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Abstract

Piton de la Fournaise is one of the world’s most active and visited volcanoes. Its summit crater (Cratére
Dolomieu), the main tourist attraction, underwent a major caldera collapse in 2007 and its rim is not yet
stabilized. In order to assess the caldera rim instability risk for visitors, we followed its structural evolution from
2007 to 2015. Using aerial photogrammetry campaigns, we mapped the unstable sites very precisely, carried out
a quantitative analysis of the temporal evolution of these instabilities, and assessed the risks for visitors.
Considering the 2008-2015 period, four sites close to the crater’s edge showed significant horizontal ground
motion (0.5-2 m), fracture widening (average of 0.3-0.56 m) and large-scale mass wasting volumes (total of
1.8+0.1 x 10 m?). We infer two different processes at work: (1) to the west and north, toppling of the basalt
units occurs after periods of fracture widening due to the combined effect of magmatic intrusions and long-term
inflation/deflation cycles; (2) to the south and east, parts of the caldera rim slowly slide towards the caldera
centre, with significant accelerations during periods of enhanced volcanic activity (in 2008-2010 and 2014-
2015). The official observation platform is the most stable zone to overlook the Cratére Dolomieu. By contrast,
the most frequently visited area of the rim (northwest) outside the official platform is also the most unstable.
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Figure |. (a) Topographic map and location of Piton de la Fournaise (PdF). (b) Map of the summit area

showing the two main summit craters, the Cratére Bory and the Cratére Dolomieu, the location of mon-
itoring stations, the successive locations of the hiking trail, the location of the current observation platform,
the GNSS benchmarks used in this study and the hazard study zone. S = Soufriére pit crater. P.P. = Petit

Plateau. Coordinates in meters (WGS84, UTM 40 S).

I Introduction

The Piton de la Fournaise (PdF) volcano is a
major tourist attraction of La Réunion (Indian
Ocean, Figure 1(a)) with 129,000 hikers per
year, according to Office National des Foréts
(ONF), the French National Forestry Commis-
sion (Jacquard and Villeneuve, 2011), and one
of the world’s most active volcanoes, with a
mean rate of one eruption every 5.3 months
since 2014.

Until early April 2007, the Cratére Dolomieu
(the CD), the largest summit crater topping the
terminal cone at PdF, had been filled by the
accumulation of lava flows occurring during
the last 72 years (Michon et al., 2013). CD dee-
pened and enlarged during the caldera collapse
that occurred in April 2007, inducing a slight
increase in crater area and a drastic deepening
(loss of elevation of up to 320 m) (Michon et al.,

2007; Staudacher et al., 2009). This collapse
occurred during a major eruption that occurred
7.5 km from the summit (e.g. Michon et al.,
2007; Roult et al., 2012). Since then and until
at least mid-2015, PdF has undergone three dis-
tinct phases of activity. (1) Between 2008 and
2010, four eruptions (September, November
and December 2008, and January 2010) opened
vents directly inside the CD. In addition, two
short-lived (<1 day) eruptions (November and
December 2009) opened vents on the caldera
rim, outside the CD but close to the edge, and
two eruptions (October and December 2010)
opened vents on or at the base of the central
cone slopes. This was accompanied by intrusion-
only events (i.e. aborted eruptions) in 8 and 12
September and 20 and 31 October 2008, 7 and
18 October 2009 and 23 September 2010
(Roult et al., 2012). During the inter-eruptive
phases of this period, the summit mainly
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deflated slowly. However, the successive dyke
injections resulted in a rapid summit inflation
over the 2008-2010 period. (2) Between 2011
and 2014, the volcano did not produce any
eruptions and slowly deflated. (3) Between
mid-2014 and mid-2015, three eruptions (June
2014, February and May 2015) opened vents
on the rim close to the edge of the CD (for the
two former) and further down the central cone
(for the latter). Unlike 2008—2014, during the
inter-eruptive phases of 2014-2015 the summit
was continuously inflating.

As on many unstable calderas (e.g. McGuire,
1996; Merle et al., 2008), the rim of the CD is
still not stabilized and is regularly subjected to
toppling or sliding (e.g. Hibert et al., 2014).
Initially, access to the summit was strictly for-
bidden after the 2007 collapse event. On 24
December 2009, the authorities reopened the
summit with a new hiking trail leading to the
eastern part of the caldera (Figure 1(b)). This
new official track keeps visitors more than
180 m away from the caldera depression and
leads up to a natural stable platform selected
by the Observatoire Volcanologique du Piton
de la Fournaise (OVPF), the BRGM (Bureau
de Recherches Géologiques et Minieres: the
Geological and Mining Research Bureau), the
ONF and the National Park. Nevertheless,
the former hiking path running along the
unstable crater’s edge is still regularly used by
mountaineering guides with tourists, unaccom-
panied visitors or scientific teams that are then
exposed to a high risk of falling (Figure 2).
Regarding the infrastructure, eleven permanent
stations of the OVPF are installed close to the
unstable caldera rim (Figure 1(b)).

Although various risks linked to PdF volca-
nic activity have been addressed (e.g. Michon
et al., 2013; Peltier et al., 2012; Stieltjes and
Moutou, 1989; Villeneuve and Bachelery,
2006), no study has been made of the relation-
ship between instability hazard and visitor pres-
ence at the summit. Yet this risk does exist.
Several deadly falls at the summit and on the

Enclos Fouqué caldera rim have been reported
in the local press, even before the April 2007
collapse.

The major April 2007 collapse (i) signifi-
cantly increased the depth of the caldera, (ii)
destabilized the edges of the summit, (iii) chan-
ged the consideration of this risk for visitors and
authorities and, as a consequence, (iv) confined
visitors to a less impressive but safer trail to
reach the summit.

We aim to evaluate the potential risks
encountered at the summit since the collapse,
using structure-from-motion (SfM). SfM
enabled us to (1) map ground motion around the
caldera’s rim with decimetre precision, (2) map
the fracture width around the caldera and (3)
measure the volumes of collapsed material
inside the CD. Data produced from SfM was
corroborated by regular GNSS (global naviga-
tion satellite system) measurements made on
benchmarks around the CD and by rock-fall
detection from seismic signals.

Il Methods

I Ground displacements and rock-fall
budget

I.1 Multi-temporal SfM. StM allows the recon-
struction of three-dimensional (3D) digital
models from multiple photographs (e.g. Koen-
derink and Van Doorn 1991; Turner et al.,
2012). We analysed digital images of the sum-
mit to explore two parameters: (1) surface pro-
cesses, including ground motion, fracture
widening, retrogressive erosion of the rim, and
(2) mass wasting balance inside the caldera. We
used seven aerial photographic sets, taken
between April 2007 and May 2015. Photo-
graphs were acquired from a light airplane with
hand-held cameras (see details in Table 1 and
Annex 2 of the Appendix; full PhotoScan
reports are available online in Derrien and Vil-
leneuve, 2018). Each photograph dataset was
processed with Agisoft PhotoScan Pro
(v.1.2.3) SfM software (e.g. Bolognesi et al.,
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Figure 2. (a3, b) Aerial oblique views of the summit in 2007 from the east, showing a fractured area near the
western and northern parts of the Cratére Dolomieu’s rim and the hiking trail as it was until the 2007

collapse. (c) Aerial oblique view of the north-western part of the rim in October 2008. (d) Aerial oblique view
of the eastern observation platform. (e) Aerial vertical view of the limit between the Cratére Dolomieu and

the Cratére Bory in 2015 (north up).

2015) in order to retrieve high-resolution digital
elevation models (DEMs, 0.45-1.17 m resolu-
tion) and orthorectified images (ortho-images,
0.1 m resolution).

Georeferencing was carried out by measuring
of the X, Y and Z positions (UTM WGS 1984,
zone 40 S) of targets visible on aerial images
(Table 1 or else see the PhotoScan reports

available in Derrien and Villeneuve, 2018).
Measurements were done in the field with
GNSS method (direct georeferencing) or on
DEM and ortho-image combinations (digital
georeferencing) with GIS (geographic informa-
tion system). Two models were directly geore-
ferenced (April 2008 and April 2015) for
high-precision comparison (see Figure 4).
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Table I. Details of the aerial SfM surveys carried out during the study period and post-processing results.
‘Direct’ means that GCP position was measured on-field with GNSS receivers, while ‘Digital’ means that GCP
position was retrieved from GIS computer measurements on ortho-image/DEM combination. Full PhotoScan
reports of the different projects can be found in Derrien and Villeneuve (2018).

Resolution (m)

Lens
Date Photos Focal length (mm) Camera Ortho-image DEM GCP Type Error
04/19/07 147 20-70 D100 0.29 .17 6 Digital 3.0l
04/12/08 50 45 Mamya Phase | 0.13 049 39 Direct 0.52
10/04/08 187 24-28 EOS-1D Mark I 0.16 0.66 8 Digital 0.98
12/18/09 112 24 EOS-1D Mark llI 0.26 1.04 27 Digital 0.7
12/12/14 194 35 EOS-1D Mark Il 0.13 055 44 Digtal 0.95
04/07/15 488 35 EOS-1D Mark Il 0.11 045 61 Direct 0.24
05/23/15 696 35 EOS-1D Mark Il 0.19 074 76 Direct 0.5

Indeed, it is important to consider that direct
georeferencing gives more accurate results; X,
Y and Z positions input into the process are true
positions at the time of the GNSS survey. On the
contrary, digitally retrieved X, Y, Z positions are
sometimes slightly offset from the true position
of the target at the time of survey because of
summit deformation (0-50 cm), giving some-
what less accurate results. The April 2007, Octo-
ber 2008, December 2009, December 2014 and
May 2015 models were digitally georeferenced
using the April 2008 and April 2015 models.

In order to achieve high resolution mapping
(1 m) of horizontal ground motion, we applied a
two-dimensional (2D) cross-correlation algo-
rithm (CIAS, correlation image analysis soft-
ware; e.g. Heid and Kéib, 2012; Derrien et al.,
2015) to the April 2008 and April 2015 geore-
ferenced ortho-images (Figure 3(c)). Studies
show that CIAS can be trusted to evidence shifts
of 0.25-0.7 pixels and above (e.g. Kddb and
Leprince, 2014).

The evolution of tangential fracture width at
the summit is also a good indicator to character-
ize the crater stability. We measured fracture
width by using natural targets (identifiable
blocks) located close to and on both sides of
the fractures and drawing a transect roughly
perpendicular to the fracture. Twenty-eight

fractures were mapped in the different surveys
(Figures 3(d), 4 and 5). Retrogressive erosion
was also followed by digital measurements on
successive ortho-images (Figure 3(a)). The
mass wasting budget and mapping was
obtained by subtracting DEMs (difference of
DEMs, or DoD, approach) and integrating sur-
face difference over areas of elevation change
(e.g. Figure 3(b)).

1.2 Data combination. To ensure the reliability of
the results, SfM reconstruction and cross-
correlation results were compared with mea-
surements carried out on a specific, repeatedly
surveyed GNSS network composed of about 60
benchmarks (Figure 4).

Furthermore, four OVPF permanent GNSS
stations (Figure 1(b)) provided two perpendi-
cular baselines crossing the summit. The
baseline evolution enabled us to estimate the
impact of edifice inflation/deflation on
instabilities.

The three OVPF seismic stations located
close to the summit (Figure 1(b)) provided the
daily number of rock-fall events. We compared
the mass wasting volume deduced from SfM to
the number of seismically determined rock-falls
for a given period to estimate the average size of
rock-falls.
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Figure 3. (a) Receding of the edge from comparison of ortho-images (7 April and 23 May 2015) after the
I8 April 2015 landslide inside the Cratére Dolomieu caldera. (b) Elevation difference between 7 April and
23 May 2015, showing the deposit at the bottom of the 18 April landslide (in black, no data). (c) Surrounding
ground motion (12 April 2008—7 April 2015) preceding the event at this site, as represented in the colour ball.
The vector (arrow) represents the motion in relation to the black dot. The white dots localize the different
fractures, whose width evolution is shown in (d). In grey tones, no data. (d) Surrounding fracture width
evolution between April 2008 and May 2015, as localized on (c) by small white dots, inferred from the
successive ortho-images. Red shaded areas represent eruptive periods. Coordinates in meters (VWWGS84,

UTM 40 S).

2 Societal approach

We evaluated the visitor-preferred locations on
the different rim sectors, following four guide-
lines: (1) OVPF’s team members, who very
often visit the summit, were interviewed by the
authors. They were asked whether they met
hikers off tracks or near the summit crater
edges. This gives a very qualitative view of the
subject. (2) Between January and June 2008, a
period during which access to summit was offi-
cially forbidden, a survey was conducted to
count and locate ‘illegal’ hikers on the volcano
(Jacquard, 2009; Jacquard and Villeneuve,
2011). (3) During the same period, a series of

interviews enabled us to analyse the hiker moti-
vation for walking on the forbidden path (Morin
etal.,2010). (4) In 2015, mountaineering guides
were interviewed by the authors to have an over-
view of the number, preferred locations and
motivations of hikers outside the official track.

111 Results

| Surface processes: retrogressive erosion,
ground motion and fracture evolution on
the caldera rim

Significant changes of the caldera rim between
April 2008 and April 2015 were evidenced from
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Figure 4. Ground motion map. Amplitude contour lines and colour map of movement obtained by image
cross-correlation between the April 2008 and April 2015 ortho-images, and comparison with the amplitude of
the movement measured on benchmarks by GNSS (dots and vectors represent the horizontal ground motion,
the colours scale of the dots is the same as the one used for the cross-correlation results, see colour bar). The
boxes highlight the areas of the rim moving towards the centre of the Cratére Dolomieu, which are shown in
Figure 5. Eruptive fissures are noted as follows: (a): 2008/09/21, (b): 2008/11/27, (c): 2008/12/15, (d): 2009/1 I/
05, (e): 2009/12/14, (f): 2010/01/02, (g): 2014/06/21. Coordinates in meters (WGSa84, UTM 40 S).

the ortho-images. The edge receded between 2.5
m and 22.1 m after the fall of rock units in
specific sites (for details, see Annex 1 in the
Appendix). Seven out of the eight largest
rock-falls occurred in the western half of the
rim, and four out of these seven in the north-
western quarter.

In order to check the quality of the SfM-
derived ground motion map, we compared
ground displacement values estimated by image
cross-correlations between 2008 and 2015 with
those measured by GNSS (Figure 4). Annex 3 of
the Appendix presents clear evidence that
motion measured on the SfM-derived ortho-
images is highly consistent with GNSS data.
Ground motion was slightly overestimated on
image analysis measurements in two areas on
the edges of the models (overestimates of 10-20
cm in the easternmost and westernmost parts of
the summit). Other areas had lower differences
between GNSS and SfM-derived estimates,

ranging between 5 and 10 cm. This is sympto-
matic of a general lens distortion caused by
PhotoScan processing (also called ‘barrel’
effect). Barrel distortion accounts for 0.03% of
the model size. For instance, a deformation
affecting a 200 m-wide site could be underesti-
mated by 7 cm.

The ground displacements at the summit
scale (1-1.5 km) showed a first order general
motion of the summit with the highest displace-
ment values, mainly oriented eastward, consis-
tent with other studies (Figure 4; Derrien et al.,
2015; Got et al., 2013; Peltier et al., 2007). The
south and north sections showed smaller mag-
nitude southward and northward motion. The
western part was less affected by significant
horizontal ground motion.

SfM showed a second-order deformation
in four sites, defined as sites 1, 2, 3 and 4 (Figure
4). These sites were already identified using
GNSS measurements after the April 2007
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Figure 5. Close-ups of the most unstable zones of the Cratére Dolomieu’s rim. (a) The colours represent
the direction and amplitude (symbolized in the colour ball) of movement between 2008 and 2015, while the
arrows show the horizontal motion (in meters) of the unstable zones relatively to the stable ground localised
by black dots. The areas with no data are in greyscale. (b) Evolution of mean fracture width (average of 7
fractures) of each site shown in (a) (coloured lines) and evolution of distance change between permanent
GNISS stations (baselines shown in Figure | (b)), DSRG-SNEG (black solid line) and BORG-DERG (grey solid
line). See Figure | for localization of these stations. Note the increased fracture opening in site | between
2007 and 2009 (compared to sites 2 and 3): one of the seven measured fractures opened abnormally fast
during this period and thus increases the computed mean fracture width. It is thus not representative of the
behaviour of this unit. Red shaded areas represent eruptive periods.

caldera collapse (Michon et al., 2009), and our
data confirms the persistence of this motion in
and after 2008. Each of these sites showed dis-
placements toward the centre of the caldera.
We applied a correction to the displacements
for these four sites by subtracting the first order
offset value characteristic of the proximal zone
unaffected by second order displacement (black
circles; Figures 3(c) and 5(a)). This correction
of the geodynamic and volcanological back-
ground signature made it possible to highlight
the specific displacement of the four sites
(arrows in Figure 5(a)). We measured centripe-
tal shifts of up to 0.49 m, 1.04 m, 0.51 m and
2.01 m between 2008 and 2015 on sites 1, 2, 3
and 4, respectively. These movements covered
arcuate areas of 107 x 15m, 233 x 28 m, 122 X

29 m and 316 x 71 m (maximum length and
width) for sites 1, 2, 3 and 4, respectively. The
stable part of the summit was delineated by one
or more tangential fractures.

The average fracture width bordering the
moving zones increased faster after December
2014, especially for sites 1 and 2 (Figures 4 and
5(a)). There, 52% and 54% (respectively) of the
total widening observed between 2008 and 2015
occurred in only 5 months, between December
2014 and May 2015 (Figures 3(d) and 5(b)). A
large mass wasting event of47.8 +3.6 x 10° m’
was recorded on 18 April 2015 on site 1, coeval
with a receding of the edge by a maximum of
12 m on a 114 m long segment (Figure 3(a) and
(b)). The area affected by ground motion
extended outward over a distance of 10-15 m



Derrien et al.

201

from the caldera edge. A similar deformation,
with lower intensity was also recorded near the
Cratere Bory (CB) (site 3 in Figure 5(a)). There,
32% of the total widening observed between
2008 and 2015 occurred between December
2014 and May 2015.

To the south (site 4), different movements were
observed. Most of the widening (65%) between
2008 and 2015 occurred between April 2008 and
December 2009, while only 9% occurred between
December 2009 and December 2014. Fracture
widening accelerated again after December 2014
(26% of the total opening occurred between
December 2014 and May 2015).

2 Mass-wasting budget inside the caldera

Mass wasting events inside the caldera were
mapped for different periods in order to quantify
both their spatial and temporal evolution
(Figure 6; note that volume value can, in some
cases, represent a succession of small events
instead of one big event). Due to the precision
of the method, we only considered volume dif-
ferences between two SfM campaigns larger
than 1000 m® (resulting from one single or sev-
eral mass wasting events). We determined
cumulative mass wasting volume inside the cal-
deraof4.2+0.5 x 10°m”and 1.8+ 0.1 x 10°m’
between April 2007 and April 2008, and between
April 2008 and May 2015, respectively (Figure
6). Note that the errors result from global and
conservative uncertainty in the georeferenced
models (Table 1). This uncertainty was multi-
plied by the area affected by rock-falls to obtain
the volume confidence intervals. Since these
reconstructed errors (mainly distortions and bar-
rel effect) can vary spatially, one could argue that
this is only an indicative assessment of the confi-
dence we have in the computed volumes. For
each mass wasting event, we checked manually
that the models were correctly co-referenced in
the vicinity of the event. To do this, we used the
zones of no change (we knew there had been no
change because the ortho-images were exactly
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Figure 6. Volume and location of mass wasting
events inside the Cratére Dolomieu, as measured
from DEMs differences, between (a) April 2007 and
April 2008 and (b) April 2008 and May 2015. The
colours represent the different periods. Coordinates
in meters (WGS84, UTM 40 S).

the same in these zones, and pure vertical motion
had not occurred, except at the foot of the CD,
which is not studied here because regularly cov-
ered by new lava flows). If this was not the case
(not correctly co-referenced), we corrected the
measurements accordingly.

This cumulative mass wasting volume gave a
yearly mean mass wasting rate about 16 times
less after April 2008 than during the first year
after the April 2007 collapse. Figure 6 clearly
shows that the most unstable areas were in the
western and north-western parts of the CD:
44.7% of the volume collapsed in the northwest
and 39.9% in the west between 2008 and 2015.
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Figure 7. Zones by mass wasting event characteristics observed between April 2008 and May 2015. (a) Map
showing the three sites considered (west, southeast and northeast). (b) Average collapsed volume per month
and per site (lines) and cumulative number of events detected per seismic station (coloured shaded areas; for
each site, we counted the events whose seismic wave first reached the station located in the site). Volumes
are inferred from aerial surveys, which were conducted at irregular intervals. Thus, each value is an average,
representative of the preceding period. Red shaded areas represent eruptive periods.

Caldera rim destabilizations decreased toward
the east where only few SfM-detectable mass
wasting events were observed. However, very
small events were detected in the east and south
using the seismic network (Figure 7).

Considering the location of the three closest
seismic stations (closest to the caldera), we
chose to divide the summit into three parts
(W, NE and SE - Figure 7(a)) to improve
spatio-temporal analysis of the rock-fall and
mass wasting events.

We determined a significant decrease of
mass wasting rates for all three parts during the
first year after the collapse (Figure 7(b)). The
temporal trends deduced from SfM suggest that
the mass wasting rates then increased for all
three areas between October 2008 and Decem-
ber 2009. This evolution then stopped in the SE
and NE sections, while these rates were still
increasing in the western section. The differ-
ence between the April and May 2015 DEMs
revealed a large volume of material (47.8 +3.6
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x 10° m®) deposited at the foot of the north-
western cliff. The western and north-western
sections of the caldera had fewer but signifi-
cantly larger mass wasting events than the other
areas (Figures 6 and 7(b)).

We analysed the number of destabilization
events detected by the seismic stations, each
event being counted only once, at the BORS,
SNES and DSOS station receiving the signal
first (Figure 7). Three main periods can be dis-
tinguished (Figure 7(b)). Between 2008 and
2009, the average number of detections per
month remained more or less around 100 for all
three sectors, with only a slight decrease.
Between 2010 and 2013, the number increased
to 300—400 detections/month for the NE and
SE. This increase was coeval with a decrease
in average volume/month in the NE and SE.
Opposite behaviour was observed for the W
section, where both the mean number of detec-
tions/month and the mean volume/month signif-
icantly increased. Finally, between 2014 and
2015, the mean volume/month decreased in the
NE and SE, increased in the W, while the mean
number of detections/month decreased slightly.

3 Exposure to hazard for visitors

Considering the caldera rim instability, it is
important to assess the exposure to this hazard
for visitors, and in particular estimate the num-
ber of visitors at the different caldera rim sites.
In 2011, 129,000 hikers accessed the summit
(Jacquard and Villeneuve, 2011). A survey of
visitors carried out in 2008 (Jacquard, 2009;
Jacquard and Villeneuve, 2011) enabled the
mapping of tourist attendance on the CD rim
at the time when access was prohibited. For a
sample of 126 persons interviewed, the highest
parts of the CD rim, north and south of the CB
were the most attractive parts of the summit,
with 54% of the visitors in 2008 (Figure 8). The
CB and the track surrounding it attracted 15% of
the visitors, while only 4% of the visitors went
to the eastern part of the CD rim. Overall, for the

entire rim, 76.2% of the interviewees came
within 2 m of the edge, while only 2.4% stayed
on the former track (Figures 1(b) and 8(a)).
Another survey of CD rim visitors, including
estimations by mountaineering guide agencies
and field agents, was carried out in 2015.
According to this study, the most visited area
for the population hiking outside the official
track was the NW section between the CB and
the Soufriere (about 70-90%), followed by the
Soufriére area (about 10-15%). The rest of the
caldera rim, except for the official platform, was
visited by less than 5% of visitors.

IV Discussion

| Temporal evolution of caldera rim
instability

After evidencing significant ground motion
towards the centre of CD at sites 1-4, we com-
pared our results with existing literature,
describing, notably, the rim ground motion
before the study, between 2007 and 2008. On
6 April 2007 (about 12 h after the start of the
collapse), the first pictures of the collapse
showed a large depression in the N and W parts
ofthe CD (Michon et al., 2007). At that time, the
pre-April 2007 CD floor was still in place in the
S and the CB was intact. After 5 days of succes-
sive collapses (5—10 April), a depression of
320420 m in depth formed, with residual east-
ern and southern platforms gradually tilting
downwards towards the caldera centre (Michon
et al., 2007). Using specific GNSS measure-
ments in 2007, Michon et al. (2009) and Peltier
et al. (2009) showed that most of the deflation
observed around the rim during the March—May
2007 syn-eruptive period was a consequence of
the caldera collapse. The largest horizontal dis-
placement (2.53 m) was located on the southern
caldera rim. Moreover, the magnitude of hori-
zontal displacements rapidly decreased away
from the edge (—38% to —61% of displacement
in the two hundred meters closest to the edge;
Michon et al., 2009). Summit deformation
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Figure 8. Determination of the rim destabilization risk. All the maps have been synthesized to produce a
classification of risk in 2015 (concerning the population hiking around the summit only: note that this figure does
not represent the population using the official trail and observation platform). On the index map, level | (in
green) corresponds to areas with less than 1% frequentation or less than 0. m deformation (between April
2008 and April 2015). Level 2 (yellow) corresponds to areas with between | and 5% of visitors and between 0.1
and 0.5 m surface deformation (between April 2008 and April 2015). Level 3 (orange) corresponds to areas
with between 5 and 15% of visitors and 0.1-0.5 m deformation or with between | and 5% of visitors and 0.5-1
m surface deformation (between April 2008 and April 2015). Finally, Level 4 (red) corresponds to the area with
more than 50% of visitors and more than | m deformation (between April 2008 and April 2015).

continued after the collapse. Between May and
November 2007, the largest displacements were
observed in the SW (0.39 m) and NW (0.47 m),
suggesting either a deflation source located
under the western part of the caldera and/or
local deformation. The four sites identified by
StM (Figures 4 and 5) match the shape, extent
and ground motion described for this post-
collapse period (Michon et al., 2009).

Our DEMs revealed that mass wasting events
were concentrated on the western part of the

caldera between April 2007 and April 2008
(Figure 6), confirming that in the months fol-
lowing the April 2007 eruption the western part
of the caldera rim was very unstable compared
to the eastern half. The reader is referred to
Staudacher et al. (2009) for a detailed and very
clear description of this event.

The eastward-preferential extension of the
summit observed between 2008 and 2015
(Figure 4) was mostly the consequence of the
endogenous growth of the edifice. On PdF,
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dykes intrude into the central cone during sum-
mit and sometimes flank eruptions, mostly in
the N-S direction (following the main rift
zones). The resulting effect is that the summit
zone tends to inflate more in the E-W direction.
The western flank motion is somehow blocked
by the Piton des Neiges edifice (neighbouring
volcano), resulting in the preferential eastward
motion of the “free” eastern, seaward flank (e.g.
Derrien et al., 2015; Got et al., 2013; Peltier
et al., 2015). SfM measurements from process-
ing of the available datasets are arguably less
reliable (see errors associated with processing in
the method section) than, for example, GNSS
measurements. However, they complement it
by making it possible to display a high-spatial
resolution map of summit deformation instead
of sparse points of information.

Superimposed onto this summit-scale pattern,
sites 1, 2, 3 and 4 (already destabilised just after
the caldera collapse (Michon et al., 2009))
showed distinct centripetal ground displace-
ments and unusually high mass wasting volumes.
Between 2008 and 2015, three sub-periods can
be distinguished: (1) April 2007—April 2008,
when several large parts of the rim fell into the
caldera, (2) 2009 to October 2014, when mass
wasting events remained frequent but with a sta-
bilization and (3) after October 2014 when peri-
ods of destabilization accelerated.

2 Mechanisms triggering instability

Sites 1, 2 and 3 show similarities in terms of (i)
shape of the area concerned by ground motion,
(i1) wall morphology, (iii) distance to the inner
ring fault of the caldera and (iv) temporal evo-
lution of their fracture width.

Each of the three sites located northwest and
west of the caldera appeared as structurally
coherent blocks separated from the rest of the
edifice by fracture zones (Figure 5(a)). Through-
out the study period, they moved towards the
caldera centre (Figure 5) and parts of them regu-
larly toppled (‘peeled oft”) from the cliff during

large-scale and rapid mass wasting events (Figure
6). Considering the significant ground motion
(0.49-1.04 m between 2008 and 2015) and the
fracture widening rate increase in 2014-2015 on
these sites (Figure 5), it is highly probable that
sudden toppling of large units on the caldera’s
rim will keep occurring in the near future on these
sites. Site 4 differed from the other ones in terms
of surface area (4—10 times larger than sites 1-3),
geometry (less elongation with deformation pro-
pagating further away from the caldera edge) and
extent (diffuse extension zone instead of discrete
fractures). Beside these structural characteristics,
we observed an important increase of the fracture
width in the south before 2009 (Figure 5) and
larger horizontal ground motion over the 2008—
2015 period (0.57-2.01 m; Figure 4) than in the
other sites. Moreover, the volume of mass wast-
ing events inside the caldera is smaller than for
the sites that present toppling. Thus, contrary to
the three previous units affected by a toppling
process, this southern site is gradually subsiding
towards the caldera centre (Figure 9(a) and (b)).
The inward subsidence is further corroborated by
the partly intact remnants of pre-caldera surface
material directly downhill from the south caldera
edge, which might have been previously sliding
inside the caldera in a similar way. We thus inter-
pret the destabilization process of the CD south-
ern rim as a rock slope deformation feeding
debris avalanches, in the sense of Hungr et al.
(2014) terminology.

3 Influence of the pre-existing structures

The PdF summit structure is a complex associ-
ation of filled former volcanic craters, lava
flows and superficial magma pockets. Some of
these structures are highly fractured, due to suc-
cessive inflation/deflation periods, collapse
events, or hydrothermal fluid transfers. This
inherited structure mechanically affects the way
the caldera rim can be destabilized. Before the
2007 caldera collapse, the summit was com-
posed of two partially filled craters: the CB and
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the CD, consisting of several coalescent and
filled pit craters aligned in the E-W direction
(Lénat and Bachelery, 1990; Michon et al.,
2013). Another main pit crater (the Pre-Bory pit
crater) is visible in the CD north-western scarp,
where it is filled by thick lava flows (Michon
et al., 2013; Peltier et al., 2012; Figure 9(c)).

The first collapse increment of 5 April 2007
(10% of the total 100-120 x 10° m> collapsed
volume; Michon et al., 2011) occurred in the
NW part of the CD. It was accommodated by
an elliptic ring fault (Figure 9). The successive
collapses triggered a horizontal extension and a
tilting of blocks along the S and SE rim of CD,
and very steep caldera walls in the NW and N
(Figure 9). The NW scarp consists of thick,
homogeneous lava flows of the Pre-Bory pit
crater, as opposed to the S scarp where succes-
sive lava flows are thinner and less homoge-
neous (Michon et al., 2013). Rock toppling
occurred mainly in the NW steep wall along the
caldera’s inner ring fault. There, formation and
widening of tangential fractures led to the
decoupling of large (>20,000 m®) volumes
eventually falling during a single event. On the
contrary, in the south and the east, blocks of the
caldera rim slid inwards to form diffuse exten-
sion zones at their junction with stable summit
regions (Figure (a) and (b)). There, the opening
of extensive tangential summit fractures accom-
modated extension. Note that debris avalanches
close to the caldera centre (away from the edge)
were concentrated along the trace of the initial
collapse in the ring-fault (Figure 6).

4 Influence of volcanic activity and other
environmental phenomena

The temporal evolution of fracture opening and
mass wasting rates in sites 1, 2, 3 and 4 did not
show a progressive stabilization of the caldera
rim with time over the long term, as would be
expected. Such stabilization occurred only dur-
ing the first year after the collapse (April 2007—
April 2008). Then mass wasting and fracture

opening rates increased between April 2008-
December 2009 in the SE and NE and between
April 2008 and May 2015 in the NW and W
(Figures 5(b) and 7(b)).

The decrease of mass wasting rates was coe-
val with a slowing of the summit deflation rate
during a year and two months after the collapse
(April 2007—July 2008). This deflation rate
decrease is interpreted as resulting from the
post-collapse viscoplastic volcano deformation
and depressurization of the hydrothermal sys-
tem (Froger et al., 2015). Then, the mass wast-
ing rate increased in the west between October
2008 and December 2014, and accelerated even
more after 2014 (Figure 7(b)). Consistently,
fracture-widening rates in the northwest and
west increased in the same proportions (Figure
5(b)). These sites were affected by rock topple
processes (Figure 9(c)). Between 2008 and
2015, with the help of GNSS data, we were able
to distinguish two periods: a summit deflation
occasionally stopped before the short intrusion/
eruptions phases between 2008 and mid-2014,
followed by a sharp inflation beginning in Octo-
ber 2014 (Figure 5(b)). The increase of the mass
wasting and fracture opening rates between
October 2008 and December 2014, while the
summit deflated slightly, could primarily be
due to discrete periods of rapid inflation and
increased seismicity during the intrusive phases
preceding the eruptions of that period. This
effect was probably strongly reinforced after
October 2014 by the near-continuous summit
inflation. Inflation constantly modifies the
slopes in the summit area and consequently pro-
motes sudden destabilization events, as in site 1
between December 2014 and May 2015 (Figure
6). Overall, the signals (fracture, mass wasting
volume) show that the mass wasting rates and
fracture widening rates decreased by more than
50% during the one to two years after the col-
lapse. This means that the effect of caldera sub-
sidence lost its contribution to extension of the
rim fairly quickly. After 2014, the re-activation
of inward extension of the rim (as evidenced by
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fracture width increase) was clearly mostly
linked to the re-activation of activity and sum-
mit inflation.

We can note that eruptive fissure opening
close to the caldera rim is an additional process
that can trigger scarp collapses, like those
observed during the first day of the January
2010 eruption that occurred at the base of the
Bory-Dolomieu separating cliff (Figure 10(b)).

Finally, external factors such as rainfall and
summit seismicity could also be sources of
destabilization. However, because the temporal
resolution of our data is very low, we did not
find obvious temporal correlations between
such processes. Hibert et al. (2017) showed that
the systematic weight of factors such as rainfall,
seismicity or local surface deformation follow-
ing an eruptive fissure opening on caldera rim
stability remained unclear, even with more tem-
porally resolved data.

5 Risk assessment

In 2015, most visitors (between 97.5 and 99.5%
according to figures from the ONF and the
mountaineering guide agencies) stayed on the
new hiking trail and around the observation
platform in the eastern, most stable, part of the
CD’s rim. This indicates that the implementa-
tion of a (relatively) stable platform in 2008 was
a success. Before 2008 and following the old
tracks, it was common to hike around the two
summit craters and more particularly to the NW
of the summit, the most unstable site. Some
guided tours still propose hiking around some
parts of the CD and the CB (outside the official
track) and it is common for the OVPF team to
meet hikers in the NW part of the summit. To
enable visualization of risk mapping on the cal-
dera rim for the population of visitors leaving
the new trail, we defined four levels of risk,
based on the hazards and frequentation statistics
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for different areas of the summit (Figure 8(c)).
Level 1 corresponds to areas with an estimation
of less than 1% of visitors or less than 0.1 m
deformation (April 2008—April 2015). Level 2
corresponds to areas with an estimation of
between 1 and 5% visitors and between 0.1 and
0.5 m surface deformation(April 2008—April
2015). Level 3 corresponds to (1) areas with
an estimation of 5-15% of visitors and 0.1-0.5
m deformation or (2) with an estimation of 1—
5% of visitors and 0.5—1 m surface deformation
(April 2008—April 2015). Finally, Level 4 cor-
responds to the area with an estimation of more
than 50% visitors and more than 1 m of defor-
mation (April 2008—April 2015).

The NW part of the CD rim was the most vis-
ited area in 2008 (Jacquard, 2009) and was the
most visited area outside the official track in 2015
(in this context, 86% of the visitors with guided
tours, Figure 8(b)). This zone is particularly
attractive because it stands at a higher level than
the official platform, it offers a view over both
craters, and it is one of the shortest walks to the
summit. However, its cliffs have the highest mass
wasting rate (Figure 6). Not surprisingly then, this
area is categorized as risk level 4 (Figure 8(c)).

Other hazardous areas are (1) the cliff between
the CB and the CD and (2) the Soufriere site (risk
level 3, Figure 8(c)). Visitors using the former
track occasionally go down into the CB, which,
unlike the CD is easily accessible. From here,
they usually reach the caldera rim, in site 3,
where ground motion of up to 0.51 m and mean
fracture opening of 0.3 m was recorded between
April 2008 and April 2015 (Figure 8(a)). At the
northern section of the CD, the Soufriére site is
protected by a double barrier of fences. Never-
theless an estimated 10-15% of visitors walk here
(Figure 8(b)). This area saw its rim recede shortly
after the April 2007 collapse, but little motion
has been observed since then (0.21 m between
April 2008 and April 2015).

In the southwest of the CD, the number of
visitors decreased from 10-15% in 2008 to 1-
5% in 2015. However, considering that ground

motion next to the edge was 0.28 m between
2008 and 2015, this area has been categorized
as risk level 2 (Figure 4).

Finally, the south, south-eastern, eastern and
north-eastern areas received very few visitors as
of 2015 (estimation around 0.1% of the visitors
outside the observation platform in the east),
due to their distance from the Pas de Belle-
combe (Figure 1(a)). Moreover, ground motion
in most of these sites did not exceed 0.19 m
(except for the southern site) between 2008 and
2015. Thus, these sites have a risk level of 1 due
to extremely low number of visitors coupled
with mostly slight ground motion, the only
exception being the official observation plat-
form in the east, which is quite stable but also
receives a lot of visitors.

VI Conclusion

Our work, based on multi-temporal SfM using
high-resolution cameras, reveals that the CD rim
is more unstable than previously thought. Evi-
dence for significant ground deformation between
2008 and 2015 has been presented in four sites.
Moreover, fracture-widening rates have indicated
an acceleration of the process since the reactiva-
tion of volcanic activity in 2014. In three of these
sites, parts of the rim suddenly topple after periods
of fracture extension and widening, whereas in the
fourth one, a large part of the southern rim slides
towards the caldera centre. These results cause
concern, as the most attractive part of the caldera
rim for visitors (outside the official track) includes
the first two sites in the northwest.

Multi-temporal SfM is an efficient method to
follow small-scale surface processes and is now
routinely used at OVPF, in addition to the per-
manent instrumentation. The low cost and
increasing precision of SfM open up new oppor-
tunities for comprehensive morphological mon-
itoring of PdF. This is an ongoing project, and
the 2015-2019 period will be studied in a sim-
ilar way, but with datasets showing higher tem-
poral resolution.
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Fournaise (+262 (0)2 62 27 52 92) or by mail at der
rien@ipgp.fr or nicolas.villeneuve@univ-reunion.fr. Seis-
mic and GNSS data used for comparison and double-
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Appendix
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Annex |. Aerial pictures of the Cratére Dolomieu rim after the 2007 collapse, showing the areas where the
edge greatly receded between April 2008 and May 2015. The dates in the lower right-hand side of each inset
indicate the period during which the receding occurred. Details: (1) extension of the caldera edge of 2.5 m
over a distance of 14 m; 3.5 m over 33 m (inside the Soufriére Pit Crater); (2) I2mon | [4 mlong; (3) 16.7 m
on 260 m long; (4) 5.6 m on 65 m long; (5) 1.5 m on 19 m long; (6) 22.1 m on 174 m long; (7) 10.8 mon 89 m
long; (8) 5.8 m on 39 m long. Coordinates in meters (WGS84, UTM 40 S).
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Reconstructions from
aerial surveys

Grey : 3D model
Blue : photograph position
Inset: example of photograph

2007/04/19

2015/04/07

Annex 2. 3D models used in this study. Blue squares represent the position and orientation of the aerial
photographs used for SfM reconstruction. Insets are examples of the survey photographs.
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Annex 3. Horizontal ground motion between April 2008 and April 2015, as computed by 2D ortho-image
cross-correlation. (a) E-W component (positive: eastward motion), dots represent the value measured on
GNSS benchmarks for the same period for the sake of consistency (b) The same for N-S component
(positive: northward motion).
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