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ABSTRACT

In this study, we demonstrate the strong potential of combining Unmanned Aerial Vehicle (UAV)-based thermal
infrared (IR) and magnetic measurements to image the thermal state of volcanic edifices, as well as the distribu-
tion of active volcano-tectonic features at depth. Since magnetization is strongly dependent on temperature and
alteration, thermally active structures are also associated with a decrease in magnetization. Based on the analysis
of recent combined magnetic and infrared acquisitions, we focus on the recent evolution of the summit activity
at Piton de la Fournaise. The comparison clearly highlights zones of major thermal activity, alteration and high
permeability, and potentially areas of low mechanical resistance. Those observations provide information on pref-
erential pathways for future activity, and also provide constraints on fluid transfer, diffusion, and cooling processes
occurring within the volcano subsurface. Through reiterations, such combined UAV measurements are therefore
particularly relevant in monitoring volcanic hazards before, during and after eruptions.

REsuME

Cette étude illustre I'intérét de combiner des mesures thermiques infrarouge et magnétiques par drone pour ima-
ger 1’état thermique des édifices volcaniques, ainsi que la distribution des structures volcano-tectoniques actives
en profondeur. Uaimantation étant fortement dépendante de la température et de l'altération, les structures ther-
miquement actives sont également associées a une diminution de 'aimantation. Sur la base de ’analyse combinée
de récentes acquisitions magnétiques et infrarouges, nous nous concentrons sur ’évolution de l'activité récente du
sommet du Piton de la Fournaise. Cette comparaison met en évidence des zones d’activité thermique importante,
d’altération et de forte perméabilité, et potentiellement des zones de faible résistance mécanique. Ces observations
renseignent sur les zones d’intrusions préférentielles et offrent des contraintes sur les transferts de fluides, la dif-
fusion et les processus de refroidissement. La réitération de telles mesures par drone s’avére donc particuliérement
pertinente pour contribuer au suivi des aléas volcaniques avant, pendant et apres les éruptions.

Keywords: Piton de la Fournaise; UAV magnetic and IR surveys; Volcano monitoring;
Thermal anomalies; Volcano-tectonics; Weakness zones

INTRODUCTION

be mapped, temperature being the most significant pa-

Magma transfer pathways from the magma plumbing
system to the surface are strongly dependent on the in-
herited structure and the thermal state of the edifice
[e.g. Patrick and Witzke 2011; Wessels et al. 2013; An-
toine et al. 2017; Dumont et al. 2019; Bouligand et al.
2020]. Thus, their evolution through time should be
as precisely imaged as possible in order to help to im-
age potential preferential pathways for future activity
(i.e. weakness zones such as pre-existing fractures, pre-
vious intrusive fissures and altered area). The thermal
infrared (IR) method enables temperature anomalies to
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rameter for following fluid movement, as well as the
imaging of associated heat flows; moreover, it high-
lights deep structures connected with the surface [Finn
et al. 2018]. On active volcanoes, magma bodies may
generate significant heat fluxes by sub-surface conduc-
tion and convection of magmatic fluids [Bouligand et
al. 2019]. At the surface, thermal anomalies coincide
with permeable zones (for example scoria cones, frac-
tures, ‘a‘a lava flows, lava tubes, pit-craters), where hot,
rising fluids are drained or convectively released [e.g.
Antoine et al. 2017].

Magnetization is also a powerful tool for addressing

such issues in volcanic contexts. First, it can be used
to highlight contacts between formations of different
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composition and age [Blakely 1995; Arana et al. 2000;
Gailler and Lénat 2012], thus providing information on
pre-existing structures at depth.

The Earth’s magnetic field is undoubtedly affected by
magnetization heterogeneities due, at least in part, to
volcanic processes. Time or spatial-induced variations
of magnetization can be recorded during an eruptive
event [Zlotnicki et al. 1993]. Recent studies have shown
the potential of magnetic field measurements to image
temperature anomalies (due to the strong influence of
temperature on magnetization) and mechanical hetero-
geneities [for example fracturing and alteration; Gailler
and Lénat 2012; Gailler and Kauahikaua 2017; Bouli-
gand et al. 2019; Dumont et al. 2019]. Most of the high
temperature structures are also associated with a de-
crease in magnetization [Hunt et al. 1995] near or over
the Curie temperature at which minerals lose their rem-
nant magnetization. Therefore, the two parameters can
be combined and used to provide constraints on fluid
transfer, diffusion, and cooling processes.

The possibility of combining thermal IR and magne-
tization to investigate the thermal state of a volcanic ed-
ifice is thus highly promising for producing improved
3D images of inherited and active volcanic structures
[e.g. Antoine et al. 2020]. High-resolution UAV ther-
mal IR and magnetization mapping is now fully op-
erational [James et al. 2006; Catalan et al. 2014; An-
toine et al. 2020; Gavazzi et al. 2020; Gailler et al. 2021]
and can be used to trace the geometry of structures and
weaker zones, as well as magmatic and hydrothermal
systems at depth with precision, i.e. rapidly and ho-
mogeneously. Over the longer term, time lapses, with
their repeated measurements, can be used to quantify
the spatio-temporal (i.e. 4D) evolution of these zones
and structures and therefore to help prevent associated
hazards. In this context, a purpose-built multi-method
geophysical survey was carried out over the summit
area of Piton de la Fournaise in November-December
2020.

Piton de la Fournaise (PdF; Figure 1) is one of the
most emblematic “volcano laboratories” around the
world [e.g. Bachélery 1981; Lénat et al. 2012b; Peltier
et al. 2021, and references therein] in which to con-
duct such investigations. Highly active, accessible, and
closely monitored by the Observatoire Volcanologique
du Piton de la Fournaise (OVPF) from Institut de
Physique du Globe de Paris, PdF constitutes an ideal
place to experiment new methodologies. Here we
present the combination between ground and innova-
tive Unmanned Aircraft Vehicle (UAV) geophysical sur-
veys. The main goal of this new experiment is to im-
prove monitoring and provide warning of volcanic haz-
ards, by evolving towards an integrated 4D model of
the volcano’s structure [Gailler et al. 2021]. PdF is char-
acterized by complex volcanic systems and phenomena,
all associated with various hazards among which: 1)
recurring eruptive activity, with more than two erup-
tions per year on average (up to 5 in 2019), associated

s

Presses universitaires de Strasbourg

with different geometries of dyke or sill injections in
depth [e.g. Peltier et al. 2005; 2009a; Tridon et al. 2016;
Smittarello et al. 2019] with a risk, albeit small (i.e.
5 %), of eruptions in inhabited areas [Chevrel et al.
2021]. This eruptive activity is fed by a deep magma
plumbing system [e.g. Boudoire et al. 2019] whose shal-
lowest reservoir is located about 2.5 + 1 km below the
summit craters [e.g. Peltier et al. 2009b; 2018]; 2) a
highly active hydrothermal system just below the sum-
mit crater [Barde-Cabusson et al. 2012; Lénat et al.
2012¢; Dumont et al. 2019], with the occurrence of 17
phreatomagmatic eruptions inside the Dolomieu crater
and several summit collapses since the 18t century
[Villeneuve and Bachelery 2006; Michon et al. 2013];
3) a potentially active sliding plane below the eastern
Flank [Got et al. 2013; Tridon et al. 2016; Poland et
al. 2017]. Partial collapses of this flank have already
occurred in the past [Bachélery 1981; Labazuy 1996;
Merle and Lénat 2003; Michon and Saint-Ange 2008;
Oehler et al. 2008; Merle et al. 2010], and could have
generated tsunami [Kelfoun et al. 2010].

In this study, we focus on the summit part of the PdF,
beneath which lies the shallow plumbing system that
feeds the recent ascending magmas [e.g. Peltier et al.
2009b; Di Muro et al. 2014].

2 GEOLOGICAL CONTEXT

The active PdF volcanic centre (Figure 1A) is located
in the southeast quadrant of La Réunion Island (In-
dian Ocean) and has formed a 400 m-high and 3 km-
diameter Central Cone that grew within the Enclos
Fouqué caldera (Figure 1B). Recent activity has mainly
been restricted to effusive eruptions at this summit
cone, along the NE and SE rift zones, and along a N120
trend [Bachelery 1981; Michon et al. 2007a; b; 2015,
Figure 1A]. Some historic and prehistoric eruptions
have also taken place outside of these main structures.
The summit is, at first sight, occupied by two coales-
cent craters: the small Bory crater (about 350 by 200
m), and the larger Dolomieu crater (about 1100 by 800
m) from which the rift zones diverge (Figure 1B). The
Dolomieu crater has undergone several collapse events
since the 18" century [Villeneuve and Bachélery 2006;
Michon et al. 2009; 2013], the last one of which oc-
curred during the major and well documented erup-
tion of March-May 2007, which was accompanied by
a 340 m-deep collapse [e.g. Michon et al. 2007b; Stau-
dacher et al. 2009].

The summit structure is even more complex with
various pre-existing structures that strongly influence
the dynamic as a whole, as highlighted by morpho-
logical studies [e.g. Carter et al. 2007; Michon et al.
2009; Derrien 2019], GNSS displacements and seismic-
ity [e.g. Michon et al. 2008; Lengliné et al. 2016], as
well as multi-temporal structure-from-motion studies
[SfM, Derrien et al. 2015; Derrien 2019; Derrien et al.
2020]. The northern rim of Dolomieu following its col-
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Figure 1: (Previous page.) Location map. [A] Seismic events during the 2007-2020 period and interpreted W-E
geological section of Piton de la Fournaise (after Gailler and Lénat [2012], Lénat et al. [2012a], and Michon et al.
[2016]). Orange triangles locate the permanent seismic network inside and around the Enclos Fouqué caldera. The
Brunhes-Matuyama interface locates the transition between the reverse and normal magnetic periods; [B] General
context and location of the summit area from which the rift zones diverge (after Michon et al. [2016]). Red area:
summit rift zones, from the orientation of recent dykes intruding the Central Cone (after Bonali et al. [2011]), yellow
area: summit rift zones, from the statistical distribution of the scoria cones shape (1981-2006; after Michon et al.
[2009]). The circle delineates the Central Cone. The black rectangle indicates the spatial extent shown in [C].
[C] Main structural features (pit craters) and lava flows at the summit area from 2008 to 2020 (OVPF database).
The dotted lines delimit the Self-Potential (SP) maximum from Barde-Cabusson et al. [2012] associated with old
pit-craters (2012). [D] Chronology of all eruptive and intrusive events (grey area) since the Dolomieu collapse in
April 2007, highlighting (color bars) the summit eruptions (same color code as in [C]. The fissure directions and

the flow orientations are shown (horizontal within Dolomieu crater, arrows highlight flow directions).

lapse has cut La Soufriére, a highly hydrothermally al-
tered pit-crater that was considerably enlarged and dis-
sected during the 2007 collapse. The north-western
scarp of Dolomieu crater is marked by the presence
of the Pre-Bory pit-crater [e.g. Bachelery 1981; Lénat
and Bachelery 1990; Peltier et al. 2012]. Another in-
teresting structure is an old pit-crater that opened up
in 1791 at the southern edge of the present Dolomieu
Crater, which has been renamed Petit Plateau and is
now completely infilled (Figure 1C). Additionally, Self-
Potential (SP) measurements carried out before the
Dolomieu crater collapse in 2007 showed three SP max-
ima related to weak, more permeable, zones associ-
ated with these three older pit-crater structures (Petit
Plateau, Pre-Bory, and La Soufriere) [Barde-Cabusson
et al. 2012]. A fourth one has also been revealed to
the east of Dolomieu (Figure 1C). These summit struc-
tures are located 500-1000 m to the east of, and above,
the main subvertical magma feeding system “conduit”
that extends between the two shallowest magma reser-
voirs at 7-8 km and 2.5 + 1 km depth below the surface
[Battaglia et al. 2005; Peltier et al. 2009b; Prono et al.
2009, ; Figure 1A], and which feeds the recent erup-
tions. All eruptive periods and associated phenomenon
(magmatic and hydrothermal fluid transfer, collapses)
have considerably and permanently deformed and frac-
tured the summit area.

Here we focus on the evolution of the summit ac-
tivity after the major eruption of March-May 2007,
which is one of the most voluminous (estimation of
100-140 x 10° m3 by Staudacher et al. [2009] and
240 x 10° m3 by Roult et al. [2012]) and intense erup-
tions (output rate up to 100 m> s!; ~54 m® s~! on av-
erage [Staudacher et al. 2009]) at PdF for more than a
century. This exceptional eruptive activity [e.g. Michon
et al. 2007b; Urai et al. 2007; Staudacher et al. 2009] led
to: 1) the collapse of the Dolomieu crater (320-340 m
in depth; Figure 1C); and 2) major stress changes in the
volcanic edifice [Roult et al. 2012] that have strongly
influenced the location of further eruptions so far [e.g.
Peltier et al. 2010; 2018].

Following this major event, several small-volume
eruptions occurred within the crater and near the sum-

Ss

Presses universitaires de Strasbourg

mit from 2008 to 2010 [Roult et al. 2012]. A new period
of activity began in June 2014, after 42 months of quies-
cence [e.g. Lengliné et al. 2016; Peltier et al. 2016]. The
multi-temporal SfM study [Derrien 2019] and GNSS
data [Peltier et al. 2010] have shown significant ground
deformation since 2007, just after the Dolomieu col-
lapse. Overall deflation was recorded from 2007 to
2010, with short periods of inflation occurring only
during the pre-eruptive and eruptive phases [Peltier et
al. 2010]. Slow deflation continued during the rest pe-
riod from 2010 to 2014, when overall inflation started
again. This latter has evolved in steps since 2016, im-
plying a discontinuous magma accumulation below the
summit area [Peltier et al. 2018].

This study includes the summit and near-summit
eruptions from March-April 2007 up to December
2020, when the UAV survey was carried out. During
this period, 12 eruptions (i.e. about 37.5 % of the
overall eruptions at the scale of the edifice during the
considered period; Figure 1D) and about 55 eruptive
fissures opened up in the summit part of the Central
Cone, most of them within 1) the Dolomieu crater be-
fore 2014, and 2) along the rift zones (RZ) since 2014
(Figure 1C and 1D).

3 METHODOLOGY

3.1 UAV sensors and data acquisition

UAVs have only recently come into use for geophysi-
cal surveying [Antoine et al. 2020; James et al. 2020]
with, among others, the example of high resolution dig-
ital elevation models (DEM) [Derrien 2019], IR map-
ping [Wessels et al. 2013], and also magnetic imag-
ing [Catalan et al. 2014]. We performed a homoge-
neous thermal IR coverage of the entire summit area
of PdF, as well as for high-resolution magnetic anomaly
mapping all around the Dolomieu-Bory craters. While
high-resolution thermal IR measurements from UAVs
are a well-proven method for detecting the various
scales and temporal evolution of temperature anoma-
lies (magmatic, hydrothermal, and fumarole mapping
[e.g. Calvari et al. 2003; James et al. 2020]), UAV mag-
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Figure 2: The 2020 geophysical survey. [A] QuSpin Total Field (QTFM) magnetic sensor, mounted on a DJI Mavic
Pro2 Enterprise Dual with optical and thermal sensors. [B] Location of the UAV thermal IR (white) and magnetic
measurement (black) profiles, superimposed onto the lava flows emitted close to the summit shown in Figure 1C.

netic sensors are also now fully operational and could
considerably contribute to the efficient detection of
magnetic signals related to volcanic activity [Catalan et
al. 2014; Gailler et al. 2021].

We used a high-sensitivity and high-performance
scalar magnetometer, the QuSpin Total-Field Magne-
tometer (QTFM; Figure 2A), based on an optically
pumped rubidium sensor. It is associated with an Elec-
tronic Control Unit (ECU), an Advanced Communica-
tion Board (ACB) and a GNSS receiver (1 s acquisition
rate). It provides magnetic field measurements that can
resolve very small temporal changes (<10 nT). This is
higher than common aeromagnetic survey using both
fluxgate and scalar magnetometers that usually provide
accuracy lower than 2 nT [Coyle et al. 2014; Gavazzi et
al. 2019; Kaub et al. 2021].

In our case, the absolute accuracy will be quantified
using the differences at the crossing point of repeated
profiles [Nabighian et al. 2005]; this will be discussed
hereafter. Gailler et al. [2021] confirmed the high sen-
sitivity of the QTFM sensor for our purpose; in par-
ticular for reaching the high amplitudes of the mag-
netic signal commonly recorded in volcanic contexts
without any post-flight calibration, which is particu-
larly relevant for near-real-time interpretation of the
data. The total overall weight (of less than 200 g) allows
the sensor to be implemented on a very small UAV, the
DJI® Mavic Pro2 Dual, in order to ensure rapid and ef-
ficient deployment in the field. Another advantage of
this craft is that it is equipped with a double thermal
and optical sensor (Figure 2A). The optical part uses a
15 inch CMOS sensor, whose display uses 48 megapix-
els. The thermal sensor is a FLIR Letpon radiometric
thermal sensor that provides simple and rapid infrared
vision. It natively captures images with a resolution of
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160 x 120 pixels but automatically enhances the image
to 640 x 360 pixels with its built-in software.

In terms of data acquisition, the thermal IR and visi-
ble imaging were simultaneously acquired at a constant
altitude of 90 m above the take-off area (2589 m asl)
with a 65 m spacing between profiles. Magnetic mea-
surements were performed at an altitude of 20 m above
topography, using UgCS control software with a 50 m
spacing between profiles. Note that coupled magnetic
measurements were performed at the ground surface in
order to check the quality of the UAV’s magnetic mea-
surements (Figure 2B).

Depending on the payload, the flight duration aver-
aged between 10 and 20 min, with or without the mag-
netic sensor respectively. In this study, we look at 17
magnetic flights around the Dolomieu-Bory craters and
the overall visible and thermal mapping of the latter
was carried out over three periods in order to cover the
entire summit area.

This high resolution survey was designed to: 1) pro-
vide a new high resolution DEM at the scale of the
Dolomieu crater (Figure 1C and Figure 2B); 2) acquire
a thermal IR-visible map of the summit area; and 3) im-
age the main magnetic anomalies around the latter, at
a resolution not previously achieved. The main goal
of our study was to use the new data and images to
investigate the thermal state of the PdF active sum-
mit zone, and to improve our knowledge of the asso-
ciated fracturing system and weakened zones since the
Dolomieu crater collapse in 2007, i.e. identify the most
active structures at the present time that could develop
into preferential magma pathways and instabilities at
depth.
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3.2 Data treatment

A total of 2444 IR and visible images was acquired
for the study area, and has been treated with Agisoft
Metashape Professional to derive the final orthopho-
tography (Figure 3A) and the DEM (Figure 2B) at a res-
olution of 17 cm, and the IR model (Figure 3B) at a res-
olution of 0.35 m. Since our thermal imaging was per-
formed at 06:00, it should be noted that solar radiation
was not completely avoided and that some temperature
anomalies are most likely due to differential heating of
the ground. Therefore, an aspect correction was per-
formed, following which the mainly radial anomalies
observed within the Dolomieu crater are clearly high-
lighted (Figure 3B).

Magnetic measurements were processed as follows.
An intersection adjustment was carried out at profile
crossings, first for each series of flights, and then be-
tween sets of flights. A total of 222 crossing points were
considered for the overall survey, with a mean differ-
ence value of —1.7 nT attesting to the good quality of
the data and a high consistency between all flights all
along the survey. Even if the standard deviation is high
(i.e. 40 nT), it remains accurate enough when consider-
ing the very high amplitude anomalies (in the range of
thousands of nT) we target in volcanic contexts.

The comparison with the ground measurements, ex-
trapolated upwards to 20 m, has been performed at all
crossing points with the UAV measurements, with val-
ues lower than a few nT in average, confirming the re-
liability of the UAV measurements and their good res-
olution. Given the very low diurnal variation, i.e. a
few 10s of nT compared to spatial variations in the or-
der of 5000 nT observed in this type of volcanic context
[Zurek and Williams-Jones 2013; Gailler et al. 2021],
no diurnal correction was made. The data were then
reduced using the magnetic field intensity predicted
by the International Geomagnetic Reference Model ver-
sion 13 [IGRF; Finlay et al. 2010] to compute the mag-
netic anomaly at the time of the survey (Figure 3C).
Following this, the data were gridded separately, flight-
by-flight, using the minimum curvature method with a
grid spacing of 20 m. All datasets were then merged us-
ing the Oasis Montaj stitching subroutine (Grid Knit-
ting, Geosoft 2013) to improve fit and smooth the over-
lap between all surveys. More details on the method
are provided in Gailler et al. [2021].

The last transformation to be applied was a reduc-
tion to the pole (RTP) to significantly reduce the dipo-
lar appearance of the anomalies and offset them to their
source [Baranov 1957]. Here we used the direction of
the induced magnetization vector that is collinear with
the ambient field (magnetic field vector in La Réunion
at the time of the survey: declination —19°; inclination
—54°; Figure 3D).
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4 DiscusSION

4.1 Main results
Being composed of a pile of permeable (scoria se-
quences) and dense layers (lava flows) [e.g. Peltier et
al. 2012], PdF is marked by a high horizontal per-
meability [Antoine et al. 2017] combined with steep
slopes that trigger intense air convection [Genthon et al.
1990]. The associated temperature anomalies are there-
fore difficult to interpret. The thermal image acquired
for the Dolomieu crater in March 2008 [Derrien et al.
2020] displays a thermal ring mainly associated with
fumarolic activity [Staudacher 2010] and hydrothermal
fluid circulation within the crater. This image of the
temporal and spatial evolution of the thermal struc-
tures within the Dolomieu crater following its collapse
in 2007 has also shown the development of outer ring
faults [Michon et al. 2007b; 2008; Derrien et al. 2020].
This is consistent with our observations, with two main
concentric high temperature zones clearly highlighted
around the Dolomieu crater (>30 °C; Figure 3B) in areas
where several fissures are well imaged on the ground
surface (Figure 3A): 1) to the east where some of the
2019 fissures opened in February and June, and 2) to
the south of the Dolomieu crater, west of Petit Plateau.
The areas of Bory crater, Petit Plateau, and La Soufriere
do not show any significant temperature anomalies. All
of these features are discussed in the following section.
The overall magnetic anomalies map is firstly used
to delineate the main positive and negative signal ar-
eas, associated with, respectively 1) non-anomalous,
highly magnetized stable geological structures, and 2)
low magnetized zones that may act as fluid pathways
or weakened areas at depth. At the first order, highly
magnetized areas (>2500 nT) are dissected by three
primary negative or very low anomalies (<1500 nT)
clearly shown along the NE and SE rift zones, and along
the N120-Eastern Flank rift zone. Due to the long
wavelength of the imaged negative anomalies, the main
dipolar anomalies should have their sources within
the shallow pile of Piton de la Fournaise lava flows
and therefore cannot be caused by reversely magne-
tized rocks since the age of the volcano (about 0.54 Ma
[Bachélery and Mairine 1990]) is too far from the 0.78
Ma Brunhes-Matuyama reversal (Figure 1A). Accord-
ingly, such anomalies should be interpreted as the pres-
ence of weakly magnetized rocks in an environment of
typically highly magnetized volcanic rocks.

4.2 Qualitative interpretation: highlighting active ar-
eas

In this section we propose a first order qualitative joint
interpretation of the main temperature and magnetic
anomalies. We have previously demonstrated strong
correlations between the two types of anomalies in spe-
cific areas around the Dolomieu crater, with a link

Page 66



VOLCANICA

5(1): 61 —74. por: 10.30909/v0l.05.01.6174

7651000

@
=3
¥ o
=]
58
3
17}
o
-
E
28
£8
28
365500 366000 366500 367000 367500
Easting (m, WGS84 UTM 40S)
Magnetic Anomaly
QuSpin (nT)
= 20m clearance -1500 -500 500 1500 2500 3500 4500 5500
o
oF
©
~
7
(=]
8
23
58
3 °
0
o
2
E
23|
[=3
g 8f
z 9|
365500 366000 366500 367000 367500

Easting (m, WGS84 UTM 408)

Northing (m, WGS84 UTM 40S)

Northing (m, WGS84 UTM 40S)

Temperature (°C) m

o
o
o
eF
©
~
o
(=3
el
pog
w0
©
~
(=3
o |-
(=]
Sk
wn
b ,
©
7.
. @
365500 366000 366500 367000 367500
Easting (m, WGS84 UTM 40S)
RTP magnetic Anomaly

QuSpin (nT)
3 20m clearance 2500 -1500 -500 500 1500 2500 3500 4500 5500 6500
o — - -
o[ .
©
~
(=]
o
n
20
o |
©
~
o
(=]
(=]
(=]
n
©
~ B
365500 366000 366500 367000 367500

Easting (m, WGS84 UTM 40S)

Figure 3: Multi-method UAV imaging of the summit area of Piton de la Fournaise. [A] Orthophoto. [B] Thermal
IR image corrected for ground heating. [C] Maps of the magnetic anomalies, and [D] Reduced to the pole (RTP)
magnetic anomalies. For insets [B] and [D], the color code for the contours of the lava flows is the same as in

Figure 1.

between 1) low magnetization and high temperature
anomalies, 2) low magnetization and no temperature
anomalies, and 3) high magnetization and no thermal
anomalies. We discuss here the implication of such ob-
servations on structures that remain active at depth.

1) The combination of low magnetization with high
temperature anomalies is well interpreted in terms
of active areas that have been strongly intruded
by magma since 2007. The first one is observed
to the south of Dolomieu crater along the SE RZ
(Figure 4), mainly associated with the December
2009 eruptive fissure and more locally with the
June 2014 eruption that occurred after a long rest
period. A similar trend is observed when moving
eastwards, in the upper part of the well-studied
Eastern Flank of PdF (Figure 4). This is not surpris-
ing because this area is highly dissected by radial
and concentric fractures [Bachelery 1981; Labazuy
1996; Merle and Lénat 2003], a trend that has

% Presses universitaires de Strasbourg

been significantly increased with the recent activ-
ity in this sector and the strong deformation asso-
ciated with and since the Dolomieu crater collapse
in 2007 [e.g. Froger et al. 2015a; b; Tridon et al.
2016]. These fractures, well visible on the ortho-
photographs and thermal anomaly map, are un-
doubtedly preferential pathways for intrusions, as
confirmed by the 2019 eruptions that occurred in
February and June in this zone (Figure 4). Note
that along the Eastern Flank, the main low am-
plitude magnetic gradient is observed downslope,
while the temperature anomalies are located closer
to the summit rims, following the eruptive fissures
toward the east, along the N120 RZ (Figure 4). On
unaltered surface areas, such magnetic anomalies
could be linked to the effects of recent flows at the
surface, but also to the presence of strong mechani-
cal heterogeneities at depth, giving the long wave-
length of the magnetic signal. This is consistent
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Figure 4: Combined interpretation from IR temperature and magnetic anomalies imaging. Fissures location from
OVPF database (same color code as lava flows in Figure 1). Associated aerial field photos from OVPF-IPGP-Imaz
Press.

with the eastern direction of the sliding motion
[e.g. Brenguier et al. 2012; Peltier et al. 2015] (and
maybe the sliding plane) of this flank in response
to deformation and eruptive activity [Froger et al.
2015a; b; Tridon et al. 2016], and could be inter-
preted in terms of a zone of greater mechanical
weakness at depth [Dumont et al. 2019].

The combination of low magnetization with the ab-
sence of any temperature anomaly at the surface
is observed at La Soufriére pit-crater to the north
of Dolomieu crater (Figure 4). Regarding the ge-
ological context, it could be interpreted in terms
of a highly altered, fractured and permeable area,
as confirmed by the high amplitude positive SP
and conductive anomalies [Barde-Cabusson et al.
2012; Dumont et al. 2019] associated with strong
hydrothermal alteration, and a decrease in mag-
netization and resistivity [Dumont et al. 2019].
This area has not been intruded by magma since
2007. Despite its highly altered state, there is no
evidence of preferential paths for magmatic flu-
ids to reach the surface. It could be interpreted
in terms of a highly stable state of the hydrother-
mal system and is consistent with the lack of erup-
tive activity in the northern part of the summit
area since 2008. Nevertheless, such weaknesses
and thermally active areas could, in the future, be
considered as preferential pathways for the trans-
fer of shallow hydrothermal and magmatic fluids
during further activity, representing a strong haz-
ard in terms of phreatomagmatic or phreatic erup-
tions [Villeneuve and Bachelery 2006]. Conversely,

Presses universitaires de Strasbourg

several areas appear non-anomalous, being highly
magnetized, cold, and stable. This is especially the
case of the Petit Plateau pit-crater to the south (Fig-
ure 4), which is however associated with a mainly
positive SP anomaly since it remains highly frac-
tured [Michon et al. 2009; Barde-Cabusson et al.
2012]. This is also, more surprisingly, the case to
the west of Bory crater, an area that was in fact af-
fected by an eruption in February 2015 but does
not present any significant SP anomaly [Barde-
Cabusson et al. 2012].

Two areas could be considered as non-anomalous,
cold and highly magnetized. The first one coin-
cides with Petit Plateau, which is a highly fractured
pit-crater (Figure 4). A similar trend is also ob-
served in the southwest of the study area, south
of the Bory crater, in an area that was nevertheless
intruded in February 2015 (Figure 4). These areas
are probably more stable from a thermal point of
view, being less affected by magmatic and/or hy-
drothermal processes during the last decades.

The differences in the extent of the two types of

anomalies could be interpreted in terms of the different
depths of anomalous structures. Temperature anoma-
lies are closely related to summit intrusions and prob-
ably associated with shallow active structures, whereas
magnetic anomalies extend considerably further down
and are more likely attributed to deeper active struc-
tures.
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highlighting the main thermally active and stable areas.

5 CONCLUSIONS

Using UAVs is a considerable advance that makes vol-
cano monitoring more efficient (homogeneous cover,
rapid and safe usage on otherwise inaccessible areas;
[e.g. Antoine et al. 2020; Gailler et al. 2021]), pro-
viding data in 3D, and at different scales. To investi-
gate the potential of geophysical methods for imaging
active volcano-tectonic structures, we coupled high-
resolution UAV magnetic measurements with IR ther-
mal surveys over the summit area of PdF.

We focused on eruptive activity following the 2007
collapse of the Dolomieu crater and showed that low
magnetization anomalies are well correlated with high
temperature signals in areas that have been intruded
by magma during this period, to the south of the Bory
and Dolomieu craters for the 2007-2014 period, and

s
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to the east, along the N120 RZ-Eastern Flank, for the
2014 to the present period (Figure 5). As shown by
Dumont et al. [2019], these observations are consis-
tent with the main intrusive paths radiating from the
Central Cone through the NE-SE and N120 RZ. These
anomalous areas and their orientation provide more in-
formation on the distribution of weakness zones, in or-
der to better evaluate the risk of eruptions (preferen-
tial pathways for magma migration at depth) or partial
landslides, especially along the Eastern Flank (mechan-
ical heterogeneities along the sliding plane; Figure 5).
In this particular area, our results are consistent with
the weakness zone imaged by the Airborne Electromag-
netic (AEM) survey, where a main conductive layer that
follows the topography is imaged at a depth of about
500 m below the surface [Dumont et al. 2019].

To conclude, the comparison between the temper-
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ature and magnetic anomalies imaged in November
2020 at the scale of the PdF summit highlights zones of
major thermal activity (along the SE RZ, N120 RZ and
Eastern Flank; Figure 5), areas of alteration and high
permeability (La Soufriere), and low mechanical resis-
tance (Eastern Flank sliding plane). The temperature
anomalies are predominantly limited to eruptive fis-
sures opened at the surface and allow better constraint
of the spatial extent of the anomalies at shallow depth,
between the plumbing system and associated recent fis-
sures. The low magnetic anomalies highlight the active
thermal state at greater depth, and its connection with
the surface. Therefore, these results open new perspec-
tives in the study of spatiotemporal changes in mag-
matic, hydrothermal, and mechanical variations or al-
teration processes within volcanic edifices. The consis-
tency between all the approaches confirms the poten-
tial of combining IR with high-resolution magnetic sur-
veys using UAVs, and the interest of regularly repeated
surveys to monitor the dynamics of the overall volcanic
system at even higher resolution, for example at a met-
ric scale. Such repeated measurements would improve
our understanding, in 4D, of the rate of change of such
parameters (temperature and magnetization) by quan-
tifying their spatio-temporal evolution, which is a pow-
erful tool in imaging volcanic systems at various scales.
Mapping the evolution of the thermal state of the edi-
fice, with a new combination of those parameters will
be used to better identify the main weakness zones that
could be interpreted in terms of preferential pathways
for fluid transfer and mechanical heterogeneities. Fu-
ture research will be carried out using larger payload
UAVs in order to combine magnetic measurements with
higher resolution IR cameras, and to enable combined
high-resolution 3D models to be performed.
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