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Abstract

The hydrothermal processes that occur on the active basaltic edifice of Piton de la Fournaise are investigated. The
present-day volcanic activity concentrates in a west—east-oriented collapsed area, 13 km long and 6-8 km large, called
Enclos Fouqué. Enclos Fouqué is open to the sea on its eastern side, while a horseshoe rim delimits its extension to
the west, south and north. This forms a continuous cliff, 100-200 m high above the floor of Enclos Fouqué. Inside
Enclos Fouqué, a 400 m high basaltic cone with two coalescent summit craters constitutes the most active area of the
volcano. Beyond the western wall of Enclos Fouqué, a wide basaltic plateau called the Plaine des Sables stretches west
for a few kilometers, until it reaches a cliff limiting its western part. To the north and south of this plateau, rivers
notch the basaltic edifice, and along the slopes of the induced valleys springs flow. Geochemical data from these
springs indicate hydrothermal activity within deep fractured media inside the plateau generated owing to west—east
regional extension. On the floor of the Plaine des Sables, near the western wall of Enclos Fouqué, extensive ash
deposits from a violent hydrothermal eruption have been recognized. Hydrothermal activity has also been detected in
the deep (> 100 m) porous layers of Enclos Fouqué, in an area surrounding the central cone. This circulation occurs
in layers of vesiculated rocks that constitute a highly permeable and quasi-isotropic medium. Physical models are
presented to illustrate the basic differences between the thermal regime of each hydrothermal system. We show that, in
the periphery of the volcano, the fracture walls stabilize the hydrothermal circulation inside the fissure network, thus
steadily draining the heat along the impermeable walls. Consequently, hot (230-240°C) rising convective currents with
a finger shape, 150 m distant, reach the uppermost parts of the fracture. By contrast, inside the isotropic porous layers
of the central area, the circulation is likely to be chaotic/turbulent because of the high permeability of the medium.
This scatters the thermal energy through the whole porous media. Numerical models of the transient evolution of the
hydrothermal circulation in the fractured medium are presented. They reveal that the fingers generated in the deep
levels of the edifice move upward at a velocity of 15-150 m/yr, depending on the amplitude of the fracture
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permeability. The extensive character of the stresses in the Plaine des Sables, the velocity and the high temperature
inside the hydrothermal flow constitute necessary conditions for the disruption of the fracture walls during boiling.
Using a model of Germanovich and Lowell [J. Geophys. Res. 100 (1995) 8417-8434], these conditions are shown to be
sufficient for the generation of huge (km?® of deposits) hydrothermal eruptions in the periphery of the edifice, while
only small (a few m> of deposits) hydrovolcanic events are shown to develop at the summit area. Accordingly, the ash
deposits (0.6 km?) recovered near the western wall of Enclos Fouqué are ascribed to the hydrothermal flow in

fractures generated by the east—west extensional stresses.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Hydrovolcanic phenomena are catastrophic
eruptive/explosive events that sometimes accom-
pany volcanic/magmatic activities. These events
violently eject a mixture of water, steam and
rock particles. According to Smith and McKibbin
[2], these phenomena can be classified into two
types: phreatomagmatic and steam-blast events.
Phreatomagmatic eruptions occur when hot mag-
matic products contact groundwater or seawater.
The erupted deposits contain amounts of fresh
glassy magmatic products. Steam-blast events ac-
count for eruptions that did not involve the ex-
pulsion of juvenile rock. Among these steam-blast
type eruptions, Smith and McKibbin [2] itemize:
gas eruptions, when the driving fluid is gas or
superheated steam, phreatic eruptions, when the
driving fluid is groundwater (essentially of mete-
oric origin), and hydrothermal eruptions, which
require a pre-existing hydrothermal system.

To understand the physical mechanisms driving
hydrovolcanic events, the choice of a well studied
and monitored site is fundamental. We focused
our study on the Piton de la Fournaise which
is one of the most active and monitored basaltic
volcanoes in the world, erupting every 11—
18 months [4]. Its build up started at least
500000 years ago on the eastern flank of the Pi-
ton des Neiges (a nearby extinct volcano, Fig. 1)
[3]. Thereafter, the volcanic activity moved to the
east. Its present location results from three succes-
sive collapses separating four phases of magmatic
activity [5] (Fig. 1). The youngest collapse, which
formed the horseshoe structure called Enclos Fou-
qué (EF in Figs. 1 and 2), has been dated to 4000
years by analysis of cosmic ray-produced *He and
2I'Ne [6]. The present-day volcanic activity (fourth

magmatic phase) concentrates inside Enclos Fou-
qué which is composed of a 400 m high central
cone, two diffuse rift zones and two coalescent —
Bory (BC in Fig. 1) and Dolomieu (DC in Fig. 1)
— summit craters. The magmatic activity is char-
acterized by two preferential orientations for out-
lets: N10 and N170 (rift zones). A third orienta-
tion (N120, thought to be the main tectonic
direction) has been evidenced, but is not involved
in the present-day activity [5].

At the Piton de la Fournaise, except for a per-
manent fumarolic vent that has been active since
1986, there is no obvious hint of hydrothermal
activity. In fact, the best evidence of hydrothermal
activity comes from the geophysical studies of the
volcano. It has been established by electric mea-
surements (self-potential (SP) anomalies) that hy-
drothermal activity takes place in the active cen-
tral cone. In fact, the positive SP anomalies (up to
2 V) detected inside the cone have been inter-
preted as convective ascending currents generated
by thermal transfers via infiltrated meteoric water
(6-10 m/yr) [7,8]. A shallow magmatic complex
provides the necessary heat [5,9]. Recently, Lénat
et al. [10] confirmed this hypothesis by studying
the resistivity structure of the edifice. Indeed, the
development of superficial layers (about a few
hundred meters under the top of the cone) with
low resistivities in the cone is associated to the
influence of a coupled hydrothermal/magmatic
complex. Nevertheless, little is known about hy-
drothermal activity that develops inside the cone.
Particularly, the evidence of an aquifer has not
been established yet.

Some arguments also lead to the hypothesis
that hydrothermal activity develops in the periph-
ery of the volcano. The western parts of the vol-
cano are notched by deep valleys where erosion
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Fig. 1. (a) Réunion Island. (b) Main structures of the edifice of Piton de la Fournaise. EF: Enclos Fouqué; GP: Grand Pays cir-
cus; PB: Pas de Bellecombe; ND: Notre Dame area; BC: Bory Crater; DC: Dolomieu Crater; asterisk: location of the spring
with anomalous 8'3C and fluor concentration. The gray area corresponds to the extension of the BAM. Also represented: the lo-
cations of the main fracture zone, N 10°, N 170° (rift zone northeast and southeast), and the lines of iso-elevation. Modified

map after Lénat et al. [10].

digs rivers. The depth of these gorges lies between
several hundred and a thousand meters. In the
walls of Grand Pays (a collapse area upstream
from Riviére Langevin, GP in Fig. 1), hydrother-
mal minerals have been recovered [11]. The resis-
tivity structure under the Plaine des Sables (see
Fig. 1) show the development of a conductive
layer (resistivity =100 Q m) at 1 km depth [10].
The interpretation of such conductive layers in the
context of the Plaine des Sables is problematic,
because it is an inactive area today. It has been

inferred that these layers may be representative of
a hydrothermally altered zone [10]. Moreover,
gravimetric studies underneath the Grand Pays
area (Fig. 1) show the settling of a dense intrusive
complex, about 1 km below sea level. In fact, the
presence of hydrothermal minerals and of a dense
intrusive complex combined with the local exten-
sion suggests that Grand Pays is a potential area
for geothermal exploitations [12]. Recent geo-
chemical investigations by Boulégue et al. [13]
show that local anomalies of dissolved fluoride



4 F.J. Fontaine et al. | Earth and Planetary Science Letters 200 (2002) 1-14

and sulfate in springs of the eastern walls of Lan-
gevin valley are related to the input of hydrother-
mal related elements in the local aquifers. Locally
8"3C of dissolved carbonates are also typical of
input of mantle-related CO; in contrast to most
other cold springs in Réunion Island [13].

Hydrovolcanic events have been evidenced in
the periphery of the volcano as well as along its
axis. It has been shown that a particularly violent
hydrovolcanic phase — which we called the Belle-
combe Hydrovolcanic Events (BHE) — occurred in
the periphery of the edifice. The resulting deposits
of the BHE, the Bellecombe Ash Member (BAM),
are scattered on the floor of the Plaine des Sables
(see Fig. 1), near the western wall of Enclos Fou-
qué (EF in Figs. 1 and 2). The deposits are com-
posed of units of pyroclastic flows and falls of
phreatic, phreatomagmatic and hydrothermal ori-
gins. Their estimated volume reaches 0.6 km?*. The
dating by “C of a piece of wood embedded in
these deposits indicates similar ages for the for-
mation of Enclos Fouqué and for the BHE (about
4000 years), suggesting that the formation of En-
clos Fouqué is linked to the BHE [14].

In addition to the BHE, other hydrovolcanic
events (mainly phreatomagmatic and phreatic

ones) have been evidenced at the summit of the
volcano. Important ‘historical’ phreatomagmatic/
phreatic events (for example in 1791 and 1860)
have been observed at the top central area, during
a period (between 1760 and 1860) when Piton de
la Fournaise was in quasi-permanent activity [14].
The conditions leading to such events have been
inferred by Bachélery [5] on the basis of the model
of Jaggar and Finch [15]. The emission of a large
volume of lava (10-50x10°® m? of lava) drives
caldera and collapse formation, and rapid steam
generation in response to water contacting hot
rocks. These eruptions can be classified as ‘mixing
eruptions’, caused by the mixing of groundwater
with hot rocks [2]. The huge intensity of the his-
torical events must be related to the particularly
active period of the volcano (the event of 1791 is
associated with the initiation of a crater, the Do-
lomieu Crater). In fact, during an eruptive crisis
at Piton de la Fournaise, small hydrovolcanic
events are observed at the summit of the volcano,
as for instance in February—April 1982 [16].

In this study, we first develop, in Section 2, a
consistent physical analysis of hydrothermal activ-
ity at Piton de la Fournaise, both in the periphery
and along the axis of the edifice. On the basis of
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Fig. 2. West—east cross-section of Piton de la Fournaise, from the Plaine des Sables area (PdS) to the central top area, inferred
from: resistivity data [10], seismic data [25], gravity data [19], self-potential (SP) data [7,8]. H.S.: hydrothermal system. Note the
low-resistivity layer of the top central area, but also the low one of the periphery, beneath the PdS area. Modified cartoon after

Lénat et al. [10].
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this analysis, we finally (Section 3) discuss the
mechanisms leading to hydrovolcanic events.

2. Hydrothermal circulation at the summit and in
the periphery of Piton de la Fournaise: physical
models

In this section, we show that the axial summit
area of the volcano consists in a highly porous
medium with a quasi-isotropic permeability field,
and that in the periphery, buried layers of dense
oceanites are fractured owing to local extension.
Then, we present numerical models of hydrother-
mal convection in a fracture network surrounded
by massive basaltic rocks. At the end of this sec-
tion, we recall the characteristics of hydrothermal
circulation in a highly permeable and isotropic
porous medium. These models are used to assess
the temperature and velocity fields of the hydro-
thermal flows at the summit and periphery of the
volcano.

2.1. Constraints on the permeable media along the
axis and in the periphery of the edifice

The eruptive axis constitutes a particular region
in a volcanic edifice. The distribution of gas in the
magmatic chamber is clearly three-dimensional.
The roof of magma chambers being sloped, the
volatiles exsolved during the degassing of magma
accumulate along the axis of the chamber and
ultimately trigger volcanic eruptions [17,18].
Thus, the resulting erupted lavas along the axis
are highly vesiculated. The light gravimetric sig-
nature of the volcano’s axis is consistent with this
interpretation [19]. Because of the high concentra-
tion of connected voids, highly vesiculated lava is
likely to be a highly permeable medium [20]. We
measured the permeability of rocks collected at
the summit area of Piton de la Fournaise using
the apparatus of Jouniaux et al. [21]. The esti-
mated porosity of the samples is about 24% and
the permeability 4 X 10~!' m?. This value is sim-
ilar to Davis’ estimates of the permeability of
young porous basaltic lava: about 10710 m? [22].

Magmatic overpressures and stresses generate
fissures and fractures which enhance the perme-

ability on a larger scale. At Piton de la Fournaise,
an intense set of concentric fissures develops
around the Dolomieu crater (DC in Fig. 1) and
is thought to result from successive inflation and
deflation of the structure due to magmatic inputs.
An important network of radial fissures develops
according to the directions of the rift zones (NE,
SE) and to the main tectonic direction N120 (Fig.
1). Accordingly, these two sets of fissures likely
increase the permeability inside the cone, but pre-
serve its isotropy. In fact, it has been shown that
this fissure network influences SP anomalies. Par-
ticularly, maximum positive SP anomalies concen-
trate where the density of concentric fissures is
highest (Bory crater) [7]. The high permeability
of the summit area of the Piton de la Fournaise
explains that: (i) the meteoric water (610 m/yr)
rapidly infiltrates the edifice and ii) all attempts to
measure magmatic gas flux along the axis have
been negative, indicating that the system is highly
ventilated. Because gases accumulate along the
axis of the magma chamber, gas-depleted magma
likely crystallizes in the periphery, promoting the
settlement of dense rocks. The positive gravimet-
ric anomalies evidenced by Malengreau et al. [19]
in the periphery of the volcano are consistent with
the presence of dense, gas-depleted basaltic rocks
buried about 1 km deep. Thus, our estimation of
the distribution of porosity along the axis and in
the periphery of the edifice is compatible with the
gravimetric data. The small porosity of the rocks
above these intrusions is seen in the lithostratig-
raphy of the walls of Riviere Langevin (Fig. 1).
Particularly, massive oceanites (olivine-rich ba-
salts) produced during the early development of
Piton de la Fournaise (500000 years ago) have
been recognized at the base of valley Langevin
[5]. At Grand Pays (GP, see Fig. 1), these massive
oceanites are fissured and altered by paleo-hydro-
thermal flows [11]. It is likely that the deep crys-
tallization of rocks occurs with a discontinuous
pattern when the magma chamber is dying [19].
Accordingly, the dense bodies recovered on the
west side of the volcano likely result from the
crystallization of paleo-magma chambers. Rovetta
[23] indicates that the permeability of such de-
gassed volcanic rocks is about 1078 m?. The
downward slopes to the north, south, and east
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of the volcano induce extension along its western
wall (see Figs. 1 and 2). This extensive context
triggers a westward fracturing of the edifice [24].
The fissure network kept open by the local tecton-
ics favors the development of a hydrothermal cir-
culation which mines the heat of the magmatic
intrusion in the deep levels of the volcano.

To sum up, we suggest the geometry presented
in Fig. 2 to describe the internal structure of the
edifice from the westward Plaine des Sables area
to the central cone (see Fig. 1). The presence of a
magma chamber at sea level is inferred from the
seismic data of Nercessian et al. [25].

2.2. Hydrothermal activity in the fracture media of
the periphery of the volcano

The conceptual model presently developed has
already been applied to describe hydrothermalism
at mid-oceanic ridge [26,27], and also at continen-
tal rift zones [28]. The mathematical and numer-
ical models have been extensively tested, and their
full development can be found in previous publi-
cations from our group [26,27,29]. Using these
codes, we now describe a conceptual model of
the fracture, shedding light on the resulting hy-
drothermal activity.

2.2.1. Conceptual model

The fracture consists of a network of fissures
parallel to the fault axis. Typically, the width of
the fracture is about several tens of meters. The
fissure connectivity along the fault can reach sev-
eral kilometers and the network vertical extent a
few kilometers. In fact, this depends on the nature
of the fracturing and thus, on the local tectonics.
The local extension keeps the fissures open, per-
mitting fluid percolation. The fracture is sur-
rounded by massive quasi-impermeable walls
with a permeability of about 1078 m? [23]. The
result is that the heat in the walls essentially flows
by conduction. We set 380°C as the temperature
at the base of the fracture. This temperature cor-
responds to the demixion temperature of a slightly
salted fluid. Let us note that it is the temperature
and salinity in the fluid inclusions found in the
hydrothermal minerals of the BAM [14]. At the
temperature of demixion, two phases coexist: a

brine and a fresher component. Because of its
buoyancy, the fresh water moves above the crit-
ical interface and mixes the meteoric water. Thus,
the deep horizon, below the interface, is filled with
the brine. The tension at the interface between the
fresh water and the brine stratifies convection on
both sides of this interface [27]. Accordingly, the
bottom of the convective layer of fresh water cor-
responds to a deep horizon inside the fracture but
not to its bottom. At the top of the fracture two
situations are possible, open or closed. Closed top
conditions are reached if mineral diagenesis seals
the system and/or if the fracture does not cross
the whole height of the dense complex. This sit-
uation can result from an extensive context in the
deep levels of the volcano coexisting with a com-
pressive one at a higher elevation. When the hy-
drothermal circulation emerges in a porous aqui-
fer, the top of the system is considered to be open.
This last situation can be compared to the hydro-
thermal activity at the ridge crest below the pillow
lava layer. The data from Piton de la Fournaise
cannot aid the decision whether a given hydro-
thermal system is open or closed. Each of these
two situations will be considered in this section.
For the model with an open top, the fluid enters
the fault at a temperature of 10°C and exits with a
zero vertical temperature gradient (07/dz=0). For
closed conditions, the temperature at the top is
10°C and no fluid flow crosses that interface.

A random perturbation to the initial conductive
temperature regime triggers hydrothermal convec-
tion inside the permeable network. The heat
transported by the flow is mined in the underlying
hot rock. Such mining cools the deep layers on
time scales of several Ma, i.e. much longer than
the lifetime of the hydrothermal system (see be-
low) [26]. The seismic data along the axis of the
volcano show that the top of the magma chamber
lies 2-2.5 km below the surface [25] (see Fig. 2). It
indicates that the conductive gradient does not
exceed 0.5°C/m. Thus, a temperature of 380°C is
possible at a depth between 700 and 800 m. When
the pressure is lithostatic, the fluid does not boil
at that temperature and depth. Thus, the fluid
circulation should be monophasic at the initiation
of the hydrothermal activity. In the equations of
convection given by Fontaine et al. [27], the fluid
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density (pr) is pressure- and temperature-depen-
dent while the viscosity (ur) only depends on the
temperature. Accordingly, ur varies by a factor of
15 and py by more than 45%, for the range of
temperature and pressure. Fig. 3 shows the geom-
etry of the model (fracture+wall) adopted. In
this model, the permeable network consists of a
set of parallel fissures confined in a ‘porous slot’.
Each fissure is separated from the next by a mas-
sive quasi-impermeable wall (permeability k¢ =
107'% m?, and thickness f=1 m). For symmetry
reasons, the computed box is the half space of
Fig. 3. The half fracture thickness (d/2) is about
15 m, and the half width of the system is 500 m.
The height (H) of the whole system is 500 m, and
its length (L) is 500 m. Springs which are known
to be in contact with the hydrothermal system
emerge from the wall of Riviere Langevin at an
elevation of about 1600-1700 m, i.e. about 500 m
below the floor of Enclos Fouqué. Hence, a value
of 500 m for H is a minimum.

2.2.2. Permeability amplitude and dynamical
benchmarks

Inside the fracture, the width of the fissure and
their spacing are fundamental with regard to the
permeability and porosity amplitude. The poros-
ity is defined as: €= d/f and the permeability as:
k¢ = 8/12f where & is the fissure aperture. Typi-
cally, for an aperture of about 0.1 mm and spac-
ing of 1 m, the fracture permeability k¢ is about

10713 m? and the porosity £is 107#. These values
jump to 1071 m? and 1073, respectively, for an
aperture of 1 mm.

The fracture permeability k¢ is a parameter
whose amplitude is often difficult to assess. At
Piton de la Fournaise, little is known about the
permeability structure of the edifice. Particularly,
the structure of the deep fracture system remains
completely unknown. The study of marine hydro-
thermal systems has led to a few permeability
measurements and estimations of the ridge crust.
It seems that permeability amplitudes between
6x1071 m? and 6X107!> m? are lower bound
values to generate vigorous hydrothermal activity
such as those responsible for hot vents [30]. Such
permeabilities are characteristic of fractures in the
sheeted dike complex, which is a good analog of
the fractured media in the periphery of the volca-
no because of the extensive context.

Inside the fracture, the permeability in the or-
thogonal direction is negligible because the wall
permeability between two successive fissures is
several orders of magnitude lower than the frac-
ture permeability [27]. Consequently, the circula-
tion is almost two-dimensional and confined in
the vertical (xz) planes. Such sub-millimeter to
millimeter apertures also allow thermal equilibri-
um to be reached between the fluid and the rock.
Thus, fluid and solid temperatures are locally the
same in the fault.

The vigor of the convection inside the fault de-

L=0.5 km
H=0.5 km
I= 0.5 km
d~30m

el ction)

Fig. 3. Geometry of the half space modeled (y=0). The flow and temperature fields are symmetrical on both sides of the y=0

plane. Ty, =10°C, Tyor =380°C.
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pends on the non-dimensional Rayleigh number
(Ra). Ra is defined as:
_ AprgkeH

Ra=—"— 1
Lok (1)

where uy is the viscosity of the fluid at 380°C
(o=7.3%X1073 Pa s), g is the gravitational accel-
eration (g =10 m/s?), H is the height (H =500 m),
K is the thermal diffusivity of the basalt (x=10"°
m?/s, and Ap; =440 kg/m® is the drop in fluid
density between 10°C and 380°C. Assuming a
permeability range of 107 m? to 1071 m?,
Ra ranges from 3X10° to 3X10°, respectively.
Because of numerical limitations, we are only
able to run cases at the low end of this range of
Ra.

We initiate convective circulation inside the
fault by perturbing an initial conductive profile
with a small random noise. Then, we iteratively
resolve the temperature and flow fields inside the
computing box (Fig. 3). Accordingly, we are able
to follow the thermal and flow fields of the system
with time.

2.2.3. Physical properties

In Fig. 4, we show two models giving the evo-
lution of the hydrothermal flow during its first
20 years for an open and a closed top system.
The Ra number of the experiments is 16000,
which corresponds to a fracture permeability k¢
of 51071 m?.

Convection develops as fingers, i.e. the convec-
tive cells have a small aspect ratio. This is typical
of convective processes in fractures thermally in-
fluenced by conductive impermeable walls [26].
The characteristic width of the fingers is about
70-80 m, and depends on the amplitude of Ra
[26]. In both experiments, the bottom boundary
layer is unsteady and thermal instabilities are ini-
tiated inside the layer. As seen in Fig. 4, these
instabilities are lately collected by the ascending
hot plumes. For the open top system, there is no
boundary layer at the top of the system, and exit
temperature reaches 240°C (0.65) (Fig. 4). For
closed top conditions, the top thermal boundary
is very thin (15-20 m, i.e. 3-4% of the whole

height) and isotherms up to 230°C (0.6) reach
the uppermost parts of the fault (Fig. 4). The
transient snapshots (Fig. 4a-c) show that the
hot thermal front travels from the bottom to the
top of the fault in about 15-20 years, i.e. at a
velocity of 10-15 m/yr. In fact, modeling shows
that this velocity increases linearly with Ra [27].
This means that for Ra=1.6x 10, i.e. for a frac-
ture permeability of 5x 1072 m?, the hot front
circulates at a velocity of about 100-150 m/yr. It
has been shown that the thermal structure — and
particularly the dimensionless asymptotic maxi-
mum exit temperature of 0.65 found for open sys-
tems — is independent of Ra, d, L and time ¢ [26].
Fig. 4 shows that the convective process is much
more developed along the axis of the fault than
near the wall. This results from the horizontal
thermal gradient across the fault. The convective
circulation perturbs the conductive thermal field
inside the walls on a distance less than 15 m (see
Fig. 4d).

Finally, the mean amount of the heat flowing
through the fracture is calculated by adding the
mean value of the conductive flow at the top hor-
izontal plane(A*97/0z, where A* is the conductivity
of the porous medium in J m/s and 7 is the tem-
perature in °C) to the advective one (prcrV7,
where prer is the volumetric heat capacity of the
fluid in J/m?® and V the fluid velocity in m/s). After
20 years the heat flowing through the top inter-
face stabilizes around 1.8 X 10° W. It corresponds
to a mean of 12 W/m? flowing through the 500 m
long, 30 m large top of the fracture. This heat is
mainly transported by the three rising hot fingers
seen in Fig. 4. Thus the power of one finger is less
than 10> W and corresponds to a 100°C spring
with a flow rate of about 0.1-0.2 I/s. 10° W is at
least two orders of magnitude lower than the heat
transported by oceanic vents [31]. As said before,
the convective process inside the fault perturbs the
conductive profile inside the walls on a distance
less than 15 m. Accordingly, the heat anomaly
due to a hot finger affects a surface of only
70X 70 m”. Such a heat anomaly is not easy to
detect along the western part of the volcano be-
cause of the cold fluid circulation in the perched
aquifers.



F.J. Fontaine et al. | Earth and Planetary Science Letters 200 (2002) 1-14 9

Open top Closed top
Axis Border Axis Border

(@)

(b)

©)

(d)

0 250 500 380 y(m)

(e

Fig. 4. Thermal characteristics of the hydrothermal flow for open/closed top systems. The Rayleigh number is 16000
(kf =5%107"3 m?). The number of grid points in the x, y and z directions is: 256 X 64 (5 in the half-fracture, and 59 in the con-
ductive wall) X256, respectively. Panels a, b and c¢ represent three snapshots of the thermal fields along the axis and border of
the fault (xz planes) at time ¢: (a) =20 years, (b) =11 years, (c) t=4 years. Panels d show the thermal field in a cross-section
(yz plane) at x=250 m and #=20 years. The temperature drops 74°C between two successive isolines. In panels e we also repre-
sent the location of the 240°C (light green) and 305°C (light red) three-dimensional isotherms inside the fault and the wall at
t =20 years.
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2.3. Some inferences about hydrothermal activity
at the summit of the volcano

We have seen that the hydrothermal flows
along the axis of the edifice develop in a highly
porous medium with a quasi-isotropic permeabil-
ity of about 107! m?. The Rayleigh number Ra
associated with this circulation ranges between
10% and 107. Although this range in Ra number
is the same as that of the fractured system, the
resulting physical regime is dramatically different.
Numerical studies of convective processes in iso-
tropic porous media at such a high Ra number
are clearly beyond today’s computer possibilities.
It has been shown that the circulation exhibits a
chaotic/turbulent regime beyond a Ra of 1200-
1500 [32,33]. Hence, when Ra=10, the hydro-
thermal convection along the axis of the volcano
is likely to be highly turbulent. The Nusselt num-
ber Nu (the ratio between convective/conductive
heat transfer) increases roughly linearly with Ra
(NuxRa¢, with e€(0.8,1.3)) [32]. The result is that
the thickness of the thermal boundary layers de-
creases roughly linearly with increasing Ra. If we
consider that this relationship still holds at Ra up
to 107, the hydrothermal system at the summit of
the volcano has a few centimeters thick thermal
boundary layer. As observed in numerical experi-
ments of convection in fluids [34], a highly turbu-
lent flow leads to the formation of some time/
space-chaotic ‘wispy tendrils’.

Also, hydrothermal systems perched in the edi-
fice are likely to be biphasic. Studies of geother-
mal two-phase systems are numerous (see [35] for
a review). Two types of two-phase systems can be
distinguished: the majority is liquid-dominated
and generates geysers or boiling hot springs; va-
por-dominated systems are a minority and display
fumaroles and acid springs. Some authors have
developed numerical simulations of both types
of two-phase systems [36]. However, the modeling
of two-phase circulation in a porous medium with
an isotropic permeability field and a Rayleigh
number between 10° and 107 is impossible. More-
over, as said before, at Piton de la Fournaise,
natural manifestations of the hydrothermal circu-
lation such as hot springs or fumaroles are weak
(only one diffuse fumarolic activity initiated in

1986). We propose that this is related to the airy
character of the porous medium at the summit of
the volcano.

To sum up, we see in this section that hydro-
thermalism of two types is likely to affect the edi-
fice of the Piton de la Fournaise: the first one in a
fractured, dense complex in the periphery of the
volcano, and the second one in the porous layers
of the top central area which constitutes a quasi-
isotropic highly permeable medium. The thermal
structure of both systems is basically different. In
the fractured medium, the heat is drained along
the walls of the fracture and fluids with asymp-
totic temperatures as high as 230-240°C reach the
top of the fault. By contrast, the chaotic/turbulent
two-phase circulation triggered in the porous
layers of the central area leads to the formation
of very thin thermal boundaries, and ascending
currents swamp in the highly ventilated porous
medium.

3. Discussion: hydrothermal eruptions at Piton de
la Fournaise

The actual basic mechanisms of hydrothermal
eruptions are not well known. Nevertheless, a re-
cent model of Germanovich and Lowell [1] of the
mechanisms of phreatic eruptions has pointed out
some concepts that may be relevant to the mech-
anisms of hydrothermal eruptions. Their model is
based on the crucial assumption that the medium
where the fluid circulates has a ‘two-scale’ perme-
ability: a main permeable crack network and a
subsidiary one composed of a sub-network of mi-
cro-cracks, isolated cracks and dead-end cracks,
which does not significantly contribute to the
bulk permeability of the medium. A quantitative
analysis shows that the amplitude of the main
permeability must be greater than 107!> m? and
that of the subsidiary one about 107!% m?. The
injection of a dike at shallow depth inside this
saturated porous medium drives water to boil
and superheated steam circulates inside the main
permeable network. The upward transport of
steam contributes to heat the rock above and on
the sides of the intrusion. This flow generates a
hot thermal wave, moving upward at a velocity of
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a few hundred meters per year, for a main perme-
ability of 107'> m?. The heat transported by the
wave is transferred to the fluid trapped inside the
micro-cracks of the subsidiary network. Upon
heating, the fluid-filled cracks of the low perme-
ability medium are pressurized because of the
thermal expansion of the fluid, and the cracks
start to propagate according to the thermo-elastic
stresses. Sufficient heating drives the fluid to boil
inside the micro-cracks because of the pressure
drop resulting from the volume increase of the
cracks. Accordingly, the micro-cracks are filled
with a mixture of water and steam and the PT
conditions lie on the Clapeyron curve. The ex-
panded fluid or steam in the micro-cracks mi-
grates via the subsidiary permeability toward the
main one. This leads to a relaxation of the elastic
stresses generated because of the fluid expansion
and boiling. With a subsidiary permeability of
1078 m?, the elastic stresses achieve relaxation
in 1 year. According to Germanovich and Lowell
[1], when the hot wave reaches the surface, the
elastic stresses generated inside the rock lead to
the failure of the rock in small pieces that can be
projected upward. Thereafter, the front of failure
propagates inward, down to the depth where the
elastic stresses have already been relaxed. The
model shows that the height of the excavated
zone is directly related to the upward velocity of
the hot front. Thus, the velocity of the ascending
thermal wave being about a few hundred meters
per year (for a main permeability of 1072 m?),
and the relaxation time about 1 year, the exca-
vated height of the crater likely reaches a few
hundred meters. Germanovich and Lowell [1]
show that the failure process is inhibited when
the rock strength exceeds 10 MPa. Rock strengths
have been shown to range between 7 MPa and
300 MPa, for sandstones and gabbros respectively
[37]. Accordingly, the failure of gabbro can only
be considered when extensional tectonic stresses
overcome the essential part of the rock strength.

This model can explain the occurrence of the
small hydrovolcanic events which occurred at the
summit of Piton de la Fournaise [16]. The mean
width of the dikes that inject at Piton de la Four-
naise is about 1 m [38], and some recent volcanic
activities have been attributed to the injection of

dikes [39,40]. Ancient dike injections of degassed
basalt that do not reach the surface and thus
crystallize below the surface can create a local
zone of low permeability, embedded in the porous
basalts of permeability 107'°-107® m? character-
istic of the summit of the edifice. It is known that
the eastern part of the central cone gradually
moves to the sea at a rate of 20 cm/yr (between
1984 and 1989) because of the repeated injection
of dikes in the rift zones (Fig. 1) [41], indicating
that the rift zone is partly or wholly under exten-
sion. The model shows that the diameter of the
crater resulting from such a hydrovolcanic erup-
tion triggered by the intrusion of a 1 m thick dike
is 2-6 m [1]. Accordingly, only small hydrovol-
canic eruptions are expected at the summit of
Piton de la Fournaise.

In fact, the model of Germanovich and Lowell
[1] also applies to hydrothermal eruptions trig-
gered by hydrothermal circulation in a fracture.
As said before, the key assumption of the model is
the presence of a medium with a ‘two-scale’ per-
meability: a main one where fluids transport the
heat from the heat source and a subsidiary one
where thermally expanding fluids in micro-cracks
circulate. Clearly, the fracture geometry shown in
Fig. 3 is consistent with this two-scale permeabil-
ity: the set of interconnected fissures being re-
sponsible for the main permeability (with ampli-
tude ranging between 107® and107'" m?
depending on the width of the fissures), and the
meter thick quasi-impermeable walls of perme-
ability of 107!'® m? (which separate one fissure
from another) for the subsidiary network. More-
over, the extension that prevails inside the frac-
ture is likely to favor the development of a hydro-
thermal eruption triggered by the mechanisms
described by the model [1]. Our models of hydro-
thermal circulation in such a medium with a frac-
ture permeability of 5X 10713 m? show that the
convective circulation is able to drive hot fluids
upward (‘fingers’), at a temperature up to 230-
240°C.

In our models, we see that hot fingers of tem-
perature about 230-240°C reach the top of the
fracture. Provided that the fluid pressure there is
not too high (less than 20-30 MPa), boiling will
occur. The permeability of the subsidiary network
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of the fracture being 107! m?, according to Ger-
manovich and Lowell [1], the relaxation of elastic
stresses occurs in 1 year. We have seen that, for
fracture permeabilities of 5Xx107!3 m? and
5% 1072 m?, the hot front moves upward at
about 10-15 m/yr and 100-150 m/yr, respectively.
Thus, the depth of craters can reach 15-20 m for
kr=5%1071 m? and 150-200 m for k; =5x 10712
m?. The occurrence of craters deeper than 200 m
is unlikely, because the hydrostatic pressure at
these depths is very close to the boiling pressure
of a 230-240°C fluid. It is noteworthy that these
last values for a fracture permeability of 5x 1072
m? are consistent with that of the model of Ger-
manovich and Lowell [1] for the same main per-
meability. This is due to the fact that their porous
flow model is very close to that developed in this
study. The initiation of the Enclos Fouqué forma-
tion [6] has been shown to be synchronous with
the development of the BHE [14], i.e. about 4000
years ago. It is thus likely that it is the BHE, and
particularly the hydrothermal eruption (phase 2),
that triggered the development of the western rim
bordering Enclos Fouqué.

The fracture network through emplaced dense
rocks must be initiated owing to the extensional
stresses generated by the eastern slopes of the ed-
ifice. Then, the fissures propagate toward the sur-
face. The development of hydrothermal circula-
tion inside the fracture leads to the formation of
hot rising fingers, distant of about 150 m (Fig. 4).
When a hot finger reaches the surface, a 150-200
m deep crater is generated. The time needed for
the fingers to reach the surface is short (about
15 years for kr=5% 107" m?), if not very short
(about 1 year for 5X107'2 m?). This forms a se-
ries of craters following the plane of fracture
forming a horseshoe rim on the western part of
the edifice (Fig. 1). The series of craters, 150-200
m deep, distant of about 150 m, is likely to form a
200 m deep, discontinuous notch in the constitu-
tive layers forming the ancient western slopes of
Piton de la Fournaise 4000 years ago. Lithostrati-
graphic units with plastic rheology such as scories
level favor landslides due to the destabilized east-
ern slopes of the volcano and the western notch.
These landslides promote the separation of the
eastern and western parts of the fracture zone,

which initiates the formation of the depression
of Enclos Fouqué. The hypothesis we propose
for the sequence of events leading to the forma-
tion of Enclos Fouqué remains to be tested by
specific field arguments. The development of frac-
turing in the rims of the craters could be tested.
This needs extensive observations and sampling
on the vertical wall of Enclos Fouqué.

4. Conclusion

With the help of the set of data collected on
Piton de la Fournaise, we found that two types
of hydrothermal processes develop inside the edi-
fice. The first one, largely evidenced by electric
and magnetic surveys, sets along the axis of the
volcano, in the top central area. The lava that
built up the central cone of Piton de la Fournaise
is likely to constitute a porous medium, with a
high, quasi-isotropic permeability up to 107!
m?. Recent geochemical data show that the sec-
ond type of hydrothermal activity develops in the
periphery of the volcano (4-5 km while moving to
the west from the central cone). We infer that the
extension that results from the destabilized east-
ern flank that is open to the sea opens pathways
to convective fluid circulation by fracturing the
dense medium that has crystallized in the periph-
ery of the volcano. We show that fracture perme-
ability ranges between 107! m? and 107! m?,
while the intrinsic permeability of the dense rock
is about 107! m?.

Numerical models emphasize the basic differen-
ces between the thermal fields of each type of
hydrothermal activity. For the system along the
axis of the volcano, chaotic/turbulent circulation
leads to thermal energy scattering through the
whole porous medium and to the formation of
very thin eddies (as observed in turbulence in flu-
ids). The fracture medium is modeled as a porous
vertical slot that contains a fissure network. The
fissures are separated from each other by a meter
thick wall of permeability of about 107!® m?. The
models show that, in the fracture medium, the
heat is drained along the impermeable walls and
hot fluids of temperature up to 240°C (fingers)
reach the uppermost parts of the fracture.
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With the model for phreatic eruptions devel-
oped by Germanovich and Lowell [1], we con-
strain the hydrovolcanic events that set at Piton
de la Fournaise. This model is based on the fact
that the medium where fluids circulate has a ‘two-
scale’ permeability: a main one, composed of in-
terconnecting fissures, and a subsidiary one, com-
posed of a sub-network of fluid-filled micro-
cracks that does not significantly contribute to
the bulk permeability of the medium. The model
shows that explosive/eruptive conditions can be
reached when the fluid of the subsidiary network
starts to boil leading to micro-crack pressuriza-
tion. Because of: (1) the extensional stresses and
(2) the overpressures due to boiling, the country
rock can fail, initiating the hydrothermal erup-
tion.

With this model, we show that only small phre-
atic/phreatomagmatic eruptions, responsible for
crater formation of about 2-6 m in diameter,
can develop at the summit of the volcano. We
also show that the permeability structure of a
fracture in the periphery of the central active
area — i.e. the main permeable network of fissures
that leads to fracture permeability between 107!
m? and 107! m?, and the subsidiary one of the
separating walls of permeability 107'% m? — is
consistent with that of the model of Germanovich
and Lowell [1]. Accordingly, we show that deep
cratering is possible in the periphery of the volca-
no: crater depth can reach 150-200 m with frac-
ture permeability of 1071 m?.

We relate such mechanisms to a huge hydro-
thermal eruption (more than 0.5 km® of ejected
products) that set at the Piton de la Fournaise
4000 years ago. We link this catastrophic event
to the initiation of the depression called Enclos
Fouqué, which occurred at a similar age. Partic-
ularly, the western rim of Enclos Fouqué may be
directly linked to the excavation of a series of
150-200 m deep craters. To this, we add that
the discovery of older (30000-20000 years ago)
deposits from possibly hydrothermal eruptions,
7-8 km from Enclos Fouqué while moving to
the west, indicates that these catastrophic events
may be recurrent through time, founding the hy-
pothesis of future catastrophic events of the same

type.
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