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a b s t r a c t
The dynamics of magmatic processes at large maﬁc ocean island volcanoes control the likely locations
(central caldera versus ﬂanks) and timing of their eruptions. Crystals and their melt inclusions are key
witnesses of these processes but are rarely studied in detail and in the same samples. Here we report
the crystal and melt inclusion compositions of the April 2007 caldera-forming eruption of Piton de la
Fournaise volcano and discuss how they relate to geophysical unrest monitoring data. Olivine crystals
show mainly normal zoning (decrease in Mg/Fe) towards the rims, and also around some melt inclusions.
Many crystals also show ﬁne-scale skeletal structures deﬁned by high phosphorus concentrations. Melt
inclusions contain 53–205 ppm CO2 and 0.25–1.1 wt% H2 O, and δ D (δ D values expressed as δ DVSMOW )
ranges from −135 to 62h. Monitoring data show that inﬂation of the ediﬁce started about a month
before the ﬁrst 2007 eruption: magma intrusion occurred at ≈3 km below sea level, and quickly migrated
towards shallower depths (about 1 km above sea level). Such a time frame of magma movement is
recorded in the chemical zoning of the olivine crystals that massively and quickly crystallized when
reaching shallow depth, without signiﬁcant interactions between resident and intruding magmas. The
intrusion was followed by lateral ﬂank eruption and caldera collapse. The chemical zoning of the olivine
crystal rims and around the melt inclusions indicates that the newly created crystal-mush moved laterally
towards the surface in matter of days to 3 months. Post-caldera samples show signiﬁcant H+ loss, likely
due to the depressurization of the magmatic system stored at shallow level. Our ﬁndings are different
from other maﬁc ocean island volcanoes or stratovolcanoes (e.g. Kilauea, Canary Islands, and Etna), where
crystals commonly record magma mixing between evolved and shallow melts and intruding maﬁc melts.
We speculate that the difference between our ﬁndings and those of similar maﬁc ocean island volcanoes
is due to the variety of magma supply rates from depth.
© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Understanding the processes that occur in the magma plumbing system below ocean island volcanoes and how they relate to
monitoring data, are key current topics of research because they
can lead to improved volcanic hazard assessment (e.g., Cashman
et al., 2017). Crystal compositions and melt inclusions are direct
sources of information on the architecture and dynamics of the
plumbing system. Crystal zoning patterns can inform us of the
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range of magmatic environments, and of the likely processes that
lead to eruption (e.g. Albert et al., 2015; Kahl et al., 2011). In the
last couple of decades many studies have quantiﬁed the timescales
of pre-eruptive magmatic processes via combination of diffusion
and crystal growth models, in particular using olivine (e.g. Costa
et al., 2008; Costa and Dungan, 2005; Shea et al., 2015; Pankhurst
et al., 2018). A complementary view of the plumbing system is
provided by detailed studies of melt inclusions. The variability of
major, trace, and volatile element concentrations of the inclusions
also informs us of the heterogeneity and architecture of the system
(e.g. Danyushevsky et al., 2004; Métrich et al., 2009; Rasmussen
et al., 2018), although the major and volatile element record of
melt inclusions can be modiﬁed by post-entrapment processes (e.g.
Lloyd et al., 2013; Danyushevsky et al., 2000). For rapidly quenched

https://doi.org/10.1016/j.epsl.2019.02.035
0012-821X/© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. a) Location of La Réunion Island. The red stars represent the February, March and April 2007 eruptive vents at Piton de la Fournaise. b–h) Back-scattered electron
(BSE) images, forsterite (Fo), and phosphorous (P) X-Ray compositional maps of representative olivine crystals from the pre-caldera (b–d) and the post-caldera (e–h) samples.
In the Fo maps, olivine crystals exhibit weak reverse zoning from core to mantle (from Fo = 84 to Fo = 86) followed by a normal zoning towards the rim (down to Fo =
82). Normal zoning (light blue color in c, f and g) is also observed at the interface between the olivine and the melt inclusions. These observations are common to both
samples. Black or white arrows show the location of the electron microprobe traverses and their label; representative compositional proﬁles are shown in Fig. 2. Letters next
to the melt inclusions correspond to those reported in Tables 2 and 3. Panels d) and h) show the complex phosphorous zoning of the olivine with “shadow” P-poor patterns
surrounding some of the melt inclusions. (For interpretation of the colors in the ﬁgure(s), the reader is referred to the web version of this article.)

samples, the volatile concentrations (H2 O and CO2 ) coupled with
experimentally calibrated solubility models allows the determination of the volatile saturation pressure, which can be translated into minimum depth of magma storage (Collins et al., 2009;
Frezzotti, 2001). Despite the complementary information provided
by crystal zoning and the melt inclusions studies, these have rarely
been studied together (e.g. Rasmussen et al., 2018; Ruth et al.,
2018), and thus we are losing opportunities to obtain a more comprehensive view of the system. Coupling of the depth of magma
storage with the times of magma movement allows us to propose
links with the eruptive behavior and different phases of eruptions,
and especially with the monitoring data describing the unrest preceding the eruptions (Albert et al., 2016, 2015; Kahl et al., 2011;
Pankhurst et al., 2018).
The complex dynamics between the central caldera, lateral
magma transport, and eruption sites of the April 2018 activity
at Kilauea volcano exemplify the need to better understand the
plumbing system and the tectonic control of volcanic activity at
ocean island volcanoes. Here we investigate the magmatic processes associated with caldera collapse and lateral magma transport recorded in olivine crystals and their melt inclusions on selected samples from the largest historical eruption of Piton de la
Fournaise (Michon et al., 2007).

2. Background
2.1. Geological setting
Piton de la Fournaise (PdF) is one of the most active intra-plate
basaltic shield volcanoes on Earth (1 eruption every 9 months on
average since 1930; Peltier et al., 2009). Collapse of the summit
caldera is a rare event, but it occurred in April 2007 during one
of its largest eruptions (≈0.15 km3 of Dense Rock Equivalent; DRE)
that lasted 31 days, and led to a ca. 1 km wide × 0.34 km deep depression due to the summit caldera ﬂoor collapse (e.g. Staudacher
et al., 2009).
The 2007 eruptions started on the summit of the volcano on
February 18th (Fig. 1a). A second small eruption followed on the
upper SE ﬂank on March 30th, and from April 2nd until May 1st
the eruption moved to lower elevations. The eruption that occurred
at low altitude between April and May was the main phase in duration and volume. Previous studies have shown that the bulk-rock
composition and crystal content of the erupted magmas changed
with time (Di Muro et al., 2014). Aphyric basalt erupted in February and cotectic basalt in March have relatively high Sr isotope
ratio (87 Sr/86 Sr = 0.70420–0.70418). Aphyric magmas were also
erupted at the beginning of April event, but the crystal content
increased rapidly before caldera collapse (olivine basalt) and re-
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mained high (oceanite/olivine-rich basalts) after the collapse event
until the end of the eruption (more details about crystallinity
can be found in Di Muro et al., 2014). The increase in crystal
content coincided with a decrease in Sr isotope values (87 Sr/86 Sr
= 0.70412–0.70418), with the lowest value measured in a lava
erupted just before the summit collapse on April 5th. The evolution in the petrological, chemical and isotopic features of the 2007
lavas and tephra has been attributed to eruption of magmas stored
in multiple independent and shallow pockets which were pressurized by a deep input (Di Muro et al., 2014).
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et al. (2014). Water was analyzed by Raman spectroscopy with
an argon ion laser, a Labram HR800 spectrometer (ENS-Lyon),
and an Olympus microscope. Carbon concentrations and hydrogen
isotopic compositions were analyzed using the Cameca IMS1270
ion microprobe at CRPG-CNRS-Nancy. The D/H ratios were determined by measuring the OD− /OH− ratios, in monocollection
mode with a mass resolution of 15 000 to get a complete separation of 16 OH2− and 16 OD. The hydrogen isotopic compositions
of the melt inclusions were acquired following the procedure of
Métrich and Deloule (2014) and detailed in the Supplementary
Material.

2.2. Monitoring data preceding and during the 2007 eruptions
3.3. Modeling
The OVPF (Observatoire Volcanologique du Piton de la Fournaise) has monitored the PdF volcano since 1980, and the 2007
eruption was recorded on a range of monitoring networks, including seismic and geodetic. Long-term precursors of the 2007
eruptions were identiﬁed in tilt-signal from a distal station (RER)
located on the northern ﬂank of the volcano that showed an
inﬂation-deﬂation cycle that started on January 2007 and lasted
until the end of the eruption in May (Fontaine et al., 2014). This
period of inﬂation has been attributed to a single deep injection of
magma (source at ca. 3 km depth below sea level, b.s.l.; Fontaine
et al., 2014). Pressurization of the shallow part of the plumbing
system following a deep intrusion has also been recently observed
in PdF during the 2014–2015 unrest (Peltier et al., 2016).
3. Samples and methods
3.1. Samples description
We use the same samples studied by Di Muro et al. (2014).
These include the pre-caldera olivine-basalts (CM labels) erupted
between April 2nd and 4th, and post-caldera crystal-rich oceanites
(251 labels) emitted near the end of the eruption on April 25th.
Oceanites contain up to 60 wt% of olivine phenocrysts ranging
from mm to several cm; we have focused on crystals <2 mm. We
measured the chemical zoning patterns of a subset of olivine crystals, which were previously studied for their melt inclusion composition and volatile contents (Di Muro et al., 2014). We also report
new isotopic analyses of H (values expressed as δ DVSMOW ) for some
of these inclusions. Our new dataset includes the zoning patterns
of 13 and 14 olivine crystals from the CM- and 251-samples, respectively, and the δ D measurement in 25 melt inclusions.
The pre-caldera samples are cm-size scoria clasts erupted during the initial intense fountaining activity and that should have experienced rapid quenching in air. Post-caldera lava samples (ca. 10
cm large blobs) were taken close to the vent and were quenched
in a bucket of water to minimize post-eruptive modiﬁcations.
3.2. Analytical methods
We have used standard procedures for the data acquisition and
modeling that we summarize below. Further details can be found
in the Supplementary Material. The quantitative analyses and the
X-ray elemental distribution maps of olivine were obtained using a JEOL JXA 8530F ﬁeld emission Electron Probe MicroAnalyzer
(EPMA). The crystallographic axes were determined by Electron
Backscattered Diffraction (EBSD) using a JEOL JSM-7600F equipped
with an Oxford/HKL detector and HKL CHANNEL5 software (both at
Nanyang Technological University, Singapore). The analytical conditions are detailed in the Supplementary Material and are the same
as in Albert et al. (2015).
Major, trace, and volatile (H2 O, CO2 , S and Cl) element concentrations in melt inclusions have been published in Di Muro

3.3.1. Mg–Fe, Ca, Ni and P diffusion in olivine
Twenty-three rim-to-core, and eight melt inclusion-to-crystal
boundary concentration proﬁles in olivine were obtained for Si, Fe,
Mg, Ca, Ni and P (depending on the crystal). We modeled the Fe–
Mg, Ni and Ca concentration gradients using the program DIPRA
(Girona and Costa, 2013). We apply the anisotropy correction to
the results according to equation #5 of Costa and Chakraborty
(2004). We report the uncertainty on diffusion times that accounts
for analytical and temperature uncertainty as calculated by DIPRA.
In addition, DIPRA also calculates a parameter called “discrepancy”,
which is basically a goodness of the ﬁt (Girona and Costa, 2013)
and which is reported in Table 1. Most of our diffusion times were
obtained from ﬁts with a discrepancy of ≤10%. The temperature
and oxygen fugacity ( f O2 ) used for modeling are 1200 ± 10 ◦ C
and 1.2 log units below the NNO buffer for the reverse zoning
proﬁles (pre-caldera samples; labels CM), and 1160 ± 10 ◦ C and
0.8 log units below the NNO buffer for the normal zoning proﬁles
(pre- and post-caldera samples; labels CM and 251). Temperatures
have been calculated with the Fo values and the melt inclusions
composition by using the olivine-melt equilibrium geothermometer of Helz and Thornber (1987), as described by Di Muro et al.
(2014). Oxygen fugacity has been calculated according to Kress and
Carmichael (1991). For initial and boundary conditions we used
the same as those in Albert et al. (2015) which are detailed in the
Supplementary Material. We have also performed a 2-dimensional
diffusion model with a ﬁnite differences code for one melt inclusion that correlates the anisotropy effect on the chemical diffusion
and the data acquired with the X-ray distribution maps. Finally, we
have modeled one P compositional proﬁle in the olivine leading
up to the olivine-melt inclusion interface. The P traverse has been
modeled separately with an initial step-like proﬁle as required by
the S-shaped compositional proﬁle.
3.4. H+ diffusion
The H2 O content of the melt inclusions may vary due to postentrapment diffusion of H+ through the host olivine or/and due
to degassing (Lloyd et al., 2013; Bucholz et al., 2013; Chen et al.,
2011; Gaetani et al., 2012). Thus, it is critical to determine the extent to which melt inclusion data record a variation of entrapment
depths versus the partial re-equilibration via dehydration during
magma ascent or cooling on the earth’s surface. Here we make use
of the H2 O and δ D values and attempt to establish the roles of
each process.
We have modeled the diffusive re-equilibration of H2 O of eight
melt inclusions using the method of Qin et al. (1992), which considers a spherical melt inclusion of radius a hosted in a spherical
crystal of radius b, and we report the details of the parameter
values and equations used in the calculation in Supplementary Material. Following Di Muro et al. (2014), we have assumed that the
largest measured concentrations have not been modiﬁed via diffusion and thus we have used them as initial values (e.g. 1–1.3 wt%
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Table 1
Timescales (in days) calculated by modeling the chemical diffusion of Fe–Mg, Ni, Ca and P in olivine crystals and at the interface with melt inclusions (MI).
Elem

P1

P2

B

α

β

γ

Time core

Time Rim/MIa

(−)

(+)

Discr.
(%)

Crystal core-rim traverse
CM-2
1
CM-2
1
CM-2
1
CM-2
2
CM-2
2
CM-2
2
CM-3
1
CM-3
1
CM-3
1
CM-3
2
CM-3
2
CM-3
2
CM-6
1
CM-6
1
CM-6
1
CM-6
2
CM-6
2
CM-6
2
251-17
4
251-17
5
251-20
3
251-22
1
251-25
2

Fo
Ni
Ca
Fo
Ni
Ca
Fo
Ni
Ca
Fo
Ni
Ca
Fo
Ni
Ca
Fo
Ni
Ca
Fo
Fo
Fo
Fo
Fo

85.3
0.28
0.272
84.1
0.25
0.275

86.0
0.31
0.240
85.7
0.31
0.240
85.6
0.29
0.256
85.2
0.30
0.250
85.6
0.29
0.250
85.70
0.29
0.250
84.9
84.8
84.5
84.6
84.5

83.6
0.21
0.295
82.8
0.26
0.326
83.6
0.23
0.308
84.2
0.25
–
84.3
0.23
0.305
84.53
0.21
0.295
82.1
82.9
83.5
82.4
81.5

50
50
50
35
35
35
85
85
85
85
85
85
85
85
85
86
86
86
87
86
46
3
84

84
84
84
84
84
84
15
15
15
25
25
25
25
25
25
75
75
75
3
9
52
90
43

45
45
45
55
55
55
76
76
76
65
65
65
65
65
65
15
15
15
89
83
67
88
47

413
413
413
764
764
764

833
833
833
–
–
–
–
–
–
–
–
–
–
–

47
48
77
14
3
30
45
23
32
31
62
157
58
23
49
64
47
56
37
16
16
29
9

48
55
49
81
88
84
9
18
17
90
131
194
10
3
14
9
8
10
6
2
5
3
2

53
62
55
92
103
96
7
8
19
103
120
180
11
8
17
11
14
13
10
5
3
6
3

7
12
20
16
10
24
14
13
11
16
14
20
6
9
15
14
8
5
<1
<1
4
2
1

CM-2-MI-a
CM-3-MI-a
CM-3-MI-a
251-17-MI-a
251-20-MI-a
251-25-MI-a
251-25-MI-a
251-25-MI-a

Fo
Fo
Fo
Fo
Fo
Fo
P
Fo

84.1
84.2
84.2
84.7
84.2
84.5
4.9 × 10−3
84.5

82.4
83.0
82.8
83.4
83.2
83.3
6.4 × 10−5
83.5

80
85
86
87
46
78
78
89

84
15
75
35
52
83
83
5

11
76
15
55
67
14
14
85

–
–
–
–
–
–
–
–

18
30
23
2
7
8
560
15

3
4
6
1
2
3
78
3

5
22
8
1
2
3
77
10

4
3
1
2
1

Sample-crystal-MI

Traverse

6
7
8
5
3
3
3
4

83.9
0.24
0.292

−
−
−

<1
2

<1

P1 and P2 are the two compositional plateaus observed leading to reverse zoning. B is the boundary composition. We report the angles between the traverses and the three
crystallographic axis (α , β , γ ) and the discrepancy value (in percentage). The analytical errors are ±0.2 for the Fo (mol%), ±0.02 for the NiO (wt%), ±0.008 for the CaO
(wt%), and ±0.001 for the P (mol%). (−) and (+) are the errors on the total time calculated by DIPRA after the anisotropy correction.
a
Timescales have been calculated considering a homogeneous proﬁle and constant composition; a step-like modeling would give times about 50% shorter. Sample nomenclature is as follows: 1) CM- and 251- refer to the pre- and post-caldera samples; 2) numbers after the hyphen refer to the crystal, and 3) melt inclusions have been
designated with letters (e.g. CM-2-a is the melt inclusion a in the olivine 2 of the sample CM). The temperatures and f O2 values for the modeling were chosen according to
the values calculated from the olivine MIs. Both correspond to the averages for the two populations of MIs.

H2 O). We discuss the validity of this assumption in Section 4.4. We
have modeled the water loss via H+ diffusion to test whether the
D/H ratios (δ D) versus H2 O content in our samples from the preand post-caldera eruptions can be explained by a dehydration process. We have considered an average melt inclusion with a radius
of 50 μm hosted in an average spherical crystal with a radius of
500 μm, a temperature of 1160 ◦ C, an initial concentration of H2 O
that varies from 1 to 1.3 wt%, and an initial δ D = −100h.
3.5. H2 O degassing
In addition to H+ diffusive re-equilibration, both the water content and the hydrogen isotopic signature of the melt can also be
affected by melt degassing. We have addressed this by modeling
the variations of δ D under closed (equation (1)) and open-system
(equation (2)) conditions (Taylor, 1986):

δ Dmelt = δ Di − (1 − F )1000 ln α


δ Dmelt = δ Di − (1000 + δ Di ) 1 − F α −1

(1)
(2)

where δ Di is the initial composition of the melt, and F is the
fraction of water remaining dissolved in the melt. We have calculated the fractionation factor α according to De Hoog et al.
(2009). As initial magma composition we have considered the sample REU091110_DM-CM15 from Di Muro et al. (2014).

4. Results
4.1. Zoning patterns of olivine crystals
Olivine crystals from the early tephra emitted before caldera
collapse (CM-samples) and from the post-caldera collapse lava
(251-samples) display similar compositions and zoning patterns
(Fig. 1; and Supplementary Material Fig. 1), with Fo [Fo = 100
× Mg/(Mg+Fe)] values ranging from about 82 to about 86 (Table 1). BSE (Back-scattered Electron) images, X-Ray compositional
maps, and EPMA traverses of phenocrysts show a slight reverse
zoning (increase of about 1 mol% Fo) in the central part of crystals, with plateaus at Fo ≈ 84–85 and at Fo ≈ 85–86, followed
by normal zoning towards the rim (Fo ≈ 82–83; Fig. 1). Olivine
in the vicinity of melt inclusions may show a compositional halo
that is normally zoned towards the melt inclusion, with similar
Fo to that of the crystal rims (Fig. 1c, f and g). Ni follows the
zoning patterns of Fo, whereas Ca is typically a mirror image of
Fo (Fig. 2a). The 2D Fe–Mg compositional maps around melt inclusions show zoning (Fig. 2d and f) that is in accord with the
Fe–Mg diffusion anisotropy (see also below). 2D X-Ray maps of
phosphorous (Fig. 1d and h) show complex zoning patterns which
have been interpreted as an early episode of fast skeletal growth
(Welsch et al., 2014) that lead to trapping of the melt inclusions (e.g. Manzini et al., 2017; Ruth et al., 2018). We measured
a few proﬁles across the P-rich bands (e.g. Fig. 1h and 2g), which
are S-shaped and have concentrations between about 0.01 and
<0.005 mol% P. It is worth noting that crystal rims and composi-
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Fig. 2. Representative compositional proﬁles in olivine for Fo (mol%), CaO (wt%), NiO (wt%) and P (mol%) measured from rim to core in olivine crystals (a, b) and around
melt inclusions (d, e, f, g). Timescales calculated using diffusion models are reported for each proﬁle. Black lines are the best-ﬁt diffusion models computed using DIPRA
(step-like and homogeneous proﬁle modeling for the reverse and normal zoning respectively). Numbers in parentheses indicate the discrepancy of the ﬁt. a) Although
the timescales for the three elements are similar, the large discrepancy obtained for Ca suggest that these proﬁles are affected by crystal growth, thus the time may be
overestimated. b) Representative Fo and P proﬁles at the rim of the crystals. c) Conceptual approach used for modeling the zoning patterns: step function for the reverse
zoning in the crystal core, and homogeneous proﬁle and constant composition at the rim. d) Fe X-Ray compositional map and two-dimensional diffusion model (white lines
show increasing diffusion times; see Supplementary Material Fig. 2). Crystallographic axes directions are also shown. The anisotropy effect is apparent, and the composition
can be reproduced by a diffusion model (for 26 days). e) Fo and P proﬁles from traverses shown in d). Note that the one- and two-dimensional models give very similar
times. f) As in d), the anisotropic Fe zoning can be observed. g) P displays a S-shaped proﬁle and gives longer times that Fo probably due to signiﬁcant contribution of
growth zoning.

tional haloes around melt inclusion record only normal Fo zoning,
and that the zoning patterns did not change during the eruption despite the changes in crystallinity. This suggests that the
crystals are simply recording magma transport towards the surface (mainly lateral) rather than magma mixing or open system
behavior in the magma plumbing system. Modeling the interface

between the olivine and the melt inclusion is an independent test
for retrieving the thermal history of the crystals. The similarity
of the crystal rim and the melt inclusion-haloes zoning patterns
is key to support the magma transport hypothesis versus magma
mixing, and therefore we have also modeled these diffusion proﬁles.
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Fig. 3. Frequency histogram displaying the distribution of the calculated timescales
for different elements (Fe–Mg, Ni, Ca and P) in olivine crystal rims and at the interface with melt inclusions.

4.2. Timescales recorded by olivine crystals and melt inclusions
Representative crystals were selected for modeling the concentration proﬁles and to calculate the timescales according to chemical diffusion. This includes crystals with reverse zoning at the core
and normal zoning at the rims and towards the melt inclusions
(Fig. 2). Diffusion modeling of reversely zoned Fo in the central
part of the crystals yields good ﬁts with low discrepancy values
(Fig. 2a) and relatively long times of two to three years. However, the Ca and Ni ﬁts generally have discrepancies close to 20%
(Fig. 2a), which indicates that their shapes are not well explained
by simple diffusion (Table 1). Moreover, visual inspection of the
compositional gradients for Fo, Ni, Ca shows that they are all of
about the same length, which should not be the case if diffusion
was the only controlling factor given that they have different diffusivities. These observations make us think that a signiﬁcant part of
the reverse zoning proﬁle could be due to growth, and thus that
our times are overestimates of the real time. We also note that
the reverse Fo zoning involves less than 1 mol% and thus could be
explained by relatively small changes of melt composition, temperature or oxygen fugacity rather than mixing of different magmas
from different storage regions (e.g. Pankhurst et al., 2018).
Modeling of Fo, Ni and Ca zoning towards the crystal rims, and
near the melt inclusion margins, give a consistent answer (Fig. 2),
with low discrepancy values and times ranging from about 3 to
157 days (Fig. 3), although the majority of times (82%) are less
than two months (Table 1). Olivine crystals from the late-erupted
lava give timescales slightly shorter than the pre-caldera samples
(Table 1). Normal zoning of the Fo concentration towards the in-

terface between the olivine and the melt inclusion for the preand post-caldera samples (including the 2D model) (Fig. 2; Supplementary Materials Fig. 2) give timescales of about 2 to 30 days
(Table 1), and overlap with those of the crystal rims.
The normal zoning towards the rim and around melt inclusions
could be due to a drop in temperature and/or water content while
in transport towards the surface. For example, MELTS (Ghiorso
and Sack, 1995) simulations show that a decrease of 10–15 ◦ C decreases 1 mol% Fo. Moreover, since the timescales calculated for
the pre- and post-caldera olivine are similar, the process leading to
the generation of the normal zoning in the olivine crystals is unlikely to be due to a pre-eruptive process in the reservoir. In that
case, the late erupted post-caldera crystals should record about a
month longer residence time. Our timescales support the hypothesis that the zoning is the result of the lateral transport from the
mush zone to the vent in response to the change of environmental
conditions.
We have also modeled one P proﬁle (Figs. 1 and 2) at the interface between the olivine and a melt inclusion, and this yields a
time of almost two years (Table 1). However, it is unclear if the full
proﬁle is due solely to diffusion. The halo of low P concentration
around the melt inclusion (Fig. 1h) could reﬂect a more complex
process of dissolution and crystallization (Manzini et al., 2017;
Schiano et al., 2006) and might be revealing the extent of postentrapment crystallization. Therefore, the times obtained from P
are likely to be a maximum.
4.3. Volatile contents and δ D of melt inclusions
The H2 O and CO2 contents of the melt inclusions (Table 2)
range from 0.6–1.1 wt% and 53 to 125 ppm, respectively, for the
pre-caldera tephra, and from 0.32–0.82 wt% and 56 to 205 ppm for
the post-caldera lava (Di Muro et al., 2014). These concentrations
correspond to low saturation pressures (<0.5–0.4 kbar; Table 2;
Fig. 4). The melt inclusions from the pre-caldera samples yield, on
average, higher volatile saturation pressure, with respect to most
post-caldera melt inclusions. Di Muro et al. (2014) calculated an
average saturation pressure of 270 bar for the 2007 eruption using
the Newman and Lowenstern (2002) model, slightly higher than
the new average (250 bar) estimated using the Papale et al. (2006)
model. As already shown by Di Muro et al. (2016), the two models
provide very similar results in the pressure range <1 kbar typically
recorded by melt inclusions in PdF oceanites. Average pressure calculated using both models corresponds to a lithostatic depth range
of 1280–1100 m below the volcano summit (ca. 1.5 km above
sea level) considering a linear density increase from 1600 to 3400
kg m−3 (Di Muro et al., 2014). The maximum pressure recorded
by the 2007 melt inclusion dataset is consistent with magma stor-

Fig. 4. Volatile saturation pressures (H2 O–CO2 ; Papale et al., 2006) calculated for olivine hosted melt inclusions from eruptive products of the March 2007, pre- and postcaldera eruptions (April 2007). Olivine-melt equilibrium temperatures have been calculated using the Helz and Thornber (1987) MgO geothermometer (error ±10 ◦ C).
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Table 2
δD(h), water content (wt%; error of ±9%) and CO2 (ppm; error of ±10%).
Sample-crystal

MI

Pre-caldera samples

δD
CM-2
CM-2
CM-3
CM-4
CM-4
CM-4
CM-5
CM-17
CM-17
CM-27
CM-29
CM-29
CM-30
CM-30
CM-35
CM-36
CM-36
CM-39
CM-39
CM-40
CM-40
CM-43
CM-44
CM-45
CM-46

a
b
a
a
b
c
b
a
b
a
a
b
a
b
a
a
b
a
b
a
b
a
a
a
c

−39
−10
−47

δ D error

7
7
5

−115
−85
−102
−110
−135
−104

5
6
4
4
5
4

−119
−103
−108

7
6
4

Depth
H2 O

CO2

P

0.93
0.72
0.87
0.84
0.79
0.67
0.86
0.75
0.61
0.81
0.77
0.79
0.92
0.69
0.71
0.96
0.77

94

336

1683

104

330

1653

86

285

1427

1.09
0.95
0.85
0.93
0.89
0.8

94
104
113
101
111
95
53
76
99
124

Sample-crystal

MI

Post-caldera samples

δD

232
256

1158
1280

313
327

1567
1638

173
250
286
339

855
1249
1432
1697

251-4
251-6
251-8
251-11
251-14
251-15
251-16
251-16
251-17
251-17
251-19
251-20
251-20
251-22
251-22
251-22
251-24
251-24
251-25

a
a
a
a
a
a
a
b
a
d
a
a
b
a
c
h
b
c
a

−51
−7
−22

δ D error

11
62
−63
−23
−77
−36
22
−51

7
6
6
7
8
6
7
6
6
7
7

−11
−30

7
6

Depth
H2 O
0.64
0.71
0.38
0.45
0.38
0.8
0.75
0.79
0.72
0.6
0.79
0.7
0.68
0.74
0.77
0.82
0.32
0.66
0.67

CO2

P

75
79
89

228
187
244

1137
927
1219

133

250

1249

114
75

228
211

1137
1050

74
56
60
204

216
106
166
367

1076
506
818
1837

H2 O, CO2 , saturations pressures and depth data from Di Muro et al. (2014). Saturation pressure (P) in bars and calculated corresponding depth below the crater in meters.
Major element composition, diameter and the presence or not of a vapor bubble for each melt inclusion can be found in the supplementary material.

age slightly above the sea level, but most melt inclusions record
lower pressure/trapping depth. Pre- and post-caldera melt inclusions have distinct temperature ranges. Temperatures calculated
for post-entrapment crystallization show a larger range (1145 to
1232 ◦ C) in pre-caldera samples, compared to post-caldera melt inclusions (1178 to 1199 ◦ C; Fig. 4b). Di Muro et al. (2014) stress
that the high-temperature range (>1200 ◦ C) is inconsistent with
the low average Fo content in olivine and the relatively evolved
composition of aphyric lavas and glassy matrix melts. The lowest
average temperature is recorded by melt inclusions in the early
erupted cotectic basalts of March 2007 (1186–1134 ◦ C). These

more evolved and cooler melts are also more degassed. A marked
drop in dissolved water content (0.3 wt% < H2 O < 0.5 wt%) at
constant temperature is recorded in some melt inclusions of the
post caldera phase. On the contrary, melt inclusions of the precaldera phase having experienced marked post-entrapment modiﬁcation do not show signiﬁcant water loss.
The δ D of melt inclusions varies from −135 to −10.3h and
−77 to 62h, for the pre- and post-caldera samples, respectively
(Table 2). The pre-caldera melt inclusions display only a slight decrease in δ D with the decrease of water (with the exception of
three melt inclusions). In contrast, the post-caldera melt inclusions

Fig. 5. Hydrogen-isotope fractionation (δ D) versus dissolved water contents (relative error of ±9%) in the olivine hosted melt inclusions from the pre- (blue squares) and
post-caldera (red squares) phases of the April 2007 Piton de la Fournaise eruption. Solid curves are diffusion models calculated from an initial composition of H2 O = 1–1.3
wt% and δ D = −100h (yellow stars). The diffusion models were computed with the following parameters: D calculated at 1160◦ parallel to [001], k = 0.001, β = 0.3
(Bucholz et al., 2013), a = 50 μm, b = 500 μm (a and b are average values from Table 3). Diffusion parallel to [100] and [010] gives lower water contents. Dotted curves are
the degassing models for the same initial conditions (closed and open). Most pre-caldera samples follow a general degassing trend, while post-caldera melt inclusions record
variable degrees of H+ diffusion.
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Table 3
Timescales calculated from the H+ diffusion in melt inclusions through the olivine crystals.
Sample-crystal

CM-3
CM-2
251-17
251-17
251-20
251-20
251-22
251-25

MI

a
a
a
d
a
b
a
a

a
(μm)

b
(μm)

α

63
50
53
40
130
41
54
45

438
543
467
600
520
353
462
550

0.144
0.092
0.114
0.067
0.250
0.116
0.116
0.082

φ

Time in days

(%)

D = 1.6 × 10−11 m2 /s
([001])

D = 1.2 × 10−12 m2 /s
([100], [010])

19–43
10–37
39–57
57–70
43–60
44–61
37–56
47–63

0.1–0.4 (6.3)
0.1–0.2 (4.3)
0.3–0.4 (4.7)
0.3–0.4 (2.8)
1.4–2.3 (23)
0.2–0.3 (2.8)
0.2–0.4 (4.8)
0.3–0.4 (3.5)

2.2–5.4 (85)
1.1–3.3 (57)
3.6–6.0 (63)
3.9–5.4 (38)
19–32 (314)
2.5–3.9 (37)
3.5–5.9 (64)
3.6–5.4 (47)

a is the radius of the melt inclusions and b is the shortest distance to the crystal rim measured in the BSE images. α is the ratio between a and b. For the calculation of
the re-equilibration degree (φ ) of melt inclusions we have considered as initial range of dissolved water 1–1.3 H2 O wt% and a ﬁnal equilibrium concentration of 0.3 wt% in
agreement with Di Muro et al. (2014). We provide the times calculated for D parallel to [001], [100] and [010] axes at 1160 ◦ C. The two timescales depend on the initial
composition, and hence on the re-equilibration degree. The values in parentheses are the time required to achieve a φ = 100%. In addition to the inherent uncertainties
of Qin et al. (1992) model, these calculations are assuming a constant H+ composition at the crystal boundary during magma ascent and neglecting the tridimensional
geometry of the crystals and melt inclusions.

show a general increase in the D/H ratios when the H2 O concentration decreases (Fig. 5). We stress here that melt inclusions
having experienced marked water depletion (H2 O < 0.5 wt%) have
not been analyzed for their D/H composition. To explain the variation in H2 O content, δ D and CO2 we have considered two possible
end-member scenarios (see section 5.2).
4.4. Timescales of H2 O loss via diffusion
We have calculated the H2 O diffusive re-equilibration timescales
for a wide range of parameter values and sizes. Although the
re-equilibration degree varies signiﬁcantly, (between 10 and 70%;
Table 3), independently of the size or distance to the crystal rim of
each melt inclusion, the timescales between different melt inclusions are similar. This suggests that our assumptions about treating
all melt inclusions with a similar initial and equilibrium values
are likely to be appropriated. The timescales calculated with diffusion parallel [001] are of a few hours, and those parallel to [100]
and [010] are between one and six days (Supplementary Material
Fig. 3). The only exception is the 251-20a melt inclusion, with a
radius around three times bigger than the rest and connected by a
fracture (Supplementary Material Fig. 1b and c).
5. Discussion
5.1. Magmatic processes recorded by the olivine crystals and their melt
inclusions
Our results support the existence of different magma pockets
below the PdF summit. The occurrence of a multilevel magma
storage system is consistent with the presence of various seismic low-velocity zones below the cone of PdF (e.g. Prôno et al.,
2009). Magmas erupted in February, March, and April 2007 have
distinct Sr isotopic signatures. Olivine and melt inclusion compositions of March cotectic basalt are consistent with the eruption
of a small volume of relatively evolved melt with a temperature
of ca. 1160 ◦ C. (Fig. 4b; Di Muro et al., 2014). The sudden and
rapid isotopic shift recorded in lavas emitted at the beginning of
caldera collapse (lowest value in 87 Sr/86 Sr) has been interpreted by
Di Muro et al. (2014) as the evidence of the new magmatic input
that pressurized and led to eruption of melts located in the shallow (<0.5 kbar) plumbing system. The crystal-rich lavas erupted
after April 5th contain olivine with variable isotopic compositions
(see Di Muro et al., 2014). However, we stress that isotopic data
have been acquired on a large range of crystal sizes (from cm to
mm), while crystal zoning and melt inclusion data discussed here
concern the crystal size population <2 mm.

The relatively low Fo values of the olivine (86 to 82) from both,
pre- and post-caldera eruptions, the absence of reverse Fo zoning
near the rims, and the rarity of MgO-rich glass do not support a
scenario of pre-eruptive mixing between a primitive deep magma
and a shallow evolved one, as has been reported at other ocean
island volcanoes (e.g. Albert et al., 2016). Another possibility is
that the intruding melts were relatively evolved (MgO < 8 wt%)
and interacted with a more maﬁc crystal pile left over from previous eruptions. However, several observations make this possibility
quite unlikely: (1) the Fo values and extent of zoning of the crystal rims and between melt inclusions and crystal interface are the
same, (2) we do not ﬁnd any crystals with evolved cores of similar compositions to the rims, and (3) the time scales obtained
from P modeling show that the crystal cores could not have remained at magmatic temperatures for more than about 1.5 years.
These observations are more consistent with the Fo zoning due to
magma transport towards the surface rather than the classical view
of mixing between a maﬁc melt and an evolved cumulate. The low
volatile saturation pressures calculated from the melt inclusions
indicate that the erupted magmas were stored at quite shallow
depths (ca. 0.5 km a.s.l.). The combined observations of chemical zoning, timescales, and shallow entrapment depths of melt
inclusions can be interpreted as intrusion of magma at shallow
depth that grew Fo 84–86 crystals which would be in equilibrium
with more magnesian melts than those erupted. Thus many of the
olivine crystals in fact grew and trapped the melt inclusions during the time period since the beginning of unrest and the end of
the eruption (e.g. about 3 months). The normal zoning towards
the crystal rims and around the melt inclusions (e.g., Fo 82–83) is
likely due to transport of the magma from the shallow reservoir
located near sea level towards the surface. The lateral transport
under Piton de la Fournaise have an associated change in depth
of about 1.5 km, and this will generate a change in the magma
intensive conditions (e.g. temperature and water loss). Such short
times for creating olivine mushes are also consistent with the evidence of fast growth provided by the ﬁne P skeletal zoning (Welsch
et al., 2014; this paper). However, given the limited size of our
dataset we cannot fully discard the possibility that cumulates contain some crystals recycled from previous events, as suggested by
the Sr isotopic differences between the olivine separates and the
bulk-rock. These older cumulates are likely represented in the crystal populations larger than those examined in this study.
5.2. Entrapment of melt inclusions, degassing and depressurization of
the system
The melt inclusions from the pre- and post-caldera samples
display two different trends of water content vs. δ D (Fig. 5). We

H. Albert et al. / Earth and Planetary Science Letters 515 (2019) 187–199

have considered two end-member scenarios for the interpretation
of these variations. For both cases we ﬁrst assume that the posteruptive diffusive modiﬁcation has not played a major role (e.g.
Lloyd et al., 2013). This assumption is appropriated since we did
not analyze inclusions with very low (<0.45 wt%) water content.
One end-member scenario is that the melt inclusions are
trapped at different depths during magma ascent without diffusive re-equilibration, and the variations of water and δ D follow
as closed system evolution. This possibility has been considered
before to explain the trend of samples from Koolau basalts from
Hawaii (Hauri, 2002). Degassing will generate lower values of δ D
with decreasing water content (e.g. Bouvier et al., 2010), and the
pre-caldera melt inclusions follow the degassing trends that we
have calculated (Fig. 5). The CO2 and S variation recorded in the
melt inclusions also suggests a degassing trend (for further details
see Di Muro et al., 2014).
The other end-member scenario is that the H2 O and δ D variation is due to diffusive loss H+ from melt inclusions that were
trapped at the same depth, e.g. limited role for magma degassing.
During magma ascent the melt inclusions would have experienced
a progressive diffusive re-equilibration with the external surrounding and more degassed melt. The general increase in δ D with
the decrease of H2 O in the post-caldera samples suggests diffusive re-equilibration between the melt inclusions and the external
melt through the olivine. In this case, the variation in the melt
inclusions H2 O content and δ D is related to the re-equilibration
degree, which depends on the melt inclusion size and position inside the crystal. We have modeled the changes in the δ D during
dehydration from the initial conditions (Fig. 5). Once the H2 O reequilibration degree (φ ) of each melt inclusion has been estimated,
the corresponding times can be calculated (see section 3.4).
Most of the H2 O and δ D values of the pre-caldera melt inclusions fall into a magma degassing trend, whereas those of the postcaldera samples agree with a H+ diffusion loss scenario (Fig. 5). If
our initial water and δ D are not correct, and were instead 1.5–2
wt% and to −150 to −200h, respectively, we could ﬁt all samples with a single diffusive re-equilibration trend. Such low initial
δ D are unlikely because there is no evidence of crust recycling or
dehydrated mantle in the PdF mantle source (Valer et al., 2017).
Moreover, maximum dissolved water content documented in PdF
magmas is rarely >1.3 wt% (Di Muro et al., 2016). Another possibility is that the melt inclusions have experienced post-eruptive H+
diffusion either during lava emplacement or after water quenching
(e.g. Lloyd et al., 2013). This population is most likely represented
by melt inclusions with a very low water content (<0.5 wt%), close
to that of the matrix (0.3–0.2 wt%) and recording a very low apparent trapping pressure ( P < 150 bar) (see supplementary material).
Finally, depressurization of the magma pockets due to the caldera
collapse and the sliding of the volcano ﬂank could have promoted
H+ diffusive re-equilibration at depth before magma movement towards the surface started. The occurrence of two different trends
(degassing and H+ diffusion) is consistent with the results of Di
Muro et al. (2014) who suggested that some of the melt inclusions experienced water loss based on the H2 O–S correlation. We
do not ﬁnd any correlation between the K2 O, CO2 and H2 O content
of the melt inclusions and therefore we have excluded the possibility of CO2 ﬂuxing (Métrich and Wallace, 2008; Supplementary
Material Fig. 4). In conclusion, we suggest that lower pressures calculated for most (except for one melt inclusion) post-caldera melt
inclusions with respect to pre-caldera samples result from postentrapment partial H+ loss.
The timescales calculated from the H+ diffusive re-equilibration
are very short compared with the Mg/Fe, Ni and Ca timescales. We
interpret these timescales as records of the magma depressurization due to the ﬂank sliding and the caldera collapse rather than
magma movement towards the surface. This would explain why
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the H+ diffusive re-equilibration is mainly recorded by the postcaldera melt inclusions, even if some pre-caldera melt inclusions
may be also recording the depressurization generated by ﬂank sliding. According to Di Muro et al. (2014) the collapse of a 340 m
deep caldera corresponds to a ca. 10 MPa depressurization. This
value is consistent with the difference between the pressures calculated for the pre- and post-caldera melt inclusions and gives
additional support to our interpretation that the lower H+ values of post-caldera samples may reﬂect fast re-equilibration due
to unloading and caldera collapse (Fig. 4). However, given that the
post-caldera samples are lavas, we can’t fully discard the possibility that water and δ D for these samples has been partially affected
by degassing on the Earth’s surface.
5.3. Integration of petrological with monitoring data and sequence of
events preceding and during the 2007 eruption
The timescales of magma transfer, H+ loss, and magma storage depth that we have found can be used to better understand
the monitoring data associated with this eruption (e.g. Albert et
al., 2016, 2015; Kahl et al., 2011; Rasmussen et al., 2018). For the
interpretation we have considered together the chemical zoning in
olivine crystals, the diffusion modeling timescales, the geochemical
data (whole rock compositions) and the geodetical data (Fig. 6).
Combination of the monitoring and petrologic data suggests
that the new input of magma responsible of the ediﬁce inﬂation
(Fontaine et al., 2014) was located at 3 km b.s.l., but, intruded the
shallow magmatic system and triggered the eruption of two shallow magma pockets (the February and March events) but did not
interact with them, given their different Sr isotopic compositions.
The lavas of these early eruptions are either aphyric (February) or
contain rare iron-rich olivine (Fo 81–82; March) (Di Muro et al.,
2014, 2016). This was followed by extensive and fast crystallization
of olivine (Fo 82–86) and the lateral propagation of a sill from a
crystal mush (April eruption). According to Froger et al. (2015), the
crystal-rich magma would have encountered a pre-existing structural discontinuity, probably compensating for the lack of buoyancy
due to the high crystal cargo and triggering a lateral eruption, in
contrast with the mainly aphyric basalts from the early summit
eruptions. Interestingly, caldera collapse was preceded by the increase in the lava crystal content, suggesting that displacement of
the crystal mush contributed to volume changes leading to caldera
foundering (Di Muro et al., 2014).
The sequence of processes preceding and during the 2007 eruption obtained from combining monitoring, crystal, and melt inclusion information can be explained with the following stages
(please see Figs. 6 and 7): (1) In January, inﬂation started due to
new magma intrusion at depth (ca. 3 km b.s.l.) followed by magma
movement to the shallow plumbing system (ca. 0.5 km a.s.l.), pressurizing pre-existing magma pockets that moved towards the surface in January. This is consistent with a progressive increase in
shallow microseismicity below the volcano summit in January and
early February (OVPF unpublished data). This early magma movement is recorded in the crystal timescales (normal zoning; Fig. 6c).
(2) In February aphyric basalts with high 87 Sr/86 Sr were erupted.
Pressurization continued, and olivine records that the pre-caldera
magma kept moving towards the surface. (3) March is a period
of non-inﬂation culminating with a sudden ﬂank sliding, and it
might correspond to continuous lateral transport of a newly created crystal mush in response to the underlying pressurization. (4)
At the end of March, the second eruption took place. The cotectic basalts are evolved and have isotopic compositions different
to the February eruption, which suggest they are derived from a
different magma pocket (Di Muro et al., 2014). The lateral transport from the crystal mush continues. (5) On April 2nd the distal
main eruptive phase starts with the emission of aphyric basalts,
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Fig. 6. Correlation between the olivine and melt inclusions timescales with the geochemical and geophysical data. The numbers above the ﬁrst panel correspond to the
numbers in the main text (Section 5.3). a) The duration of the eruptions is represented by light grey bands. The onset of the pre- and post-caldera eruptions is marked with
a blue and a red line, respectively. The caldera collapse event is represented with a dark grey band. b) Inﬂation-deﬂation cycle and correlation with geological events. c, d)
Timescales calculated from modeling the diffusion of Fe–Mg in the pre- and post-caldera olivine crystals (error bars include NiO and CaO data when available) and of H2 O in
melt inclusions. Timescales are plotted from the eruption dates (3 and 25 April 2007), as detailed in the main text (sections 4.3 and 4.4). The different timescales between
crystals likely reﬂect the range of transport times from the crystal-mush to the surface.

and on April 3rd the pre-caldera collapse olivine basalts (CM samples) erupt. The water and δ D values of melt inclusions mainly
record magma degassing (Fig. 5) over a shallow pressure range. The
timescales of olivine crystals indicate that the magmas that yield
the post-caldera eruption already started to move towards the surface (Fig. 6d). Two days later, on April 5th the caldera started to
collapse. (6) During April the olivine crystals record timescales that
suggest magma kept moving after the collapse. Our post-caldera
collapse samples (oceanites; 251 samples) were erupted on April
25th. The melt inclusions hosted by the olivine crystals mainly
record H+ loss via diffusion due to the depressurization related
to caldera collapse and ﬂank sliding (Fig. 5) or degassing on the
Earth’s surface due to slow quenching of the samples.
6. A role for the magma ﬂux in the architecture of volcanic
plumbing systems?
Piton de la Fournaise and Kilauea are intraplate basaltic volcanoes associated with a mantle plume of high activity, and both
volcanoes have well-developed shallow magma ponding zones (e.g.
Prôno et al., 2009; Sides et al., 2014). However, in contrast with
our ﬁndings at PdF, magmas erupted from Kilauea during inﬂation periods reﬂect mixing between the new input and the shallow
reservoir (Lynn et al., 2017; Poland et al., 2012; Sides et al., 2014).
Studies of Mt. Etna olivine crystals also show evidence of multiple mixing episodes preceding the eruption (e.g. Kahl et al., 2011),
which may reﬂect a plumbing system made of multiple but wellconnected reservoirs due to the high magma ﬂux at this volcano
(Kahl et al., 2011). Maﬁc ocean island volcanoes with lower magma
supply rates as the Canary Islands (e.g. Tenerife, El Hierro and La
Palma) also display evidence of magma mixing recorded in olivine
(e.g. Albert et al., 2015; Klügel et al., 2005). During the El Hierro
2011 eruption, the geophysical monitoring data indicated similar
depths to those calculated by geochemical methods, and also evidence for mixing between a shallow evolved melt and a deeper
more primitive melt recorded in the olivine crystals (Longpré et
al., 2014; López et al., 2012).

The different behavior of these systems may be related to their
different magma supply rate (e.g. White et al., 2006) and plumbing system architecture. At one end of the spectrum we have the
case of high magma ﬂux systems such as Kilauea and Etna, with a
plumbing system characterized by open paths and well-connected
reservoirs facilitating the interaction between any new intruding
melts and those that resided in various pockets. At the other end,
we have much less active systems like the Canary Islands where
eruptions are mainly driven by dykes. Magma mixing and interactions between resident and intruding magmas are also recorded,
but in this case they may be necessary for opening a path towards the surface and allowing the magmas to erupt (Albert et al.,
2016). In this scenario, dykes that do not intercept previously emplaced magma pockets may result in failed eruptions. PdF volcano
may be somewhere between these two end members: intruding
melts at depth are able to trigger eruptions by mobilizing shallower isolated melt pockets, although they can also bypass them.
This may be possible because the shallow pockets may still be relatively well connected to the surface and can erupt. Pdf may be
an example of a high magma ﬂux system, as Kilauea or Etna, but
in which the plumbing system connections between shallow pockets and deep conduits are not necessarily active. More studies that
contrast the depths and magmatic processes inferred from monitoring networks with those obtained from crystals and host melt
inclusions should be able to clarify the different architecture of
volcanic systems according to magmatic ﬂuxes and hopefully improve hazard mitigation strategies of associated eruptions.
7. Conclusions
The olivine crystals and melt inclusions from the 2007 PdF
eruption record shallow storage depth and re-equilibration related
to lateral magma movement towards the surface. Most crystals we
have studied likely grew during the pre-eruption and eruption period (e.g. in about 3 months) from the basalt that migrated from,
and was temporarily stored at shallow depths (e.g. about 0.5 km
a.s.l.), although deformation source modeled from tilt data indicates an initially deeper magma source (ca. 3 km b.s.l.). These
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Fig. 7. Schematic model of the plumbing system processes preceding and during the 2007 eruption. For more details see main text (section 5.3).

observations suggest that magma arrival at shallow depth pressurized the pre-existing melts and led to eruption of aphyric magma,
but we have no evidence of physical interaction between the two.
The zoning and timescales derived from olivine crystals agree with
fast crystal growth, creation of a crystal mush and subsequent lateral transport, eruption, and caldera collapse. Timescales deduced
from Fe/Mg, Ni and Ca in olivine rims and towards melt inclusions
are relatively short (from 3 to 60 days) and agree with the changes

in monitoring data. P zoning in the crystal interiors also indicates
relatively short times (<1.5 years) between olivine crystallization
and eruption. Degassing and re-equilibration of H+ of melt inclusions via diffusion occurred during the depressurization of the
shallow system and caldera collapse and vary between a few hours
to six days (depending on the crystallographic direction). Our results on the dynamic of magmatic processes, vent locations, and
magma transport have implications for similar large maﬁc ocean
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island volcanoes such as Kilauea. However, the role of magma supply rates that we propose to shape the plumbing systems of these
volcanoes should be further investigated by numerical or analogue
experiments.
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