Journal of Volcanology and Geothermal Research 357 (2018) 152-162

Contents lists available at ScienceDirect

'AND GEOTHERMAL RESEARCH

Journal of Volcanology and Geothermal Research

journal homepage: www.elsevier.com/locate/jvolgeores

Investigating collapse structures in oceanic islands using magnetotelluric ")
surveys: The case of Fogo Island in Cape Verde

updates

FJ. Martinez-Moreno **, F.A. Monteiro Santos ?, . Madeira ?, J. Pous ®, I. Bernardo , A. Soares 2, M. Esteves ?,
F. Addo 4, ]. Ribeiro ¢, J. Mata ¢, A. Brum da Silveira *

@ Instituto Dom Luiz, Faculdade de Ciéncias, Universidade de Lisboa, 1749-016 Lishoa, Portugal
b Departament de Dinamica de la Terra i I'Oced, Facultat de Ciéncies de la Terra, Universitat de Barcelona, C/Marti i Franqués s/n., 08028 Barcelona, Spain

ARTICLE INFO ABSTRACT

Article history:

Received 13 September 2017

Received in revised form 17 April 2018
Accepted 25 April 2018

Available online 30 April 2018

One of the most remarkable natural events on Earth are the large lateral flank collapses of oceanic volcanoes, in-
volving volumes of rock exceeding tens of km>. These collapses are relatively frequent in recent geological times
as supported by evidence found in the geomorphology of volcanic island edifices and associated debris flows de-
posited on the proximal ocean floor. The Island of Fogo in the Cape Verde archipelago is one of the most active
and prominent oceanic volcanoes on Earth. The island has an average diameter of 25 km and reaches a maximum
elevation of 2829 m above sea level (m a.s.l.) at Pico do Fogo, a young stratovolcano located within a summit de-
pression open eastward due to a large lateral flank collapse. The sudden collapse of the eastern flank of Fogo Is-
land produced a megatsunami ~73 ky ago. The limits of the flank collapse were deduced as well from
geomorphologic markers within the island. The headwall of the collapse scar is interpreted as either being lo-
cated beneath the post-collapse volcanic infill of the summit depression or located further west, corresponding
to the Bordeira wall that partially surrounds it. The magnetotelluric (MT) method provides a depth distribution
of the ground resistivity obtained by the simultaneous measurement of the natural variations of the electric and
magnetic field of the Earth. Two N-S magnetotelluric profiles were acquired across the collapsed area to deter-
mine its geometry and boundaries. The acquired MT data allowed the determination of the limits of the collapsed
area more accurately as well as its morphology at depth and thickness of the post-collapse infill. According to the
newly obtained MT data and the bathymetry of the eastern submarine flank of Fogo, the volume involved in the
flank collapse is estimated in ~110 km?>. This volume —the first calculated onshore- stands between the previ-
ously published more conservative and excessive calculations —offshore- that were exclusively based in geomor-
phic evidence. The model for the summit depression proposing two caldera collapses preceding the collapse of
the eastern flank of Fogo is supported by the MT data.
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1. Introduction

Volcanic edifices become progressively unstable as they grow and,
therefore, large volcanoes may suffer swift large-scale geomorphologi-
cal changes produced by collapse processes. These major volcano-
tectonic events include gravitational caldera vertical collapses and lat-
eral flank collapses that occur periodically during the evolution of
large volcanoes (Merle and Lénat, 2003). Vertical collapses of caldera
type, truncating the volcano summit, are common in the evolution of
large volcanoes due to a deficit of mass in depth (magma reservoirs)
as a consequence of magma transfer. Lateral flank collapses may occur
when the volcanic structure becomes gravitationally unstable, a process
enhanced by the island geological structure, which is usually
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characterized by seawards dipping layers of alternating coherent and
incoherent volcanic and sedimentary deposits.

Large lateral flank collapses in oceanic volcanoes, involving volumes
exceeding tens of km?, are one of the most remarkable natural events on
Earth (Ward and Day, 2001). Although no such event has been observed
in historical times, their evidence in the geomorphology of volcanic is-
land edifices and from the associated debris flows and turbidites depos-
ited on the surrounding ocean floor indicate their relatively frequent
occurrence in recent geological times. Numerous examples of lateral
collapses have been described in most volcanic archipelagos. As exam-
ples we mention Cape Verde (Day et al., 1999; Amelung and Day,
2001; Masson et al., 2008; Madeira et al., 2008; Ramalho et al,, 2015);
Canaries (Watts and Masson, 1995; Masson, 1996; Day, 2001; Masson
et al., 2002; Carracedo, 2014), Hawaii (Morgan et al., 2003; Coombs
et al., 2004; Okubo, 2004); Stromboli in the Aeolian Islands (Tibaldi,
2001; Acocella and Tibaldi, 2005; Vezzoli and Corazzato, 2016); Ritter
Island in Papua-New Guinea (Ward and Day, 2003; Day et al., 2015);
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Reunion Island (Oehler et al., 2008). This type of events is also reported
in continental volcanoes such as the 7200 years BP Socompa flank col-
lapse in the Andes (De Silva and Francis, 1991) or Colima in México
(Cortés et al., 2010), among others.

Growing instability as volcanoes become taller and steeper may
originate failures of variable scale, ranging from minor rock falls to
giant megaslides involving volumes of rock of the order of tens to hun-
dreds of km® (McGuire, 1996). Generally, major structural failure is lim-
ited to the larger volcanic edifices. Persistent dyke emplacement
producing rifting and generating local seismicity, deformation and
changes in edifice pore-pressure, together with environmental factors,
constitute potential failure triggers. In addition, ground deformation in-
duced by magma injection and ground shaking caused by tectonic
earthquakes and/or surface fault rupture may contribute in the instabil-
ity of the volcanic edifices. Other processes that can activate a lateral
collapse are: asymmetric distribution of buttressed flanks (Romagnoli
et al., 1993; Romagnoli and Tibaldi, 1994), glacio-eustatic sea-level var-
iations (Della Seta et al., 2013; Lee, 2009), slope erosion by marine abra-
sion on littoral areas (Tibaldi et al., 1994; Ramalho et al., 2013) and
hydrothermal alteration in the core of volcanoes (Lopez and Williams,
1993; Day, 1996; Voight and Elsworth, 1997; Marti et al., 1997; Van
Wyk de Vries et al., 2000; Reid et al., 2001; Ferrer et al., 2010; Merle
et al., 2010).

The Island of Fogo in the Cape Verde archipelago (Fig. 1a) is a very
active and prominent oceanic volcano (Ribeiro, 1960). The island has
an average diameter of 25 km and reaches a maximum elevation of
2829 m above sea level (m a.s.l.) at Pico do Fogo, a young stratovolcano
located within a summit depression open eastwards due to a large lat-
eral flank collapse (Brum da Silveira et al., 1997; Day et al., 1999; Paris
et al., 2011; Le Bas et al., 2007; Madeira et al., 2008; Masson et al.,
2008). The lateral limits of the flank collapse in Fogo can be deduced
from geomorphological markers, namely the 400 m tall Espigdo
escarpment marking its southern lateral limit and a more subdued
escarpment, partially covered by recent volcanic deposits, at its north-
ern edge. The headwall of the flank collapse scar is interpreted as either
being located beneath the post-collapse volcanic infill of the summit de-
pression (Brum da Silveira et al.,, 1997; Torres et al., 1998) or located fur-
ther west, corresponding to the Bordeira wall (Fig. 1) that partially
surrounds the summit depression (Day et al., 1999). There are two ge-
netic interpretations for the summit depression. According to Brum da
Silveira et al. (1997), Torres et al. (1998) and Madeira et al. (2008), it
is the result of two caldera collapses: an older southern caldera, 6 km
in diameter, and a younger and smaller northern one, 3.5 km in diame-
ter, whose floor lies approximately 50 m lower than the southern
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caldera. The intersection of the two calderas forms the Monte Amarelo
spur (Fig. 1b). According to these authors the summit caldera depres-
sion was opened to the east by a large flank collapse. Another interpre-
tation is presented by Day et al. (1999) that consider the whole
depression as being produced by a large collapse of the eastern flank
of the volcano, with the Bordeira corresponding to its headwall
(Fig. 1c). Most subsequent works follow the later interpretation (i.e.
Masson et al., 2008; Paris et al., 2011; Maccaferri et al., 2017). These
two alternative interpretations have important consequences in terms
of area and volume of the flank collapse and in understanding the evo-
lution of the island. Besides the uncertainty on the surface trace of the
collapse scar, the calculation of the volume involved depends also on
the volcano morphology prior to the flank collapse and the depth of
the rupture surface which was unknown until now. The geology and
geomorphology show that it lies below sea-level at the island eastern
seaboard, but its depth inland was still unknown. This problem can
only be addressed by drilling or by geophysical methods.

Our work aims at defining the geometry of the lateral flank collapse
in Fogo Island and, if possible, to choose between the two competing
models for the collapse structure by means of the magnetotelluric
(MT) method. MT data can provide depth distribution of the ground re-
sistivity obtained by simultaneous measurement of the natural varia-
tions of the electric and magnetic field of the Earth (Vozoff, 1991).
This method allows obtaining profile or map resistivity distributions
down to depths of thousands of meters thus having the potential to
image collapse scars in depth. Two profiles crossing the collapsed area,
either caldera and/or flank collapses, were used to determine the geom-
etry of Fogo collapse structures both at the surface and at depth, and
thus estimating the area and volume involved.

2. Geological setting

Cape Verde Archipelago, located 570 km off the west coast of Africa,
is formed by ten major islands (Fig. 2a) displaying a horseshoe shape
open to the west. The islands are built on Late Jurassic to Cretaceous oce-
anic crust on top of a major topographic anomaly - the Cape Verde Rise.
The magmatism is considered to be the result of a mantle plume (White,
1989) and the ages of the oldest subaerial lavas suggest that the islands
emerged during the Miocene (Mitchell et al., 1983; Torres et al., 2002;
Plesner et al., 2003; Duprat et al., 2007; Holm et al., 2008; Madeira
et al., 2010; Dyhr and Holm, 2010; Ramalho et al., 2010; Ancochea
et al., 2010, 2014 and 2015). The morphology of the islands is related
to their age, so that the westernmost younger islands (Brava, Fogo, San-
tiago, Sdo Nicolau, Santa Luzia, S3o Vicente, Santo Antdo) present
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Fig. 1. Geographical location of the island of Fogo in Cape Verde archipelago (a). Models proposed for the origin of the Bordeira wall: (b) a combination of two caldera collapses followed by
a flank collapse (Brum da Silveira et al., 1997) and (c) a single major collapse of the eastern flank of the volcanic edifice (Day et al., 1999). Modified from Ramalho et al., 2015.
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Fig. 2. Geological map of the island (Modified from Torres et al., 1998). The red crosses indicate the location of the magnetotelluric stations. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

vigorous morphologies that contrasts with the razed topography of the
easternmost older islands (Sal, Boavista and Maio).

The island of Fogo is located on the southern arm of the U-shaped ar-
chipelago. Fogo is the fourth largest island in Cape Verde with a surface
area of 476 km?, culminating at 2829 m a.s.l. at Pico do Fogo which

represents the highest elevation in the archipelago. The island is formed
by a major conical and asymmetrical Quaternary strato-volcano (Fig. 2).
The morphological asymmetry is mainly the result of the dominant
north-easterly trade winds. Most precipitation falls on the windward
flank and thus the slopes are steeper and the radial stream network
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more incised (Martinez-Moreno et al., 2016). The north littoral is also
characterized by taller sea cliffs as a result of more intense wave abra-
sion produced by the dominant wave regime.

Fogo is mostly formed of basanitic lava flow piles with minor inter-
calations of pyroclastic and sedimentary layers. A small outcrop of an
older (Pliocene) basement formed by intrusive carbonatites (Hoernle
et al.,, 2002) covered by lava flows from younger volcanic units lies
3 km to the N of the S3o Filipe city. Fogo is the only capeverdian island
presenting post-settlement volcanism, with references to at least 27
eruptions since the mid-15th century (Ribeiro, 1960). The latest Fogo
eruption started on November 23rd, 2014 and lasted until early Febru-
ary 2015 (Bagnardi et al., 2016; Cappello et al., 2016; Richter et al.,
2016; Mata et al., 2017). The summit of the volcano is truncated by an
8 km-wide depression (Cha das Caldeiras; Fig. 2b) open to the E and
surrounded on the other sides by the Bordeira, an almost vertical wall
reaching a maximum height of 1000 m, (Fig. 3). The 1100 m-tall
young cone of Pico do Fogo grew on the summit depression (Fig. 2b).
The outer slopes of Fogo are covered by pre-historical lava flows issued
from parasitic cones, aligned on radial and concentric feeder dikes, ex-
tending from the rim of the summit depression down to sea level.

After the collapse event(s), the depression was totally covered and
partially filled by pre-historical and historical lava flows and locally by
lahars (Ribeiro, 1960; Torres et al., 1998). Besides the geomorphologic
evidence, the flank collapse hypothesis is supported by the presence
of submarine debris avalanche deposits that extend offshore to the E
of the island, matching with the collapse scar (Masson et al., 2008).
Madeira et al. (2008) present a conservative calculation of the removed
rock volume of 70 km?> using an area of 700 km? for the submarine de-
bris avalanche according to the swath bathymetry published by Masson
et al. (2008) and an average debris avalanche thickness of 100 m. Ac-
cording to Paris et al. (2011) and Ramalho et al. (2015), the massive
flank originated a megatsunami that stroke the neighbouring island of
Santiago. Ramalho et al. (2015) showed that the tsunami generated
waves with minimum height of 170 m at the N coast of this island,
with correlative tsunamigenic conglomerates being found as high as
100 m above present sea level (a.p.s.l.), while megaclasts plucked
from the cliff edge were transported inland up to 220 m a.p.s.l. The
age of deposition of the megaclasts was determined by cosmogenic ex-
posure setting the probable age for the flank collapse at about 73 ky ago.

3. The Magnetotelluric method
The magnetotelluric (MT) method allows the estimation of resistiv-

ity distribution underground by measuring the natural variations of the
surface electric (E) and magnetic fields (H) over a wide frequency range

(e.g. Vozoff, 1991). The horizontal component of electric and magnetic
fields is related as follow:

E=2Z7'H (1)

where Z represent the 2 x 2 impedance tensor that describes the resis-
tivity structure under the measuring site, and its off-diagonal compo-
nents are used here to calculate the apparent resistivity functions (pxy
and pyx) and the phase functions (&ixy and &yx) which are defined as:

Pxy = 1/(0p)|Zey|* 2)
Py = 1/(0,) [Zyx|* (3)
Ixy = arg (Zxy) (4)
Jyx = arg (Zyx) (5)

where ® represents the angular frequency and L, is the magnetic
permeability.

Magnetotelluric data was acquired with the equipment ADU-07
Metronix system operated at a frequency range from 1000 Hz up to
1 Hz. The four components of the tensor were recorded being x North
and y East. The distribution of the MT stations was organized along
two roughly N-S profiles crossing the depressed area (Fig. 4) in accor-
dance with the interpreted collapse and tectonic structures. Profile 1 in-
cludes 13 MT stations and was obtained along the E coast of the island.
The average elevation goes from ~500 m a.s.l. at the S, to ~300 m a.s.l. at
the N. Profile 2 comprises 21 MT stations crossing the summit depres-
sion. This profile presents wider topographic variation, ranging from
~550 m a.s.l. at mid-slope at the S to ~1800 m inside the summit
depression.

3.1. Ocean effect and depth of resolution

Since the survey was carried out in an island it is important to study
if the data are affected by the so-called ‘ocean effect’. The distortion pro-
duced in MT measurements by the ocean depends on the distance from
the coast, bathymetry and land resistivity distribution (Monteiro Santos
etal., 2001, 2006; Gonzalez-Castillo et al., 2015). In profile 1 the MT sites
are located a few hundred meters away from the littoral, while profile 2
is located at ~5 km from the coast (Fig. 4).

A simplified 3D model of Fogo island (whose limits are represented
in dashed red line in Fig. 4) was built considering a sharp ocean-land
border (with a 4 km deep ocean) in order to study the ocean effect in

Bordeira

Fig. 3. Digital elevation model of the island of Fogo displaying the eastward facing depression and the flank collapse lateral scarps (highlighted with white dotted lines). The model is

represented with ~2x vertical exaggeration.
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two MT sites from both profiles (indicated as S1 and S2 in Fig. 4). The is-
land and the oceanic crust were assumed as uniform and calculations
have been done with two different resistivity values: 500 and 1000
Q-m (Q-m). A resistivity of 0.3 Q-m was assumed for the ocean. The
forward modelling was carried out using the code developed by
Mackie and Madden (1993).

Fig. 5 shows the apparent resistivity and phase curves calculated in
the period range from 0.001 to 1 s at the two sites. The very deep
ocean affects the Xy component more than the yx one and it influences
the phase curves at shorter periods. As expected, the ocean effects are
stronger when the island resistivity is 1000 Q-m. These results show
that for the more realistic background resistivity of 500 Q- m the yx
data until approximately 0.1 s are not affected by the sea, even for S1
(closer to the sea), as well as the xy data in the case of site S2.

To estimate a regional strike and investigate possible distortions the
Smith's (1995), decomposition method was applied at each individual
sites from profile 2 (Fig. 6) considering periods from 0.001 s to 0.1 s -

5 km .

Reference system: WGS84
T T T T T T
-24.30°E

| ! T T
-24.40°E -24.35°E

Fig. 6. Estimated strike for each individual sites. The selected sites represent the ocean
effect for each profile at its midpoint.

those not affected by the sea-. The individual strikes range from
N225°E to N315°E. Accordingly, an E-W strike direction on average
was selected. Thus, we proceeded with a 2D inversion but using only
the TE mode (yx curves) that is less affected by the sea and considering
periods until 1s. A 2D inversion of mode TE was also carried out for pro-
file 1 assuming the same strike as in profile 2.

The depth of resolution (DOI) has been calculated to determine the
quality of the obtained profiles. For this purpose, we used the depth of
investigation as defined by Oldenburg and Li (1999) and modified by
Marescot et al. (2003). Determining the DOI implies to carry out two in-
versions of the data using different resistivities for the initial model. In
this case, we used 100 and 1000 Q- m for the first and second initial
models respectively. The normalized DOI index is calculated by the for-
mula below (Robert et al,, 2011):

my(X,2)—my(X,2)

R(x,z) =
( ) Rinax (mlr_m2r)

where m;, and my; are the resistivities of the first and second reference
models, and m1 (x,z) and m2 (x,z) are the resistivity of each cell of these
models. The DOI index (R) will approach zero where the two inversions
produce the same resistivity values, regardless of the value of the refer-
ence model. For the normalized DOI index, Marescot et al. (2003) rec-
ommended a cut-off value of 0.1 or 0.2. In our case, we used the more
restrictive 0.1 cut-off value.

4. 2D inversion of data

The TE mode data from both profiles was inverted assuming a 2-D
model and using the Mackie's program (Mackie et al., 1997), which
solves for the resistivity distribution and for static shift effect at each
site. The data and model responses at some selected sites are shown
in Fig. 7, where it is observed that the data misfit is in general lower
than 2% (Fig. 4). The error floor used in the inversion was 5% for appar-
ent resistivity and 5% for phases on average.

Profile 1 (Fig. 8a) highlights a low resistivity area (<5 (- m) embed-
ded in a resistivity of about 100 Q- m. The low resistive body towards
the S extends for about 400 m and has a thickness of ~500 m. From
metre 400 to the northern of the profile there is an extended low resis-
tive area with a thickness of 500-600 m and an irregular base. A dashed
red line at 400 m length marks the southern limit of the flank collapse
according to geomorphological criteria.

Profile 2 (Fig. 8b) presents three low resistivity areas separated by
zones with intermediate resistivity values of ~100 Q-m. The southern
low resistive zone, centred at about metre 4400, has short lateral exten-
sion and presents very low resistivity values of ~2 Q-m. Further N, be-
tween metres 7600 and 13,200, a second non-homogeneous low
resistive body has a horizontal extension of about 5600 m and its top
is located at a depth of 700 m in the S rising to a depth of 400 m towards
the N. It has a thickness of ~500 m and a resistivity lower than 10 Q-m
on average. The northernmost low resistivity region extends from
metre 15,700 to the northern end of the profile presenting resistivity
values of about 10 Q-m. Its top is located at a depth of ~350 m, presents
a thickness of ~500 m, and the base is slightly deeper than that of the
central low resistivity body. The southern low-resistivity body lies out-
side the summit depression, while the central and northern bodies are
located inside the summit depression and correspond to the southern
and northern calderas respectively (the red dashed lines mark the
places where the profile crosses the collapse caldera ring faults) accord-
ing to the interpretation of Brum da Silveira et al. (1997) and Torres
etal. (1998). The two zones are separated by a resistive area with values
of ~180 Q- m that corresponds to the stations located across the older
basement of Monte Amarelo spur (Figs. 3 and 4). Above the two low re-
sistivity bodies located inside the calderas there is a shallow high resis-
tive layer with values ranging from 200 to 500 Q- m.
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Fig. 7. Measured apparent resistivity and phase curves. The sites correspond to profile 1 (sites 1-13) and profile 2 (sites 14-34).
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The depth of resolution was calculated for both profiles. As marked
in Fig. 8, the cut-off value of 0.1 is at the bottom of the profiles, confer-
ring to our MT model a reliable resolution for the definition of the struc-
tures pertinent for this study.

5. Interpretation and discussion

The magnetotelluric profiles (Fig. 8) present a good correlation with
the geomorphological features of the referred Fogo's collapse structures.
In general, the low resistivity areas are interpreted as corresponding to
the water saturated portions of the recent lava flow infill of the caldera
depressions. Young lava flows are usually highly fractured and present a
significant number of cavities (lava tubes and gas blisters) making them
highly permeable so that its resistivity is very low when saturated. With
increasing age, the permeability of lava flow sequences progressively
decreases because of weathering and filling of fractures with clay min-
erals. Thus, the older pre-collapse lava sequences are expected to pres-
ent lower permeability and consequently higher resistivity.

In profile 1 the northern low resistivity body observed between
meter 1500 and 9500 represents the recent lava flow infill inside the
collapsed area and defines the irregular basement and depth of the
flank collapse (Fig. 3 and 8a). The low resistivity body at the S indicates
the southern limit of the flank collapse and the associated fracture zone,
which may have allowed seawater intrusion. The slightly higher resis-
tivity body immediately to the north of the collapse scarp may represent
a detached block of the older basement. In profile 2 (Fig. 8b), the south-
ern low resistivity area at ~4400 m length coincides with a NNW-SSE
fracture zone marked by the alignment of several young (pre-settle-
ment) scoria cones and belonging to the N-S trending Sambango-
Monte Vermelho fault system (see Fig. 2) inferred by Brum da Silveira
et al. (1997) and Torres et al. (1998). The other two low resistivity bod-
ies lie inside the southern (meter 7600 to 13,200) and northern (meter
15,750 to 17,000) collapse calderas proposed by Brum da Silveira et al.
(1997). These are separated by a higher resistivity sector that

corresponds to the Monte Amarelo spur, where older lava sequences
are exposed or at shallow depths.

The southern lateral limit of the flank collapse is clear in profile 1
(Fig. 8a) where low resistivity area is found. This coincides with the lo-
cation of the flank collapse lateral limits previously recognized in the
geomorphology of Fogo eastern flank (Brum da Silveira et al., 1997;
Torres et al., 1998; Day et al.,, 1999). The high resistivity shallow layer
above recognized under some MT sites is interpreted as the unsaturated
or dry upper part of the young lava sequence. At the base of the profile,
the higher resistivity is interpreted as corresponding to the lower per-
meability pre-collapse lava sequences, probably capped by the landslide
breccia. The slightly irregular base of the low resistivity body, located at
an average depth of 700 m, is thus interpreted as the basal surface of the
flank collapse.

The interpretation of profile 2 (Fig. 8b) is less straightforward. As in
profile 1, the resistivity associated to the non-saturated recent lavas is
higher (300-1000 Q- m) than that of older ones (~100-200 Q- m). The
southern low resistivity body (~1 Q-m), occurring in the vicinity of
meter 4500, correlates with the previous mentioned NNW-SSE trending
fault zone and its short lateral extension can be interpreted as corre-
sponding to the limited width of the more permeable fractured fault
zone. The very low resistivity values can only be attributed to hydro-
thermal fluids circulating along the fault zone.

From metre 7600 to the N, the MT stations (sites 21-34, Figs. 4 and
8b) are located inside the summit depression. A marked lateral resistiv-
ity change is observed at this location represented by very low resistiv-
ity area that can only be explained by hydrothermal fluids circulating
along the fractured area of a caldera ring fault. Below the central and
northern low resistivity bodies, higher resistivity sequences correspond
to less permeable rocks. The central low resistivity area shows that the
water-table is located at a depth of ~700 m at the S becoming shallower
to the N. At metre 11,000 the water table becomes horizontal at a depth
of ~350 m. We interpret the base of the aquifer as representing the basal
collapse surface. Indeed, the basal surfaces of landslides are usually cov-
ered by impermeable cataclasites produced by intense shearing/
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fracturing at the base of the sliding rock mass. The overlying post-flank
collapse lava sequences forms a highly permeable body that presents a
contrasting low resistivity. At the southern entry of the summit depres-
sion (meter 7500) the base of the aquifer is inferred to stand at an ap-
proximate depth of 1200 m progressively becoming shallower to the
N to depths of around 800-900 m (e.g. meter 12,500).

The horizontal sector of the central low resistivity body (meter
11,000 to 13,150) is interpreted as corresponding to a perched aquifer
within the southern caldera-filling lava sequence. Its horizontal base
should correspond to the caldera bottom where post-caldera lava se-
quences must overlie hydrothermalized impermeable rocks. The resis-
tive area separating the central and northern low resistivity bodies
matches the sector of the profile crossing the Monte Amarelo spur
(Figs. 3 and 4), thus corresponding to lower-permeability pre-caldera
collapse lava sequences. Profile 2 also suggests that the base of the
northern low resistivity body (meter 15,750 to 18,000) located inside
the northern caldera, is slightly deeper than its southern counterpart,
which is in accordance with the geomorphological step of ~50 m be-
tween the two calderas separated by the Monte Amarelo spur.

5.1. Structure of the collapse area

The well-defined limits of the low resistivity bodies observed in the
MT profiles, coinciding with fractures bounding the caldera and flank
collapses, support the previous geomorphological interpretation of the
collapsed areas. The southern lateral limit of the flank collapse
(Fig. 9a) in the coastal area is clear in profile 1. However, the northern
lateral one was not reached by profile 1 but is well defined by Brum
da Silveira et al. (1997; black dashed line) and Day et al. (1999; white
dashed line) following geomorphological criteria. In profile 2 the area
where the low resistivity bodies become horizontal agrees with the hy-
pothesis of pre-flank collapse calderas as previously proposed by Brum
da Silveira et al. (1997) and does not support the model proposed by
Day et al. (1999) and Amelung and Day (2002) which considers the
Bordeira as the headwall of the flank collapse. In fact, Fogo volcano
lacks well-defined shallow reservoirs as deduced from geodetical and
petrological studies of the latest eruptions (Amelung and Day, 2002;
Hildner et al., 2011,2012; Gonzalez et al., 2015; Mata et al., 2017). How-
ever, the destruction of the magmatic feeder system and shallow reser-
voirs in a volcano can be explained both by large landslides and by
caldera collapses, so that argument does not exclude the caldera hy-
pothesis as proposed by Amelung and Day (2001). Therefore, the

collapse limits inside Cha das Caldeiras match the 2 calderas model pro-
posed by Brum da Silveira et al. (1997). The origin of Las Cafiadas sum-
mit depression (Tenerife), which presents similar structures, has also
been a case of debate. Magnetotelluric studies (Pous et al., 2002;
Coppo et al., 2008; Pifla-Varas et al., 2015) revealed the existence of
closed depressions defining summit calderas and confirming its vertical
collapse origin (Marti et al., 1994).

The limits of the flank collapse correspond to an onshore area of
about 81.2 km®. Considering that the basal plane of the flank collapse in-
tersects the island flank below sea-level, the area of the flank collapse is
slightly larger. Since there is not a detailed bathymetry of the submarine
flank of the volcano we used the isobaths presented by Masson et al.
(2008), which allowed us to estimate a total area of ~100 km? corre-
sponding to an area increase in the order of 25%. As discussed in previ-
ous works, the Fogo landslide involved a considerable volume. Day et al.
(1999) estimate the displaced volume in 150-200 km?, while Madeira
et al. (2008) proposed a more conservative estimate of the displaced
volume of 70 km> based on the multibeam survey presented by
Masson et al. (2008). This difference mainly results from the different
interpretations of the nature of the summit depression. However,
none of these estimates had a good constrain on the collapse depth.
Considering the area of the flank collapse presented above and an aver-
age depth of ~1100 m for its basal surface we can estimate a more pre-
cise volume for the flank collapse. Note that the height of the south
lateral collapse scarp (400 m) in conjunction with an average thickness
of 700 m for the post-collapse lava infill agrees with the proposed thick-
ness. Altogether, the data obtained in this work suggests a displaced vol-
ume of ~110 km?, a value that falls between the more conservative
value proposed by Madeira et al. (2008) and the larger estimates by
Day et al. (1999), which result from the different interpretations of
the nature of the summit depression. This value is close to those used
by Paris et al. (2011) to produce the 7 scenarios of the tsunami simula-
tions (121-124 km?).

Fig. 9b shows an interpretative profile based on geophysical data and
geological observations. This profile depicts the collapse geometry at
depth based on the thickness of the recent lava sequences as suggested
by the geological interpretation of the two MT profiles.

The data here presented is also important for assessing groundwater
resources both in Cha das Caldeiras, where a local perched aquifer occurs
within the post-calderas filling volcanic sequence, and in the eastern
coastal area where the very low resistivity values indicates saltwater in-
trusion. Furthermore, the southern low resistivity body in profile 2
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Fig. 9. Proposed interpretation for the collapse structures in Fogo. (a) Comparison between the collapse contours proposed by Day et al. (1999; dotted white line) and Madeira et al. (2008;
dotted black line). The red zone indicates the area used in this study to estimate the volume of the collapse. (b) Interpretative geological profile based on the magnetotelluric profiles and
geological observations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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constitutes additional evidence for the presence of the N-S Sambango-
Monte Vermelho fault system proposed by Brum da Silveira et al. (1997).

6. Conclusions

Two approximately N-S trending magnetotelluric profiles have
been obtained in the collapsed area of the island of Fogo. These pro-
files display low resistivity zones inside the collapse area in contact
with higher resistivity bodies. These low resistivity bodies are
interpreted as water saturated lava sequences corresponding to the
recent very permeable caldera and flank collapse lava sequences
infill, in contact with less permeable pre-collapse lavas. These highly
permeable rocks allow saltwater intrusion at the coastal area (P1)
and the presence of a freshwater perched aquifer inside the summit
depression (P2). When considering the two competing models for
the Fogo depression, the indications given by the MT profiles on
the subsurface structure allow making the following interpretations.
If the headwall of the flank collapse would be the Bordeira wall, then
the basement beneath the post-collapse filling sequence would dip
steeply to the East. Consequently, the young lavas filling the depres-
sion, standing on this surface, would not be horizontal. On the other
hand, the hypothesis of two intersecting calderas justifies the pres-
ence of Monte Amarelo spur and the difference in elevation between
the summit depression to the north and south of the spur (with the
topographic step aligned with the spur). This 50 to 60 m difference,
still observed in the present topography, is also suggested by profile
2 (Fig. 8b), with the top and base of the low resistivity body signifi-
cantly lower to the north of the spur. Additionally, the young lava se-
quence, filling closed depressions such as the two volcanic calderas,
would be horizontal matching the structure suggested by the low re-
sistivity bodies inside the summit depression.

The MT data allowed detailing the depth of Fogo's flank collapse that
produced a megatsunami ~73 ky ago. The MT data contributed to define
the basement of the recent lava flow infill that, in conjunction with the
lateral limits defined by geomorphological evidences (Brum da Silveira
etal, 1997; Day et al., 1999), allows estimating a more precise value for
the volume (110 km?) and area (~100 km?) of the flank collapse. The
obtained MT data and its interpretation allow constraining the latest
stages of the geomorphic evolution of the Fogo Island involving two dis-
tinct caldera collapses and a later (~73 Ky ago) lateral flank collapse, as
proposed by Brum da Silveira et al. (1997), as the preferred model. It
does not endorse the model proposed by Day et al. (1999) which con-
siders the Bordeira as the headwall of the flank collapse.

Further detail on the sub-surface structure of the collapsed area would
benefit from additional magnetotelluric profiles, notably along the E-W
direction inside the summit depression. However, a continuous E-W pro-
file extending from the Bordeira wall to the eastern coast is impracticable
because of the rough and steep topography and the absence of roads and
paths.

This study demonstrates that magnetotelluric data is capable of
accurately defining the limits of flank collapses at depth, thus being
a reliable geophysical tool in the investigation of volcanic islands
evolution.
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