inner part of the caldera is character-
ized by a broad negative magnetic anomaly.
The origin of this low magnetization could be
related to the oxidation of the magnetic miner-
als as a result of hydrothermal alteration pro-
cesses. This alteration would affect the shal-
lowest materials more intensively (from the
surface to perhaps 500 m b.s.l. (Forjaz, 1996)),
where the hydrothermal system seems more
active, but its effect probably exists at a depth
of some kilometers. The minimum magnetic
field value within the caldera is reached in the
neighbourhood of Furnas village, and could be
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related to the fumaroles and, consequently, to
the fractures where the hydrothermal fluids cir-
culate. It is noteworthy that Sigmundsson et al.
(1995) suggest that the center of the deforma-
tion they detected by means of geodetic tech-
niques is located in this zone.

— Although it is not possible to define it
precisely because of the lack of data in this
area, a strongly magnetized body located be-
neath the south coast of the island was de-
tected. This body could be a trachytic intrusion
emplaced within the oceanic basaltic mate-
rials.

— A magnetization contrast at a depth of
approximately 1 km was detected, which corre-
sponds to the interface between Furnas materi-
als and the oceanic lavas which lie beneath
them (Forjaz, 1986).

— The magma chamber, presumed to be at
about 5 km beneath the caldera, was not de-
tected from the magnetic anomaly map, as this
provides information only from approximately
the first 3 km.

— The most intense negative anomalies of
the entire area were measured in the Povoagao
neighbouring caldera, which is considered to
be extinct at present. This high minimum could
be due to rocks magnetized during a period of
reversed polarity of the main field.
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