
HAL Id: hal-01565713
https://hal.univ-reunion.fr/hal-01565713

Submitted on 20 Jul 2017

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Investigating the deepest part of a volcano plumbing
system: Evidence for an active magma path below the

western flank of Piton de la Fournaise (La Reunion
Island)

Guillaume Boudoire, Marco Liuzzo, Andrea Di Muro, Valérie Ferrazzini,
Laurent Michon, Fabio Grassa, Allan Derrien, Nicolas Villeneuve, A Bourdeu,

Christophe Brunet, et al.

To cite this version:
Guillaume Boudoire, Marco Liuzzo, Andrea Di Muro, Valérie Ferrazzini, Laurent Michon, et al..
Investigating the deepest part of a volcano plumbing system: Evidence for an active magma path
below the western flank of Piton de la Fournaise (La Reunion Island). Journal of Volcanology and
Geothermal Research, 2017, 341, pp.193-207. �10.1016/j.jvolgeores.2017.05.026�. �hal-01565713�

https://hal.univ-reunion.fr/hal-01565713
https://hal.archives-ouvertes.fr


Investigating the deepest part of a volcano plumbing system: Evidence
for an active magma path below the western flank of Piton de la
Fournaise (La Réunion Island)
G. Boudoirea,b,⁎, M. Liuzzo c, A. Di Muro b,d, V. Ferrazzinib,d, L. Michon a,d, F. Grassac, A. Derrien b,d,
N. Villeneuve b,d, A. Bourdeue, C. Brunetb,d, G. Giudicec, S. Gurrieri c

a Laboratoire GéoSciences, Institut de Physique du Globe de Paris (IPGP), Sorbonne Paris-Cité, UMR 7154 CNRS Sciences Réunion, Université de La Réunion, F-97715 Saint-Denis, France
b Observatoire Volcanologique du Piton de la Fournaise (OVPF), Institut de Physique du Globe de Paris (IPGP), Sorbonne Paris-Cité, UMR 7154 CNRS, Université Paris Diderot, Bourg Murat, France
c Istituto Nazionale di Geofisica e Vulcanologia, Sezione di Palermo, V. Ugo La Malfa 153, – 90146 Palermo, Italy
d Institut de Physique du Globe de Paris (IPGP), Sorbonne Paris-Cité, UMR 7154 CNRS, Université Paris Diderot, F-75005 Paris, France
e Ecole et Observatoire des Sciences de la Terre (EOST), 5 rue René Descartes, F-67084 Strasbourg, France

a b s t r a c ta r t i c l e i n f o

Article history:
Received 25 October 2016
Received in revised form 21 May 2017
Accepted 21 May 2017
Available online 26 May 2017

Peripheral diffuse degassing of CO2 from the soil occurs across the western flank of Piton de la Fournaise volcano
(La Réunion Island, Indian Ocean) along a narrow zone. In this area, carbon isotopic analysis on soil gas samples
highlights significant mixing between magmatic and organic end-members. The zones with the strongest mag-
matic signature (highest δ13C) overlap spatial distribution of hypocenters recorded shortly before and during vol-
cano reactivation and allow discriminating a N135° degassing lineament, with a minimum length of 11 km and
140 ± 20 m-width. Such orientation is in accordance with that of an old dyke network along the rift zone and
with N120–130° and N140–155° lineaments related to the inheritance of oceanic lithosphere structures.
Our findings show that this N135° lineament represents a preferential magmatic pathway for deep magma transfer
below the volcano flank. Moreover, spatial distributions of recent eccentric cones indicate a well-founded possibil-
ity that future eruptions may by-pass the shallow plumbing system of the central area of the volcano, taking a lat-
eral pathway along this structure. Our results also confirm that Piton de la Fournaise activity is linked to a laterally
shifted plumbing system and represent a major improvement in identifying the main high-risk area on the densely
populated western flank of the volcano.
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1. Introduction

At quiescent and active volcanoes, a significant fraction of magma
degassing diffuses through edifice flanks and, preferentially, along active
tectonic structures (Allard et al., 1991; Giammanco et al., 1995, 1998,
2010; Chiodini et al., 2001; Granieri et al., 2003, 2010; Hernández et al.,
2012). Among released volcanic gases, carbon dioxide (CO2) is early by
an uprising magma, already at mantle depth and represents the most im-
portant contribution to diffuse degassing, whereas water (H 2O), the
most abundant magmatic volatile species, is released at shallower
depths, and undergoes condensation both along its pathways toward
the surface, and in the soil (Granieri et al., 2010; Di Muro et al., 2016). Be-
sides magmatic degassing, soil CO2 degassing at the surface may also be
related to several other sources such as (1) mantle, (2) subducted crustal
rocks and sediments, (3) carbonate rocks and, (4) biogenic components

(Giammanco et al., 1997; Deegan et al., 2010; Troll et al., 2012; Burton et
al., 2013; Dionis et al., 2015). Carbon isotopic composition is a useful tool
to discriminate between these different sources of CO2 emissions and to
reveal potential mixing among gases deriving from different sources. For
instance, thanks to carbon isotopes analysis, it is possible to identify in-
teractions between magmatic and hydrothermal  fluids in volcanic envi-
ronments (Giammanco et al., 1998; Chiodini et al., 2008), or to detect any
contribution from biogenic gas or from air to the diffusely emitted CO 2

(Amundson et al., 1998).
When a deep magmatic origin is inferred, CO 2 release from the soil

along active tectonic structures generally displays close spatial and tem-
poral links with seismicity. The link between magmatic CO 2 emission
and seismicity in volcanic areas can be related to either (1) permeability
variations due to tectonic stress changes and/or rock failure phenome-
non connected to the regional geodynamic activity or, (2) magma trans-
fer or intrusion processes. Examples of the first type have been observed
along the Pernicana fault at Mount Etna (Italy) (Giammanco et al., 2006;
Azzaro et al., 1998; Toutain and Baubron, 1999 ), as well as along the San
Andreas fault near Los Angeles (USA) (Irwin and Barnes, 1980).
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Regarding the second type, many cases have been described by several
authors at numerous volcanoes, such as, Mount Etna and Vulcano Island
in Italy (Giammanco et al., 1998; Chiodini et al., 1998; Diliberto et al.,
2002; Gurrieri et al., 2008; Giammanco and Bonfanti, 2009; Cannata et
al., 2010, 2015), or El Hierro in the Canary Islands (López et al., 2012;
Pérez et al., 2012).

At Piton de la Fournaise (La Réunion Island), diffuse flank CO 2

degassing is generally very weak (Seidel et al., 1988; Marty et al., 1993;
Toutain et al., 2002; Liuzzo et al., 2015 ) and includes a significant biogen-
ic component. This peculiar condition is explicable, most probably, by the
tropical oceanic climate, which is marked by extreme precipitation rates
and a high average temperature, allowing substratum degradation and
fast vegetation development. Some authors (Basile-Doelsch et al.,
2007; de Junet et al., 2013) have evidenced that andosols at La Réunion
Island have a strong potential organic matter sequestration due to the
absence of aluminosilicate minerals. However, recent studies carried
out on the whole edifice (Liuzzo et al., 2015) have revealed that at
Piton de la Fournaise there are also several sites marked by high soil
CO2 fluxes with a δ13C signature typical of a magmatic origin of the emit-
ted gas. These authors have performed large-scale campaigns of the vol-
cano flanks with a moderate spatial resolution. They showed that there is
a close spatial correlation among sites with anomalous soil CO 2 flux,
areas exhibiting the highest concentration of eruptive cones on the vol-
cano flanks and the areas with hypocentral location of earthquakes at
depths N 11 km (depth of the local lithospheric mantle). The parallelism
between these features and the main regional tectonic structures (trans-
form faults and paleo-ridge axes) has been interpreted as evidence of a
control of the structural inheritance of the oceanic lithosphere in the
magma migration (Liuzzo et al., 2015). In this study, we focus on the seis-
mic and volcanically active NW rift zone (NWRZ) on the western flank of
Piton de la Fournaise, which has been interpreted as a sector of deep
magma storage and potential lateral migration of magma towards the
central and shallower plumbing system (Lénat et al., 2012, Liuzzo et al.,
2015; Michon et al., 2015). The NWRZ is a 10–15-km-wide and 15-km-
long area displaying about 200 eruptive cones, some of which of recent
(historical) age (Morandi et al., 2016). Our goal was to identify potential
fluid/magma paths between the supposed deep storage zone below the
western flank and the shallow central conduits. To do so, we obtained
soil CO2 emission profiles taken from samples at high spatial resolution
(sampling step of 20 m) across the NWRZ, also collecting data on the
C-isotope signature of CO2 from selected samples. The spatial distribu-
tion of the gas samples with a clear magmatic contribution has been
compared with the density distribution of dykes and with the spatial
and depth distribution of recent micro-seismicity. Our findings have
strong local implications, enabling a more solid reconstruction of a
long-lived, though previously poorly defined, active preferential
magma/fluid pathway, which in turn raises important issues concerning
the local volcanic risk assessment of the densely populated western  flank
of Piton de la Fournaise volcano.

2. Geological framework

La Réunion is a 7-km-high (above sea floor), 200-km-wide intraplate
volcanic island located in the Indian Ocean on an oceanic lithospheric
block bounded by transform faults of the now extinct Mascarene Basin
(Bernard and Munschy, 2000). The island is made up of two main volca-
noes: Piton des Neiges (PdN) in the north-western part, which has been
at rest for ~20 ky (Deniel et al., 1992); and Piton de la Fournaise (PdF),
located in the south-eastern part of the island, is a current highly active
basaltic shield volcano whose activity started at least 530 ky ago ( Gillot
and Nativel, 1989). PdF is one of the world's most active volcanoes, aver-
aging one eruption every nine months since 1930 ( Peltier et al., 2009;
Roult et al., 2012). Recorded observations since 1640 show that erup-
tions have been mostly restricted within the seawards oriented, horse-
shoe-shaped, open Enclos Fouqué caldera (Villeneuve and Bachèlery,
2006; Michon et al., 2013) whose formation occurred between 5465

and 2971 calendar years BP (Bachèlery, 1981; Upton et al., 2000; Ort et
al., 2016). Seismic activity within this central area is restricted to a crustal
depth range shallower than 8–9 km bsl (Battaglia et al., 2005; Michon et
al., 2015). Former soil CO2 flux measurement campaigns, performed dur-
ing a long period of rest of the volcano (2012–2014), have also evidenced
a strong contrast between the low degassing zone close to its central area
and the higher emissions on the volcano flanks (Liuzzo et al., 2015).

On the volcano flanks (outside the central area) both the distribution
of old cinder cones of eccentric eruptions and high-level soil-degassing
suggest the presence of three main active rift zones which radially cut
the volcano massif and have been recognised as preferential for
magma intrusion (Fig. 1; Bachèlery, 1981; Chevallier and Bachèlery,
1981; Villeneuve and Bachèlery, 2006; Bonali et al., 2011; Liuzzo et al.,
2015; Michon et al., 2015, 2016). The two most active of these are the
SE and NE rift zones (SERZ and NERZ), which have been interpreted as
shallow lateral pathways of magma initially injected below the central
area. Magmas erupted along the SERZ and NERZ display geochemical
compositions similar to those erupted from the central area (Boivin
and Bachèlery, 2009). In these sectors, recent flank eruptions have oc-
curred every 50 years on average (Morandi et al., 2016) and have gener-
ally begun inside the Enclos Fouqué before lateral shallow magma
migration (Villeneuve and Bachèlery, 2006). The SERZ and NERZ are
thought to be closely linked to the central shallow plumbing system of
Piton de la Fournaise and to result from the seawards displacement of
the steep eastern flank (Bonali et al., 2011; Michon et al., 2015). On the
aseismic SERZ and NERZ, Liuzzo et al. (2015) have reported high soil
CO2 emissions, possibly defining a secondary deep magma transfer espe-
cially along recently active zones or/and possible tectonic structures ori-
ented N90° cutting the western flank.

The third and largest rift zone, the NWRZ, has been characterised by
peripheral eruptions for at least 29 ky (McDougall, 1971; Michon et al.,

Fig. 1. Location map of the three active radial rift zones cutting the volcanic edifice of Piton
de la Fournaise (La Réunion Island, Indian Ocean) and of diffuse soil CO2 emission profiles
measured orthogonal to the main rift zone (NWRZ). Soil CO2 fluxes were measured with
40 m-spacing on a long profile (COM; blue line) and with 20 m-spacing on shorter sub-
parallel profiles (GIT, FLR, TEX, DOR, SON; red lines). Green lines are cliffs investigated for
dyke spatial distribution by photogrammetry. Colour filled sectors are areas where high
soil CO2 fluxes and deep earthquakes are coupled (zones with hypocenters between 20
and 40 km (bsl) in red and between 11 and 20 km (bsl) in orange; Liuzzo et al., 2015;
Michon et al., 2015). Seismicity shallower than 11 km (bsl) mainly occurs below the
central cone (Enclos Fouqué) and is related to the shallow plumbing system of Piton de la
Fournaise. δ13C analysis of CO2 trapped in fluid inclusions are from xenoliths found in
Piton Chisny products (CHI, black star; Trull et al., 1993).



2015) with, on average, one eruptive episode every 200 years ( Morandi
et al., 2016). The orientation of this large rift zone is interpreted as
resulting from a control of the structural inheritance of the oceanic lith-
osphere in the magma propagation (Bachèlery, 1981; Chevallier and
Bachèlery, 1981; Brenguier et al., 2007; Michon et al., 2007, 2015 ). Its
development is linked to a regional NNE-SSW extension, which affected
PdN since at least 2 my ago (Michon et al., 2015). The NW rift zone dif-
fers from the central area and related NE and SE rift zones for two main
reasons: i) it is affected by seismic events with hypocenters deeper than
the 10–12 km bsl crust-mantle boundary (Gallart et al., 1999), ii) it is
characterized by the highest values of CO2 flux emissions on the volcano
massif (Liuzzo et al., 2015). Geochemical studies revealed that the
NWRZ is the site of deep magmatic processes occurring at mantle pres-
sures (Kornprobst et al., 1984; Albarède et al., 1997; Bureau et al., 1998;
Boudoire et al., in prep). Recent studies (Liuzzo et al., 2015; Michon et
al., 2015) propose that NWRZ corresponds to the main pathway of lat-
eral magma migration from the mantle source towards the central
area, from a deep level marked by the sub-crustal seismicity.

Lateral migration of deep earthquakes below the NWRZ has been fre-
quently recorded and is associated with major changes in eruptions ac-
tivity or in eruptive intensity. During the 1992–1998 quiescent period,
both lateral and upwards earthquakes migration was recorded since at
least 1996 below the NWRZ at 16 km bsl with a spatiotemporal evolution
towards the central area, leading to volcano reactivation and to the long-
lasting, large eruption of March 1998 (Battaglia et al., 2005). In 2007, an
inverse downward and lateral migration of earthquakes was observed
after the major caldera forming event of April 2007, when hypocenters
beneath the central area deepened progressively down to 28 –33 km
bsl beneath the western flank of the volcano (Le Tampon in Fig. 1;
Massin, 2009). This migration was interpreted as a propagating decom-
pression of the plumbing system after a large volume eruptive event
(González et al., 2013; Michon et al., 2015). After more than three
years of rest (2011–2014), a distal seismic swarm at mantellic level oc-
curred in March–April 2014, below La Plaine des Palmistes. It preceded
the short-lived, small volume central eruption of June 2014 marking
the beginning of a new eruptive period (Peltier et al., 2016; Boudoire et
al., submitted).

3. Methods

Measurements of CO2 flux from the soil were performed using the
“dynamic concentration method” (Gurrieri and Valenza, 1988;
Camarda et al., 2006a). A 50-cm-long probe is inserted into the soil, con-
nected to an IR spectrophotometer measuring a gas mixture between air
and soil gas pumped at constant flux rate of 0.8 L/min. The soil CO2 flux is
then estimated using an empirical relationship between CO 2 dynamic
molar concentration and CO2 fluxes:

FCO2 ¼ 32‐5:8 k 0:24 Cd þ 6:3 k 0:6Cd
3

where ΦCO2 is the CO2 flux from the soil (g m −2 d−1 ), Cd the mea-
sured dynamic molar concentration, k is the soil permeability coefficient
(μm2) fixed here at 35 in accordance with previous studies on Piton de la
Fournaise (Liuzzo et al., 2015 and references therein). Even if volcanic
soil permeabilities can fluctuate (Moldrup et al., 2003; Camarda et al.,
2006a, 2006b) due to heterogeneous soil properties and seasonal in flu-
ence, this effect is here limited (1) by performing measurements during
the dry season (Camarda et al., 2006b) and (2) due to the homogeneity
of La Réunion Island soils above 1000 m asl referring essentially to
andosols (Feder, 2013). Moreover Camarda et al. (2006a) have evi-
denced that considering a unique soil permeability value does not play
a role on the statistical distribution of soil CO 2 flux studies. Transects of
measurement points were carried out orthogonally to the NWRZ. The
longest one was a 6.5 km-long profile across the NWRZ with a 40 m-
spacing between points. At various altitudes (1200–2200 m asl), shorter

(1.2–2 km-long) parallel profiles with 20 m-spacing between points
were performed in order to better define the shape and the dimensions
of the main anomaly identified along the longer profile. This sampling
strategy was guided by the difficulty in performing a regular mapping
because of morphological obstacles (cliffs, lava field, lava flows, etc.)
and vegetation cover. For comparison, the search for CO2 anomalies per-
formed by Liuzzo et al. (2015) was performed with an average spacing of
100 m. The reported profiles represent the best choice to obtain long and
high-resolution measurements with a nearly constant spacing. Field
measurements were carried out during the eruptive phase of August
2015, while the more proximal GIT profile was measured in May 15,
2015 during a sequence of earthquakes whose hypocentres showed a
progressive upward migration below the central area (Lengliné et al.,
2016), concomitant with CO2 enrichment in the summit fumaroles emis-
sions (Peltier et al., 2016). Profiles were obtained during the dry season
in order to limit environmental interference, consistent with previous
studies. No rain occurred in the days before and during the measure-
ments, and no significant changes of meteorological parameters were re-
corded. In addition, similarly to findings of Liuzzo et al. (2015),
meteorological influence on CO2 flux can be considered negligible during
profile acquisition and not affecting the CO2 flux spatial distribution dur-
ing the short duration of data measurements. Statistical analyses of the
data distribution were performed using the graphical approach based
on Sinclair's cumulative probability plots (MATLAB code; Sinclair,
1974). Thresholds were determined using the maximum-likelihood
method based on a Gaussian Mixture Model (GMM) implementing an
expectation-maximization (EM) algorithm developed on “Python” pro-
gramming language, which is more accurate for short datasets (b 100
values; Elio et al., 2016). Isotopic analysis on gas samples collected in
vials through a capillary probe into the soil (at 50 cm-depth) was per-
formed at INGV Palermo (Italy), with a Thermo Delta Plus XP CF-IRMS
(precision ±0.15 δ‰) coupled with a Thermo TRACE Gas Chromato-
graph (GC) and a Thermo GC/C III interface (Liuzzo et al., 2015).

Seismic events from 1996 to 2015 were recorded through the seis-
mological network of the Observatoire Volcanologique du Piton de la
Fournaise (OVPF-IPGP). In this study, we focus on earthquakes location
within the NWRZ in order to analyse their eventual spatial correlation
both with areas of anomalous soil CO 2 fluxes and with the location of
possible tectonic structures that act as preferential pathways for the up-
ward migration of fluid/magma. For this reason, great attention has been
paid to the spatiotemporal evolution of seismicity during the 2011 –2015
period of transition from rest to volcanic reactivation. Most of the seismic
events correspond to high-frequency and low-magnitude (M  b 3) earth-
quakes. Furthermore, we determined the location of the dyke networks
along the NWRZ by combining field observations and structure from mo-
tions that is a photogrammetric technique that produces Digital Eleva-
tion Models (DEM) through the processing of multi-stereoscopic
photographs. A dataset of 88 oblique aerial photographs on the cliffs of
Rivière de l'Est enabled the achievement of a high-resolution (25 pts
m−2 ) 3D model in order to identify structures within these remote cliffs.
The model was scaled and positioned using 10 Ground Control Points
(GCP), with coordinates retrieved on a lower resolution (5 m) DEM of
the sector.

4. Results

4.1. Soil CO2 fluxes

The highest flux values were measured along the GIT profile, located
closest to the volcano summit (Fig. 1). This profile, however, is the only
one that was obtained in May 2015, when an important deep seismic
swarm was recorded below the central area (Lengliné et al., 2016) and,
when a significant CO2 enrichment was detected in the summit fuma-
roles (Peltier et al., 2016). Considering the time delay in the acquisition
of soil CO2 data between GIT and other profiles (3 months), as well as
the relatively long distance separating each profile (Fig. 1), we



statistically analysed the whole dataset and each pro file independently.
Statistical analysis of the whole soil CO2 flux dataset including 296 mea-
surements reveals that the density distribution of CO2 fluxes is closer to
log normal rather than to normal (Fig. A1, Appendix A) in agreement
with previous works (Giammanco et al., 1998; Liuzzo et al., 2015). This
allows recognizing possible populations partitioning of the data gathered
both from the main profile and from the shorter ones. For this aim, a
graphic analysis based on Sinclair's cumulative probability plots was per-
formed on each dataset (Table 1; Fig. 2). On cumulative probability plots,
inflection points reveal the presence of distinct populations ( Sinclair,
1974). Populations were consequently quantified for each profile (Fig.
2; Table 1).

In the longest profile (COM; 6.5 km; 40 m-spacing), which spans
most of the NWRZ, two populations were identified (Fig. 2; Table 1):
one centered at 14 g m –2 d –1 , which represents the majority of the
dataset (Φ14; 82%), the second one centered at 140 g m –2 d –1 (Φ140;
2%). Other values are centered at 32 ± 15 g m –2 d –1 (Φ32; 16%) and
are representative of various extents of mixing between the two de fined
populations. In order to identify the values mostly defined by the popu-
lation of highest soil CO 2 fluxes (contribution N 50%), we have deter-
mined the corresponding threshold at 29 g m –2 d –1 . In Table 2, we
have thus reported three different groups: (1) the  “background” group,
defined by values where the population of lowest CO2 fluxes is prepon-
derant (contribution N 50%), (2) the “intermediate” group, set by values
where the population of highest soil CO2 fluxes is preponderant (contri-
bution N 50%) and, (3) the “anomaly” group corresponding to the popu-
lation of highest soil CO2 fluxes. Consequently, with this classification, it
appears that the soil CO2 fluxes anomaly occurs in a narrow 140 ± 20-m-
wide zone within the profile (Fig. 3). Intermediate values are scattered
and do not delimit such similar zone.

The application of Sinclair's approach to shorter profiles (GIT; TEX;
DOR; SON; 1–2 km in length) suggests that they also show two soil
CO2 flux populations (Fig. 2; Table 1). As for the case of the long transect,
the lowest flux population is centered at 13–15 g m –2 d –1 and accounts
also for most of the data (38–72%). The highest one is centered at 86–
518 g m –2 d –1 and accounts for 7–10% of the data. This population

range from 69 to 951 g m –2 d –1 , i.e. above the 55 g m–2 d –1 threshold
considered as representing the upper limit of the typical  flux values from
biological activity in the tropical conditions of La Réunion Island ( Liuzzo
et al., 2015). A third population centered at 71 g m–2 d –1 and accounting
for 13% of the dataset is only detected in the FLR pro file (Table 1; Fig. 2).
However, this population is scattered along the FLR profile and further
investigations are required in order to exclude any artefact due to the re-
stricted number of measurements carried out for the short transects. Fol-
lowing the previous classification performed for the long transect
(COM), we are able to determine three groups of soil CO 2 fluxes: (1)
the “background” group defined by fluxes from 9 to 60 g m –2 d –1 con-
sistent with biological activity, (2) the “intermediate” group with fluxes
ranging from 20 to 309 g m –2 d –1 that overlap the moderate fluxes de-
termined by Liuzzo et al. (2015); (3) the “anomaly” group defined by the
highest fluxes (up to 951 g m –2 d –1 ).

Populations identified in this high-resolution survey of the NWRZ are
consistent with previous results of Liuzzo et al. (2015) in their low-reso-
lution survey of the volcano massif performed during a phase of volcano
quiescence. The main differences are (1) the appearance of very high soil
CO2 fluxes (up to 951 g m –2 d –1) close to the volcano central area (GIT),
not detected during the volcano quiescence phase and, (2) the absence
of similar very high soil CO 2 flux (b117 g m –2 d –1 ) in the distal area
(SON) during the phase of volcano reawakening. Spatial representation
of the soil CO2 fluxes groups also indicates that anomalous zones are
often bordered by intermediate flux values (e.g. TEX, DOR), defining rel-
atively narrow zones not exceeding 140 ± 20 m of width, in each pro file
(Fig. 4). As suggested above, we pointed out that performing such statis-
tical analysis on the whole dataset prohibits the detection of potential
soil CO2 anomalies on individual short profiles as observed for the SON
transect (Table 1; Fig. 2).

4.2. Carbon isotopic composition of CO2

For each profile, samples of gas were collected for carbon isotopic
analyses in the sites that showed the highest relative emission rates, in
order to put further constraints on the processes contributing to the

Table 1
Reliability (R2), number of samples, relative proportion, mean, standard deviation, minimum (min) and maximum (max) of each population in the six soil CO 2 flux profiles measured on
the NWRZ of Piton de la Fournaise (from Fig. 2). Two populations (centered at 13–17 and 86–518 d g m–2 d –1 are common to all profiles. The population with the highest fluxes (centered
at 518 g m–2 d –1) is identified along the GIT profile, i.e. in the closest vicinity of the currently active central area. FLR dataset permits to identify a possible further population (centered at
71 g m –2 d –1).

Profiles Populations R2 Number Percentage Fluxes (g m –2 d –1 )

Mean Standard Deviation Min Max

Total (this study)
All Pop Φ14 0.92 153 52 14 3 9 20

Φ75 0.94 131 45 75 64 22 294
Pop Φ347 0.99 8 3 347 24 309 380
Pop Φ856 1.00 2 1 856 134 762 951

Long profile (40 m–spacing)
COM Pop Φ14 0.86 99 82 14 2 11 19

Φ32 0.81 19 16 32 15 20 82
Pop Φ140 1.00 3 2 140 20 119 160

Short profiles (20 m–spacing)
SON Pop Φ13 0.89 33 72 13 2 9 17

Φ34 0.96 10 22 34 11 20 56
Pop Φ86 0.82 3 7 86 27 69 117

DOR Pop Φ17 0.90 26 44 17 4 11 24
Φ78 0.96 28 47 78 51 28 209
Pop Φ295 0.86 5 8 295 59 244 373

TEX Pop Φ14 0.89 41 56 14 2 11 19
Φ53 0.89 27 37 53 41 20 160
Pop Φ276 0.94 5 7 276 45 227 335

FLR Pop Φ15 0.92 31 52 15 3 11 20
Φ36 0.94 15 25 36 12 22 58
Pop Φ71 0.91 8 13 71 3 67 74
Pop Φ196 1.00 6 10 196 83 102 324

GIT Pop Φ14 0.90 22 38 14 2 11 17
Φ63 0.93 30 52 63 50 19 181
Pop Φ518 0.82 6 10 518 270 309 951



gas diffuse emissions (Table A1; Appendix A). CO2 concentration in
analysed samples is consistent with field measurements and spans the
range from 3986 to 52,618 ppm (0.4–5.3%). In the following, we keep
the original model of Liuzzo et al. (2015) where charcoal samples from
Piton de la Fournaise ashes (−24.7‰ on average) are chosen as repre-
sentative of the biogenic end-member (Liuzzo et al., 2015; Morandi et
al., 2016) and measurements in summit fumaroles (−4.1‰) are consid-
ered representative of the magmatic δ 13C end-member (Marty et al.,
1993). The signature of the magmatic end member is also consistent
with results from crushing and step-heating analyses of olivine grains
from Piton Chisny's xenoliths that range from −4.6‰ up to −3.7‰
(Trull et al., 1993), with only one analysis at −10.2‰. Our new isotopic

data overlap with those previously measured on the volcano massif
(Liuzzo et al., 2015) and range between −24.2‰ and −13.1‰ (Fig. 5).
Regarding the whole dataset and following the previous statistical meth-
odology, we have determined that the population de fined by the lowest
δ13C range from −26.6 to −22.2‰ and represents 42% of the dataset.
The 4.4.‰ difference fully overlaps the theoretical difference predicted
between carbon isotopic composition of carbon in soil CO 2 and soil-re-
spired CO2 (Cerling et al., 1991) and thus, it supports the assumption
that δ13C values lower −22.2‰ are best representative of the biogenic
population. As already pointed out by Liuzzo et al. (2015), our data
show the existence of an important mixing between magmatic and bio-
genic end-members. This signature is clearly identified in all soil CO2 flux

Fig. 2. Soil CO2 flux populations identified using the graphical approach defined by Sinclair (1974) and based on probability plots. Each profile was processed independently to test for
possible differences in background distributions in distant sites and in order to take into account that GIT profile was measured in May 2015, 3 months before the other profiles. The
mean of each population is reported on the graphs.



populations, from the lowest to the highest soil CO 2 flux (Fig. 6). In our
dataset, the possible magmatic contribution did not exceed 50% even if
the samples were carried out during an intense eruptive period (May
2015–August 2015). This signature is found in both distal (DOR, SON)
and proximal (GIT) sites and, in both high fluxes (N227 g m –2 d –1 ;
GIT; TEX; DOR) and moderate fluxes (117 g m–2 d –1 ; SON). Interesting-
ly, measurements performed in 2013 on the same sites within the
NWRZ, by Liuzzo et al. (2015), never exceeded −22.4‰ except for
those collected along GIT (− 16.8‰). This is the first time that an in-
crease of the magmatic contribution during volcano unrest has been doc-
umented in diffuse CO2 emissions at Piton de la Fournaise.

However, we stress that areas of high diffuse emission do not neces-
sarily record a well-marked magmatic signature. Actually, a further
analysis has been performed in order to compare the  δ 13C data with
the soil CO2 fluxes (Fig. 6). The correlation of δ 13C spatial distribution
with high soil CO 2 flux values within each profile (except FLR) allows
distinguishing (1) high soil CO 2 flux with a marked magmatic compo-
nent and (2) high soil CO 2 flux associated with a low δ 13C signature
(Fig. 6). Such result evidences that even if various extents of mixing be-
tween magmatic and biological CO 2 is a major process at Piton de la
Fournaise, secondary processes could also affect the pristine  δ13C signa-
ture of such CO2 emissions.

4.3. Seismicity

Piton de la Fournaise experienced an unusually long period of quies-
cence in 2010–2014 followed by a still ongoing period of unrest with
several eruptions per year since June 2014 (Peltier et al., 2016; Coppola
et al., 2017). After the December 2010 eruption, seismic activity outside
of the central area (essentially occurring within the upper mantle) was
weak during 2011, 2012 and 2013 (Fig. 7a). In 2011, the few recorded
seismic events were scattered below both La Plaine des Palmistes and
La Plaine des Cafres (11–27 km bsl). Seismicity slightly increased in
2012 and most of the events (b10 events; 11–25 km bsl) were concen-
trated below La Plaine des Palmistes (Fig. 7b). In 2013, the area affected
by most of the earthquakes shifted towards La Plaine des Cafres (17 –
27 km bsl). This seismicity distributed between Le Tampon and La Plaine
des Palmistes occurred close to a previously proposed regional N30 –40°
structure (Liuzzo et al., 2015; Michon et al., 2015).

During 2014, the location of the deep seismic events (mostly at 15 –
21 km bsl) shifted anew to La Plaine des Palmistes and drastically in-
creased in March–April 2014 (Fig. 7c). Following this event, an increase
of deep seismicity (19–28 km bsl) was recorded below the NWRZ in
May–June 2014, evidencing a 3–4-km-wide, 9-km-long, and N130°
trending seismic zone connecting La Plaine des Palmistes and the central
area (Fig. 7c) close to the N120° regional structure (Liuzzo et al., 2015;
Michon et al., 2015). Interestingly, similar increases in the number of
deep seismic events were also recorded below the western  flank of the
volcano in 1996–1998 before the 1998–2010 eruptive period (Battaglia
et al., 2005). Following this deep seismicity below the western flank, a
new eruptive period started at Piton de La Fournaise with the 21th
June 2014 eruption (Peltier et al., 2016). In 2015, Piton de la Fournaise
produced four eruptions (4–16th February 2015, 17–30th May 2015,
31th July–2nd August 2015 and 24th August–31th October 2015) associ-
ated with shallow (crustal) seismic events (b 9 km bsl) below the central
cone (Fig. 7a). In parallel, 2015 deep seismicity continued to remain rel-
atively frequent below the N130° trending seismic zone (17 –21 km bsl)
and below Le Tampon (27–28 km bsl).

4.4. Distribution of intrusive dykes on PdF

With the exception of Pas de Bellecombe, along the Enclos Fouqué
scarp, no major dyke networks were observed on the cliffs of Plaine
des Sables and Bellecombe cutting the NWRZ (Fig. 1). We consequently
focused our analysis on the cliff of the Rivière de l'Est in order to further
constrain magma paths and the distribution of vertical discontinuities for
percolation of CO2-rich fluids on the western volcano flank. Photogram-
metric measurements performed on this cliff showed a series of 14 dykes
of unknown age organized in two groups with orientations ranging be-
tween N125° and N150° (Fig. 8). In the southwestern part of the cliff,
the first group is made of the thickest dykes (up to 5 m-thick) with a
N140 (±10)° average orientation (Fig. 8a). The second group is com-
posed of thinner dykes (1–2 m in thickness) and is clearly visible in the
cliff ~ 570 m northeast of the first group (Fig. 8b). Interestingly, the
most recent peripheral eruptive cones on the western flank (140–
1465 yrs. BP; Morandi et al., 2016) are aligned with this second group
and with a rare well-exposed, 1.3 m-thick, N135 (±10)° trending dyke
cropping out in the Bellecombe cliff. Finally, one isolated dyke is also
found in the northeastern part of the cliff, about 300 m from the previous
ones (Fig. 8c). Some dykes might not have been identified by our analysis
owing to the dense vegetal cover, which may mask their morphological
signature. However, our observations show that is the most important
concentration of dykes within the NWRZ.

5. Discussion

5.1. Significance of the CO2 anomalies

Our survey of soil CO2 flux evidences the occurrence of high soil CO2

emission zones with variable δ 13C signatures. We have differentiated
along a same transect, sites (1) with high soil CO2 flux and a high isotopic
signature and those (2) with high soil CO2 flux and low isotopic signature
(Fig. 6; Table A1, Appendix A). However, the identification of such high
CO2 emission zones with low δ 13C signatures highlights that some
parts of the transects could diverge from a simple magmatic-biogenic
mixing approach, as developed in this study.

On one side, isolated high soil CO2 fluxes only detected on one point
with respect to surrounding measurements (e.g. GIT on Fig. 6) could re-
flect local enrichment in organic matter as supported by their low  δ 13C
signature (Basile-Doelsch et al., 2007; de Junet et al., 2013 ). On another
side, high soil CO2 fluxes defining a wide zone is more prone to track a
real magmatic contribution, the δ13C signature being affected by second-
ary processes. Actually, CO2 reaction with cold groundwater can be an ef-
ficient process to explain such fractionation (Δ 13C between −8.5 and
−9.4‰ at 10–25 °C; Mook et al., 1974; Giammanco et al., 1998;

Table 2
Soil CO2 fluxes clusters (background, intermediate, anomaly) from population determina-
tion (Table 1). Background soil CO2 fluxes range from 9 to 60 g m–2 d –1 . Intermediate soil
CO2 fluxes range from 20 to 309 g m–2 d –1 . Anomalous soil CO2 fluxes mainly reach 300 to
400 g m–2 d –1 . Only the proximal GIT profile (performed in May 2015) displays very high
fluxes up to 951 g m –2 d –1 .

Profiles Populations Number Percentage Fluxes
(g m –2 d –1 )

Min Max

Long profile (40 m–spacing)
COM Background 111 92 11 29

Intermediate 7 6 29 119
Anomaly (Pop Φ 140): 3 2 119 160

Short profiles (20 m–spacing)
SON Background 33 72 9 20

Intermediate 10 22 20 69
Anomaly (Pop Φ 86) 3 7 69 117

DOR Background 42 71 11 60
Intermediate 12 20 60 244
Anomaly (Pop Φ 295) 5 8 244 373

TEX Background 57 78 11 42
Intermediate 11 15 42 227
Anomaly (Pop Φ 276) 5 7 227 335

FLR Background 40 67 11 39
Intermediate 14 23 39 102
Anomaly (Pop Φ 196) 6 10 102 324

GIT Background 38 66 11 41
Intermediate 14 24 41 309
Anomaly (Pop Φ 518) 6 10 309 951



Chiodini et al., 2008). This effect can be particularly marked in the trop-
ical environment of Piton de la Fournaise, where the high annual rainfall
creates an aquifer whose thickness is far from negligible. At Piton de la
Fournaise, the water table forms a dome across the island following dis-
continuities between young and old geological units ( Folio, 2001; Join et
al., 2005) whose permeability to water is highly contrasting. This model
known as the Canarian-type conceptual model of groundwater ( Join et
al., 2005 and references therein) contrasts with basal water tables as ob-
served at Hawaii (USA). Consequently, an important hydraulic gradient
exists from the highest elevated zones inside the island towards the low-
est coastal zones where basal aquifers predominate. Such water circula-
tion within the volcanic edifice, unlike stable permanent aquifers, is
potentially less prone to produce important carbon fractionation pro-
cesses at large kilometric scale. However, the presence of punctual
water-saturated zones could favor such fractionation processes. For in-
stance, low δ 13C values were measured in pluridecametric zones of
high soil CO2 fluxes along the FLR and DOR transects (Fig. 6). As a matter
of fact, in our study, these sectors are the only ones set in the vicinity of

water outlets and river beds (blue arrows on Fig. 9). This process can
thus contribute to hide the pristine magmatic signature of high soil CO 2

diffuse emissions.

5.2. Identification of volcano-tectonic structures

Many recent studies used soil CO2 diffuse emissions as a useful and
unambiguous tracer of volcanic and tectonic structures (Azzaro et al.,
1998; Giammanco et al., 1998; Finizola et al., 2003, 2004; Revil et al.,
2008, 2011; Bennati et al. , 2011; Bonforte et al., 2013). In this study of
the NWRZ of Piton de la Fournaise, we adopted a multidisciplinary ap-
proach combining (1) soil CO2 flux and isotopic data, (2) seismic events
spanning from 1996 to 2015, (3) a photogrammetric model to quantify
the dyke distribution and orientation and,  finally, (4) the spatial density
of the cinder cones in the area investigated, with the aim of identifying
and better constraining potentially active structures within this rift
zone. Fig. 9 summarizes the different data used in the current study
and clearly suggests the existence of a linear structure in the NWRZ.

Fig. 3. Long spacing (40 m) profile of soil CO2 fluxes (COM) measured across most of the NW rift zone. The probability plot, for these data, evidences a narrow (about 140 ± 20 m) anomaly
of moderate diffuse CO2 soil emissions.



Firstly, the zones of soil CO2 emission with a more pronounced magmat-
ic isotopic signature are well aligned with a N135° orientation. Secondly,
such an orientation is similar to those of the dyke networks within the
cliffs of Rivière de l'Est and Bellecombe. It is worth noting that spacing
between dyke groups (Fig. 8) is quite consistent with the spacing sepa-
rating soil CO 2 anomalies on a parallel axis within individual profiles
(Fig. 4): (1) 550 m in DOR with respect to the 570 m between dykes
groups 1 and 2 and; (2) 250 m in GIT, FLR and TEX profiles in comparison
with the 300 m spacing between dykes groups 2 and 3. Thirdly, the most
recent (470 ± 75–1466 ± 75 BP) peripheral eruptive cones of the NWRZ
(Petit Cratère in the NW to Formica Leo in the SE) show an alignment spa-
tially superimposed onto the soil CO 2 anomalies and dyke networks.

Fourthly, most of the seismic hypocenters recorded between 2013 and
2015 (and in particular between 2014 and 2015) below the NWRZ
were concentrated along a 3–4-km-wide, 9-km-long, N130°-oriented
corridor at the vertical of the identified structure. Interestingly, their in-
creasing number was coeval with the reactivation of the central volcano.
Finally, lavas of some of the recent peripheral cones widespread above
this seismically active zone record higher pressures (2–7 kbar) than the
central area (Bureau et al., 1998; Boudoire et al., in prep ). Our dataset
thus suggests that an important and still active deeply-rooted structure
(at least 11-km-long), identified here for the first time as the Songit
Lineament, channels fluid transfer across the western flank of Piton de
la Fournaise without undergoing major secondary interactions ( Fig. 9).

Fig. 4. Short spacing (20 m) profiles of soil CO2 fluxes (GIT, FLR, TEX, DOR, SON) across the NW rift zone. The coloured circles differentiate among soil CO2 fluxes clusters defined using the
graphical approach for each profile (Table 2). White lines indicate the distances between the CO2 anomalies described in the text that match the distances amongst the dykes investigated
(see the text and Fig. 8).



5.3. Origin of the Songit lineament

Two main orientations, N30–40° an N120–130°, are identified in vol-
cano-tectonic structures of La Réunion and are thought to originate from
a control of the structural inheritance of the oceanic lithosphere on the
magmatic-tectonic evolution (Chevallier, 1979; Michel and Zlotnicki,
1998; Michon et al., 2007). In this general setting, the existence of a
deep lithospheric, N30°-40° trending structure, orthogonal to the elon-
gation of La Réunion island, has been proposed based on the distribution
both of the deepest seismicity (i.e. deeper than 20 km bsl on average and
deeper than 25 km bsl below Le Tampon; Fig. 10a,b) and of the highest
soil CO2 fluxes (Liuzzo et al., 2015; Michon et al., 2015). This zone is locat-
ed between the edifices of Piton de la Fournaise and Piton des Neiges. It
was characterized by a weak seismic activity between 2011 and 2013,
during a period of rest of Piton de la Fournaise, and by a striking increase
in strain release in 2014, before the volcano reawakening. Hypocenters
during the 2014 seismic crisis below La Plaine des Palmistes were con-
centrated at depth ranging between 15 and 21 km bsl (18 km bsl on av-
erage; Fig. 10b) and were located close to the limit of the ‘petrological’
Moho defined by the underplating layer below the Indian oceanic crust
(Gallart et al., 1999; Fontaine et al., 2015; Michon et al., 2015; Boudoire
et al., in prep). The southern end of this seismic zone is spatially connect-
ed to the N135° Songit Lineament, whose hypocenters depths are about
5 km greater on average, ranging between 19 and 28 km bsl. Contrary to
the seismicity below La Plaine des Palmistes, the 2014 seismicity along

Fig. 5. Diagram plotting carbon isotopic composition of CO2 (‰) from the soil versus the
corresponding CO2 log-concentrations (ppm) at PdF. New data acquired on the NWRZ
overlap the previous results from CO2 samples collected on the whole volcano area. The
biogenic threshold (−22.2‰) was determined by a statistical graphical approach
(Sinclair, 1974). A potential contribution of magmatic fluids (up to 50 wt%) is thus
identified in both high and low flux populations highlighting the magmatic component
of some anomalous sectors of diffuse soil CO2 emissions. Dashed lines represent mixing
between different CO 2 sources. It is noteworthy that the isotopic data from the same
points sampled both in 2012–2013 and in 2015 show a significant increase in magmatic
contribution during 2015 (red circles) differently from what happened during the
2012–2013 period (black circles).

Fig. 6. Profiles of diffuse CO 2 soil emissions and their corresponding isotopic carbon
composition. Filled colour zones represent flux clusters defined previously with the
same colour code used in Fig. 4. δ13C above −22.2‰ is interpreted as the result of
mixing in variable proportions (up to 50%) between magmatic and organic (M–B) CO 2

sources. δ13C below −22.2‰ is considered purely biogenic (B). Note that the weak CO 2

emissions have a clear biogenic signature, while spots of high soil CO 2 flux can have
both a high or low δ 13C signature.



the Songit Lineament was less frequent and horizontally and vertically
scattered along a N130° oriented corridor within the mantle lithosphere
(Fig. 10c).

Considering all our observations, we propose the following interpre-
tation for the origin of the Songit Lineament. First, the precise linear cor-
respondence in the space among soil CO2 anomalies, despite an
elevation difference of 1000 m between the most extreme pro files lo-
cated NW (SON) and SE (GIT) of the study area, suggests a vertical to
sub-vertical dip of the structure draining CO 2 through the edifice. This
vertical geometry is also supported by the spatial correspondence be-
tween the area of soil gas anomalies at the surface and the seismic cor-
ridor (Fig. 10c). Assuming a dip of 30° for the proposed gas-leaking
tectonic structure (dip of a neoformed normal fault in the extensive re-
gional stress field of La Réunion) would produce a lateral shift of 6 km
between the top of the seismic zone (10 km bsl) and the soil CO2 anom-
alies. Second, in a volcanic setting the nature of the vertical structure
could correspond to magma intrusions or faults. Combining the results
of a petrological analysis (magmas feeding the recent eruptive cones
along the Songit Lineament with a record of high-pressures  fluid inclu-
sions in crystals, compatible with sub-crustal-to-mantle depth sources;
Boudoire et al., in prep) and the occurrence of the soil CO 2 flux emis-
sions atop a dyke network, we propose that the  fluids along the Songit

Lineament are primarily drained by dykes cutting the oceanic crust
and the edifice. At depth greater than that of the oceanic crust, seismic
data indicate the existence of a seismically active sub-vertical zone ex-
tending vertically from 28 to 11 km bsl. Unfortunately, our data do not
allow us to decipher the nature of such a deep structure. It can, there-
fore, only be speculated that this could correspond to a combination of
subvertical faults and magma intrusions within the mantle lithosphere.
We finally propose that the orientation of the Songit Lineament, which
is almost constant from depth (N130°) to surface (N135°), and roughly
parallel to that of regional structures (paleo-ridges) around La Réunion
(Lénat et al., 2001; Michon et al., 2007), is controlled by the reactivation
of lithospheric structures under a persistent weak extensional stress
field with a horizontal NNE-SSW-directed minimum principal stress
σ3. This would permit intermittent magma ascent directly from the
deep plumbing system that is subsequently followed by  fluids up to
the surface.

5.4. Magma/fluid transfer along the Songit lineament

The deepest part of the plumbing system feeding the activity of Piton
de la Fournaise (N 11 km bsl) is considered shifted to the northwest rel-
ative to the most active volcanic central area (Liuzzo et al., 2015; Michon

Fig. 7. (a) Temporal evolution of the number of seismic events below the western flank of the volcano at mantellic level, between 2011 and 2015 (each two months). (b) Seismic
hypocenters (dots) during the rest period (2011−2013) and the unrest activity (2014–2015) marking the beginning of a new eruptive period (Peltier et al., 2016). Red dashed lines
for regional structural orientations. A zoom is made on the spatial distribution of seismic events recorded at the beginning of volcano reawakening between March and August 2014 (c).



et al., 2015). A similar lateral offset is not uncommon at other basaltic
volcanoes, as it was deduced also at Mount Etna (Patanè et al., 2013),
at Kilauea (Wright and Klein, 2006) or at El Hierro during the last
2011–2012 eruption (López et al., 2012; González et al., 2013 ). Michon
et al. (2015) integrated seismic, volcanological and petrological data to
propose that magma undergoes multistep laterally shifted migration
from a deep mantle source at ca. 30 km bsl located between PdF and
PdN edifices towards shallower depths of 15–20 km bsl along the
NWRZ. There, magma transport can occur at the depth of crustal under-
plating, corresponding to a major zone of magma accumulation. This
depth range is consistent with the fact that  N 50% of CO 2 initially dis-
solved in primitive magmas of Piton de la Fournaise is exsolved at
400 MPa, i.e. around 15 km (bsl) (Papale, 1999; Moretti and Papale,
2004; Papale et al., 2006; Di Muro et al., 2016) and thus can be released
across the western flank of the volcano along preferential structures such
as the Songit Lineament (Fig. 10c).

Our new multidisciplinary dataset confirmed a geometrical link be-
tween the deep system located below La Plaine des Palmistes and La
Plaine des Cafres, and the shallow plumbing system below the central
area. Moreover, the succession of events that preceded the reawakening
of Piton de la Fournaise in June 2014 also suggests a direct structural link
between the two systems. Indeed, the seismicity that appeared in
March–April 2014 below La Plaine des Palmistes, shifted along the Songit
Lineament in May 2014 until the reawakening of Piton de la Fournaise in
June 2014. Importantly, the seismicity increase in March–April 2014 was
coeval with a strong increase of soil CO2 flux in La Plaine des Cafres and
La Plaine des Palmistes (Boudoire et al., submitted). This major detected
soil CO2 anomaly was interpreted as resulting from a deep magmatic
event at mantellic level refilling the central shallow plumbing system
and resulting in the reawakening of the volcano since June 2014. We
thus hypothesize that magma overpressure at a depth  N21 km bsl

(maximum depth of seismic events in March–April 2014) in the deep
plumbing system, below La Plaine des Palmistes was followed by a later-
al propagation towards the shallow plumbing system in the central area.
This in turn led to the reactivation of active structures in March–June
2014 prior to the June 2014 eruption.

Interestingly, a recent petrological study of peripheral eruptive cones
within the NWRZ (Boudoire et al., in prep) highlights that some of their
recent eruptive products are geochemically comparable to the eruptive
products currently emitted by in central area. These authors propose
the existence of punctual lateral magmatic migrations at crustal levels
from the central area towards the NWRZ, along the Songit Lineament
(Fig. 9). All these results consequently imply that the Songit Linea-
ment represents an active preferential magma path not only from
the deep plumbing system to the shallow one, but also from the
central area to the NWRZ. The age of the peripheral cones along
this lineament (Petit Cratère: 470 ± 75 BP, Piton sous le Gîte: 1466 ±
75 BP; Morandi et al., 2016) suggests that this structure has been active
since at least 1500 BP. The high density of peripheral eruptive cones
along this structure (Fig. 9) and up to Piton des Songes (SON profile)
highlights the important extension of this preferential magmatic path,
reaching La Plaine des Palmistes where N 5000 inhabitants live (INSEE
2011).

6. Conclusions

A high resolution survey of soil diffuse CO2 emissions was carried out
on the North West Rift Zone (NWRZ) of Piton de la Fournaise, across its
western flank. Narrow zones of high soil CO2 fluxes with a clear magmat-
ic isotopic signature are well aligned with seismic epicentres detected
during the recent (2014–2015) phase of reawakening of the volcano
after a long lasting phase of rest. Moreover, this alignment (here called

Fig. 8. Shaded DEM of the sector northwest of Piton de la Fournaise central area (left), within the NWRZ, showing the location, orientation and thickness of dykes evidenced in the Rivière
de l'Est cliff and the Bellecombe cliff. Related 3D model (right) of Rivière de l'Est cliff, with insets showing details of the dyke concentration zones.



for the first time the Songit Lineament) is parallel to an old series of
dykes and of historical and pre-historic peripheral eruptive vents. The
Songit Lineament has a well-defined N135° alignment, consistent with
the orientation of paleo-spreading axes and probably resulting from
the inheritance of the oceanic lithosphere. The location of the seismicity
at mantle depths suggests that the structure is a main pathway for lateral
magma migration and its reactivation heralds the reawakening of the
central volcano. Our results stress the importance of multidisciplinary
approaches to characterize active magmatic zones. Robust interpretation
of soil CO2 flux datasets is strongly enhanced by isotopic analysis of CO2
diffuse emissions. Low background emissions have a clear organic signa-
ture, while organic and magmatic signatures characterize zones of high
diffuse emissions on the flanks of Piton de la Fournaise, set in a tropical
environment. The results of our study open new perspectives for volcano
monitoring at Piton de la Fournaise, in particular highlighting the neces-
sity to improve our understanding and control of an active lineament

located in a densely populated area. Continuous and combined geophys-
ical and geochemical monitoring of the Songit Lineament is therefore
strongly recommended.

Supplementary data to this article can be found online at  http://dx.
doi.org/10.1016/j.jvolgeores.2017.05.026 .
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Fig. 9. Map summarizing all the results of our pluridisciplinary approach (soil CO 2 fluxes and related δ13C, photogrammetry and seismicity, density of volcanic cones) that converge to
identify for the first time the Songit Lineament (between Piton des Songes (SON) and Piton sous le Gîte (GIT)). The structure has main N°135 orientation (dashed red line) within the
NWRZ and permits magma transfer from mantle lithosphere to crustal depth, from the eccentric to the central zone. Secondary parallel anomalies (dashed orange line) are suggested
by dyke networks (unknown age), high density of pyroclastic cones and high soil CO 2 fluxes but with low (organic) δ 13C signature. The filled red area highlights a densely populated
zone within La Plaine des Palmistes. Blue arrows represent water outlets and river beds that may potentially affect the pristine δ 13C magmatic signature of high soil CO2 fluxes (see
text for explanations).
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