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Abstract

Research on the hydrogeology of andesitic volcanic aquifers in subduction areas is reviewed. Andesitic aquifers are of high
interest in volcanic arc islands and subduction zones, where they constitute a strategic water resource. This review gath-
ers a compilation of worldwide results and case studies to propose a generic hydrogeological conceptual model (GHCM).
It is based on the geological conceptual model splitting the volcanic edifice, from upstream to downstream, into central,
proximal, medial and distal zones. In this geological structure, the GHCM identifies where the main aquifer types (fractured
lava, pyroclastic flows, and the volcano-sedimentary basins downstream) and the typical aquitards (lahars, fine pyroclastic
falls and surges, indurated pyroclastic flow, and weathered rocks) are structured and organized. To integrate the evolution
of volcanoes and some specific volcanic activities, a specific GHCM for old andesitic volcanoes or andesitic shield volca-
noes is detailed. The paper also describes how the GHCM results are of use to hydrogeologists in terms of scale (from the
lithological units to the regional scale), to effectively site water wells, and to sustainably manage groundwater resources
in such aquifers. Among these various scales, the volcanic “flank continuum” is presented as the most adapted to support
groundwater resources management. Several ways to improve this GHCM are suggested, notably to better consider the
geological complexity of these aquifers.

Keywords Hydrodynamic properties - Pyroclastic rocks - Springs - Volcanic aquifer - Wells

Introduction

Volcanic areas constitute 7-8% of the rock exposed on the
emerged Earth, and also 21-23% of the exposed crystal-
line rocks (Amiotte Suchet et al. 2003). In some such areas
of the world, volcanic rocks are the dominant rock type
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(Cabrera and Custodio 2004), such as in volcanic islands.
Volcanic aquifers are distributed across all kinds of cli-
mate regions, from arid to humid, equatorial and tropical
to boreal, and, for instance, in oceanic islands—Indonesia,
Philippines, Japan, the Caribbean, Iceland, Hawaii (USA),
Canary Islands (Spain), Réunion (France), Comoros, Far-
oes (Denmark), etc.—or in volcanic ranges in continental
settings—from Alaska in North America to Patagonia in
South America, and in Russia (Fig. 1). In volcanic areas,
groundwater is widely used because it is available during
all seasons, and it is often abundant and of good quality.
In both islands and continental areas, groundwater sustains
the livelihoods of large populations, agriculture, economic
activities, and ecosystems. Nevertheless, groundwater is a
resource at risk, both in terms of quantity (overexploitation)
and quality degradation (de Marsily 2009; de Marsily and
Besbes 2017). Consequently, defining the structure and func-
tioning of volcanic hydrogeological systems is fundamental
for surveying, developing (e.g. water well siting), managing
and protecting their groundwater resources.
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Fig. 1 Main volcanic settings on a simplified geological map of the world. Modified after (Mooney et al. 2023). Resolution 1°x 1°

Two main geodynamic contexts are at the origin of vol- rock series, also referred as “basaltic” (e.g., Lachassagne
canic rocks on Earth (Sigurdsson et al 2015; Fig. 2): et al. 2014).
2. In subduction areas, the partial melting of the man-
1. Below the continental crust or oceanic plates, mantle tle over the subducted slab gives rise to the “volcanic
convection gives rise to the “mantle plume” volcanic arc” rock series, also referred as “andesitic”, from the
Continental Volcanic arc Ocean island Mid ocean ridge
flood basalt Basaltic, andesitic and Basaltic lavas Basaltic lavas
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Fig.2 Geodynamic context of the two main types of volcanism: “mantle plumes” and “volcanic arcs” (Sigurdsson et al. 2015)
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“Andes” mountain range (Charlier et al. 2011; Hall et al.
2017, Vittecoq et al. 2019a, b).

The “volcanic arc” rock series represents 2-4% of the
exposed rocks on Earth, against 4-5% for the “mantle
plume” rock series (Amiotte Suchet et al. 2003); how-
ever, andesitic volcanic rocks are much more represented
on emerged surfaces. Given the lower volumes of volcanic
rocks produced during andesitic eruptions, they represent
about 7/8 of all historical eruptions censed on the emerged
Earth (Sigurdsson et al. 2015).

The difference between basalt and andesite is the silicon
dioxide (SiO,) content, with basalts SiO, < 51%, andesites
Si0, > 51%, and the rocks following in their rock series as
dacites (SiO,>63%) and rhyolites (SiO, > 77%) according
to the TAS (total alkali versus silica) classification (Gibson
2003). Basaltic lavas are fluidal, and the eruption style is
generally nonexplosive to weakly explosive (Tilling 1989).
Andesitic magmas are more viscous, with also a higher gas
content than the basaltic, and the eruption style is therefore
generally explosive (Tilling 1989). In both geodynamic con-
texts, basaltic and andesitic rocks can be produced depend-
ing notably on the magma differentiation (Famin et al.
2022). Both types of rocks can produce several different
lithologies (lava flows, pyroclastic flows, etc.), depending
of the volcanic event (effusive eruption, explosive eruption,
collapse, etc.).

Basaltic aquifers have been studied and conceptualized
for more than 50 years (e.g. Peterson 1972, for Hawaii),
and have been the subject of continuing interest to the
hydrogeological community since then. Volcano/island-
scale hydrogeological conceptual models (HCMs) were
developed (see section ‘Hydrogeological conceptual
models (HCMs): definitions’) and organized into two
families of models to explain the hydrogeological struc-
ture and functioning of most basaltic islands/volcanoes
like Réunion, Hawaii, Canary Islands, Easter Island, May-
otte (France), Polynesia, etc. (Attias et al. 2020; Cabrera
and Custodio 2004; Cruz-Fuentes et al. 2014; Custodio
2007; Gingerich and Voss 2005; Herrera and Custodio
2008; Ingebritsen and Scholl 1993; Izquierdo 2014; Izuka
and Gingerich 2003; Join et al. 2005, 1997; Lachassagne
et al. 2014; Paris et al. 2005; Pryet et al. 2012; Rodri-
guez-Gonzalez et al. 2012; Violette et al. 2014, 1997):
the Hawaiian model (e.g. Gingerich et al. 2000) and the
Canary Islands model (e.g. Custodio 1989). Consequently,
in such a basaltic context, most published HCMs describe
large hydrogeological systems, at the island/volcano scale;
however, other authors have shown with higher resolution
approaches (field geology, geophysics) that most basaltic

volcanoes have a much more complex geological structure
(Dumont et al. 2021; Izquierdo 2014; Lachassagne et al.
2014). Consequently, Lachassagne et al. (2014) show that
the island-scale HCMs can hardly support a relevant frame-
work for solving applied hydrogeology issues. Although
this does not necessarily undermine the pursuit of an HCM,
its relevance will be addressed and discussed in this paper.

Conversely, the hydrogeological literature on andesitic
aquifers is less abundant than that for the basaltic ones,
despite their growing socio-economic interest. The
development of high-growth countries such as Indonesia
induced a recent increase in interest in these andesitic aqui-
fers, with research being conducted in particular in the
Caribbean (e.g., Charlier et al. 2011; Lachassagne et al.
2006a; Vittecoq et al. 2019a) and in Indonesia (e.g. Selles
2014; Toulier 2019). Nevertheless, even though some
attempts were made, there are yet no unanimously rec-
ognized HCMs for andesitic aquifers. In this review (see
section ‘Hydrogeological conceptual models of andesitic
aquifers’), 17 different HCMs are listed, from the Lesser
Antilles in the Caribbean (5), Indonesia (4), Ecuador (2),
Japan (2), USA (2), Bolivia-Chile (1), and Costa Rica (1),
and also several other sites with significant hydrogeologi-
cal information in the Lesser Antilles, Sumatra (Indone-
sia), USA, Japan, and Italy.

Consequently, the main objectives of this research are:

1. To establish a survey to critique and synthesize the
hydrogeological literature dealing with andesitic aqui-
fers and to highlight the most relevant results

2. To propose one or more HCMs describing the structure
and functioning of andesitic aquifers

3. To outline future research perspectives to fill the main
knowledge gaps

After presenting the methodology used for selecting the
bibliography (section ‘Methodology: documentary method
used for selecting the bibliography), the paper describes
the hydrogeological characteristics of andesitic litholo-
gies. In section ‘Hydrogeological conceptual models of
andesitic aquifers’, there is a discussion on the functioning
of andesitic volcanic aquifers described as HCMs. The sec-
tion first defines what is an HCM, and then it lists, critiques
and synthesizes the available data on HCMs for andesitic
aquifers. Finally, three generic andesitic HCMs are pro-
posed, with recommendations for addressing applied
hydrogeology stakes in such a context. The last section
of the paper discusses these results and outlines future
research perspectives to tackle the main challenges identi-
fied in this review.
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Methodology: documentary method used
for selecting the bibliography

A classical documentation method was implemented to
identify references on the hydrogeology of andesitic vol-
canic aquifers, on their HCMs, and more largely on vol-
canic aquifers:

1. The co-authors of this paper have previously published
on this topic and consequently had a primary database
of relevant papers and books.

2. Additional (most recent) papers were extensively
searched with two complementary methods on Sco-
pus, Web of Science, and Google Scholar: (1) with
selected keywords dealing with hydrogeology (volcanic,
andesitic, pyroclastic, lava, hyaloclastite, lahars, concep-
tual model), and (2) with specific regions of the world
(Caribbean/Lesser Antilles/West Indies, Indonesia, Phil-
ippines, Japan, USA, Canada, Central and Latin Amer-
ica countries — but excluding Brazil, Guyana, Uruguay,
Paraguay, Surinam, The Andes mountain range, New
Zealand, Russia). This enabled the first large database
of papers.

3. These papers were read, and references out of topic (like
on basaltic aquifers) or without a significant added value
were removed from the list.

4. Additional (older) papers were identified from the refer-
ence lists of the papers identified at the previous steps,
and the ones with the most significant content were
added to the database, as well as additional references
provided by the reviewers.

Some key outputs from this documentation process are
worth mentioning:

1. A large amount of literature is available on volcanology,
but most papers have no link to hydrogeology.

2. The published HCMs in volcanic areas mostly deal with
the basaltic context.

3. Most HCMs for the andesitic context are quite recent,
and lots deal with volcanic islands (Lesser Antilles,
Indonesia, Japan, etc.). This was expected, as volcanic
arc islands are one of the main occurrences of andesitic
volcanoes. Nevertheless, some of these islands are rather
large, such as Java (Indonesia, 128,000 kmz), Hokkaido
(Japan, 83,000 km?), and consequently their geological
context can be very similar to that found on continents.
Another explanation is linked to the fact that groundwa-
ter resources are of higher importance on islands than in
the andesitic mountain ranges, such as the Andes or the
Cascades, because alternative water resources are often
available in mountain ranges (surface water, some being
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fed by snowpack or glacier, nonvolcanic rock aquifers,
etc.).

Hydrogeological characteristics of andesitic
rock lithologies

As for any geological context, Custodio (2007) highlights
the importance of the geological structure, as a key driver
of the structure and functioning of volcanic aquifers. This
includes the lithology, the geometry of the lithological units
and the other processes (weathering). Given the importance
of this geological structure, notably in the volcanic context,
this section reviews the literature dealing with the lithologies
present in the andesitic volcanic context, their structure, the
mode of emplacement and geometry, their hydrodynami-
cal properties, whether they constitute aquifers or aquitards.
It also describes the factors, such as weathering, that can
modify these initial properties.

General properties of andesitic rocks and composite
volcanoes

In the andesite type context, the higher viscosity and gas
content of the magma than in the basaltic context lead to:

— Effusive events producing lava flows of generally lower
extension from the effusive center, and higher thickness
than for basaltic lavas (Sigurdsson et al. 2015). The typi-
cal length of lava flows is less than 15 km for andesites,
dacites and trachytes (e.g. in Chile, Greece, Philippines,
Alaska), whereas it can reach 50 km for basalts (e.g. in
Hawaii, Italy, Iceland, Réunion, Canary Islands), with
main thicknesses of 20-300 m for the former compared
to 3-20 m for the latter (Sigurdsson et al. 2015). This
general rule faces exceptions as some volcanoes with a
low SiO, content magma are reported in the subduction
context with long periods of highly effusive production,
such as on the northern flank of the Bromo-Tengger,
Indonesia (Toulier 2019), on the Fuji volcano, Japan
(Tsuchi 2017), or the Morne Jacob shield volcano, Mar-
tinique in the French Lesser Antilles (FLA) (Germa et al.
2010).

— Very frequent explosive events in the andesitic context,
due for instance to a gas overpressure linked to a lava
dome at the top of the volcano, the partial or total col-
lapse of the magmatic chamber on itself, or

— Phreatomagmatic and phreatic eruptions that produce
explosive events much larger volumes of pyroclas-
tic rocks than in the basaltic context (Sigurdsson et al.
2015).
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In the andesitic context, the alternation of eruptive events
and destruction events, and the migration of the effusive
vents, creates highly accidented, elevated, and often sharp
reliefs, also known as “composite volcanoes”/stratovolca-
noes (Sigurdsson et al. 2015; Table 1). Although several
basaltic volcanoes have a complex structure (e.g. Lachas-
sagne et al. 2014), such alternation is more likely to occur in
the andesitic context than in the basaltic one, creating more
complex structures at the surface or buried, well documented
worldwide (Table 1).

Hydrogeological properties of andesitic lithologies

The volcanic andesitic products comprise two main types of
lithologies, lava flows and pyroclastic deposits, with some
specificities linked notably to their emplacement mode (e.g.
underwater) and/or the physical properties of the rock type
(e.g. viscosity). Sigurdsson et al. (2015) distinguish these
volcanic products from the epiclasts. The latter result from
the remobilization or deposition of the volcanic products by
water or into water. Below, all lithologies are described with
a general progress from the sample/outcrop/borehole scale
to the lithological unit one:

1. Description of the volcanic/geological context where
such lithologies are produced

2. First assessment of whether the considered lithology
constitutes aquifers, or rather semi-pervious or bodies
of very low permeability (aquitards)

3. Structure of the rock, and type of hydraulic conductiv-
ity (porous, fractured), as well as other factors, such as
weathering, that can modify the initial properties of the
rock

4. At the scale of the lithological unit, emplacement mode
of the rock

A synthesis of hydrodynamic properties is proposed in
Table 2.

Lava flows

Among the volcanic lithologies, lava flows have the high-
est permeability (Custodio 2007; Lachassagne et al. 2014,
2006a; Selles 2014; Selles et al. 2015; Toulier 2019). Lava
flows have a very low matrix primary permeability, even
where they exhibit bubbles as these voids are not intercon-
nected. Lava flows’ hydrodynamic properties are therefore
closely related to the conditions of their emplacement, with
(Westercamp 1972) the following:

— The presence (or not) of breccia layers (also named
“autobreccia”) at the top and/or bottom of the lava flow

Table 1 Summary of morphological types among composite volcanoes (Sigurdsson et al. 2015)

Monogenic/Composite

Example

Morphological Type Description

Monogenic

Fuji (Japan), Klyuchevskoy (Kamchatka, Russia),

Classic “textbook” radially symmetric shape; tend to

Simple cone

Mount Mayon (Philippines), Osorno (southern

be young

Chile), Shishaldin (Aleutians, USA), Taranaki (New

Zealand), Cotopaxi (Ecuador)
Newberry (Cascades, United States), Okmok (Aleu-

Monogenic or composite depending on the migration of

Shallow-sloped flanks, common craters/calderas in the

Shield like

the active vent

tians, United States), Gorely (Kamchatka)

summit region, greater diversity of magmas (include

evolved types such as dacite/rhyolite)

Monogenic or composite depending on the migration of

typically resulting in an elon- Ruapehu (New Zealand), Zhupinovsjy (Kamchatka),

Limited vent migration

Compounds

the active vent

Lascar and Irruputuncu (northern Chile), Tatara—San

Pedro (southern Chile)
Avachinsky-Koryaksky (Kamchatka), Parinacota-

gate ridge, more occasionally a large equant massif

Composite

Distinct neighboring volcanoes, considerably closer

Twins

Pomerape and San Pedro-San Pablo (northern Chile),

Colima (Mexico)

together than average volcano spacing along an arc;

typically, there is an age difference between the two

edifices (a younger active and an older cone)

Monogenic or composite depending of the migration of
the active vent

Composite

Mount St Helens (Cascades, United States), Bezymi-
anny (Kamchatka), White Island (New Zealand)

Tongariro (New Zealand), Bromo (Java)

collapse, resulting in large summit bowl or amphi-

Groups of more than two distinct polygenetic edifices
theater

Severe recent modification of morphology by sector

Collapse-scarred

Clusters
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Table 2 Lithologies: synthesis of the hydrodynamic properties

Lithology Type of porosity Hydrodynamic properties Aquifer hydraulic con- Aquitard
ductivity [K] (m s™1)

Lava flows Fractured Aquifer/aquitard [2:107-1-107% -

Ignimbrite (flow + fall + surge) Porous/fractured Aquifer/aquitard [2:107-1-1072 -

Epiclastites Porous Aquifer - -

Lahars Porous Aquitard - [5.3-10%-1.9-107]
Dome Fractured Aquifer 7-107 -

Scoria cone Porous Aquifer >107° -

Hyaloclastites and interstratified lava Porous/fractured Aquifer 3107 -

Cooked paleosoil Fractured locally Aquitard - -

Cross-section parallel to the direction of the flow

Upper
breccia

Flow figures parallel

J \
' Substratum Lower to the substratum

Lava "injections" breccia
in the upper breccia

Fig.3 Typical sketch of an andesitic lava flow from observations
performed in Martinique (French Lesser Antilles) from Westercamp
(1972)

that exhibits an interstices permeability. The presence
and thickness of the autobreccia is controlled by the lava
viscosity. Consequently, in the andesitic context, the size
of the breccia blocks can be much larger, and the breccia
layer thicker, than for basalts. For instance, the thickness
of the breccia associated with the Madeleine lava flows
(Guadeloupe, FLA) can reach several meters. The blocks
are decimetric to metric, leading to a high “intergranular”
porosity and give birth to several 10s of L s™! flow at each
spring at the end of the lava flows (Lachassagne et al.
2006a; Vittecoq et al. 2008).

— The presence (or not) of cooling fractures within the
lava flow body, which provide its fracture permeability.
Andesitic lava flows can comprise two types of cooling
fractures (Lachassagne et al. 2006a): (1) classical pris-
matic columnar joints, as in basaltic lavas, which develop
perpendicular to the cooling surface, and (2) discrete
shear surfaces (Fig. 3) that develop parallel to the lava

@ Springer

flow lines/surfaces and are at the origin of flow figures
which frequently result, after cooling, in a cracking of
the rock. Their spacing gets down to the centimeter scale.
Most are parallel to the paleosurface/substratum on
which the lava was flowing (in the flow, near the paleo-
surface); some exhibit irregular complex shapes, such as
a “cauliflower shape” (Westercamp 1972).

Without these structures, massive lava flows act as a
local aquitard that can confine an underlying aquifer. Lava
flows thus present a strong variability of their hydrodynamic
properties even within the same flow with the alternance of
impervious rocks (massive lava) and permeable sections,
fractured or with interstitial permeability.

Because of their high viscosity, andesitic lavas cover a
shorter distance than the basaltic ones while flowing and
are much thicker (see also section ‘General properties of
andesitic rocks and composite volcanoes’). They flow along
the maximum slope, filling the pre-existing valleys if any, or
just cover the topography. Decametric andesitic lava flows
are not rare, notably in narrow paleovalleys where their
thickness can exceptionally reach a few hundred meters
(Sigurdsson et al. 2015). Due to the thickness of andesitic
lava flows, the number of autobreccia layers is less in the
andesitic context than in the basaltic one.

As river erosion processes generally create a new incision
at a place where the lithology is less competent/indurated
than the newly deposited andesitic lava flow, new valleys
generally dig themselves along the boundary of the previ-
ously emplaced lava flow (Sigurdsson et al. 2015). This new
valley may be filled with another lava flow, and so on. It is
important on the field to determine whether the river took
place over a unique paleovalley filled with volcanic rocks,
or if it developed at the limit between two adjacent paleoval-
leys. This can be detected by the observations of different
lithologies on the right and left banks of the current river/
valley. As aquifers are hosted in the paleovalley, is it impor-
tant to locate its limit to site a borehole within the paleoval-
ley and not at the boundary.
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As for all other volcanic formations, the degree of weath-
ering of lava flows also plays an important hydrodynamic
role. In volcanic settings, the weathering or hydrothermal
alteration results in partial or total transformation of their
constituents (minerals, glass) into clay (notably smectites-
type clays in andesitic and basaltic lavas), which obliterates,
in part or totally, any permeability. The weathering of lava
flows (and more generally of volcanic rocks) is faster for
similar climatic conditions than for plutonic rocks (Eggleton
et al. 1987; Lachassagne et al. 2021). The edge facies (brec-
cias of the walls, roof and sides of the flow) are more likely
to weather rapidly than the core of the flow due to their
initial porosity and permeability. Thus, a single lithologi-
cal flow can still comprise pervious levels in the fractured
unweathered massive but fractured part of the lava flow, and
impervious ones in the case its breccia levels were totally
transformed into clay (see section ‘Lesser Antilles’, which
describes such weathered lava flows).

Lava domes, dome-flows, screes, scoria cones

In the andesitic context, most lava domes, especially those
located near the top of the volcanic edifice, are destroyed by
explosions because of the gas-richness of the magma (see
section ‘General properties of andesitic rocks and composite
volcanoes’). However, some of them, less rich in gases, can
develop and even give rise to dome-flows, especially on flat
slopes (e.g. caldera bottom), on gently dipping slopes, or in
paleovalleys. Such domes are highly fractured, with metric
to decametric scale blocks separated by large cracks that
exhibit a very high hydraulic conductivity (Vittecoq et al.
2023, 2019a, b). These large cracks and blocky facies are
related first to the very high viscosity of the rock, and second
to cooling fractures. Vittecoq et al. (2019a, b) report hydrau-
lic conductivity values of ~7-10°> m s™! in a 1 million year
(Ma) old dacitic dome from Martinique (FLA).

Where the morphology of their substratum favors the
concentration of groundwater flow, domes and dome-flows
give birth to high hydraulic conductivity aquifers with
high-discharge springs. Their discharge is proportional to
the recharge rate and surface area. Such aquifers are gener-
ally of low inertia due to their high hydraulic conductivity
(high diffusivity) resulting from fractures—for example,
such (several tens of m®> h™!) low-stage discharge springs are
flowing out from the “Piton du Carbet”, Martinique (FLA)
dacitic domes and dome-flows, notably around the Champ-
flore basin, where they fill gently dipping paleovalleys and
around the Pitons du Carbet dacitic domes (Lachassagne
et al. 2006b).

In contrast, where the morphology and/or the high perme-
ability of their substratum does not favor the concentration
of groundwater flow, such domes and/or dome-flows do not
give birth to significant discharge springs, as for example

the recent (1902, 1929) andesitic domes of the Montagne
Pelée (Vittecoq et al. 2023). In this context, the piezometric
level is very low, and the domes are largely or totally unsatu-
rated (Vittecoq et al. 2023)—an example is the Soufriere
volcano dome in Guadeloupe (FLA) (Lesparre et al. 2012),
where, the groundwater transit time in the dome is only a
few months (25 days to 3.5 months).

Such domes are surrounded by scree slopes resulting
from rock falls from the dome. The scree slopes are of very
high permeability, can be of significant volume, and can also
extend to the foot of the steepest part of the volcanic edifice,
such as at Montagne Pelée (Vittecoq et al. 2023).

Lava domes may not have been preserved, and/or have
been destroyed by further explosions or eroded, in which
case, the volcano’s conduit may be exposed at the surface,
and also the contact of the intrusive lava body and its enclos-
ing rocks. This is notably the case of the Pitons du Carbet
andesitic “domes”, ~0.9 Ma (Westercamp 1972), that are
surrounded by several tens of m* h™! low-stage discharge
springs. There, the intrusive lava in the palacoconduct act
as the aquifer, and the enclosing (weathered) rocks as the
aquitard.

Scoria cones or strombolian cones are represented both
in the basaltic and andesitic contexts. Their hydrogeologi-
cal properties are notably described by (Lachassagne et al.
2014 and Rouquet et al. 2012) in the basaltic context. The
easy weathering of volcanic ejecta from strombolian cones
results in a rapid reduction of their hydraulic conductivity
(K, below 107% m s™') after even a short (a few thousand
years) exposure at the surface. This may however not be
the case (slower weathering) in cold climates such as the
mountainous climate of Volvic, France (Lachassagne et al.
2006a; Rouquet et al. 2012) where several thousands to tens
of thousands of years old scoria cones play a capacitive role
at the aquifer’s scale.

Hyaloclastites

As explained in Sigurdsson et al. (2015), hyaloclastites
literally means “a rock composed from glass-fragments”.
Such lithologies are produced during eruptions involving
water (subaerial, more or less deep marine-floor, or under
glaciers and lakes). Such lithologies include small glassy
elements produced during explosive events (most being due
to the presence of water), but also small glassy elements
produced by the very fast cooling of a lava/magma that is
fragmenting it. Therefore, hyaloclastites are characterized by
their high glass content and the small size of their elements
(mostly <1 mm), whatever the initial magma composition
(basaltic to dacitic). The hyaloclastites can stay in their place
of production (primary hyaloclastites) or be remobilized by
gravitational processes (aerial or submarine debris flow,
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current, etc.; secondary hyaloclastites). These formations
are often associated with interbedded lava flows.

Hyaloclastites have a low matrix permeability (Lachas-
sagne 2006). The presence, particularly within the primary
facies, of interbedded lava flows (which means not totally
brecciated lavas) and the fracturing of these lava flows (cool-
ing fractures, pillows) can nevertheless give them the char-
acter of local aquifers (Lachassagne et al. 2006a; Vittecoq
et al. 2008). In fact, one can observe, in the same hyaloclas-
tite body, the continuum between an unbrecciated lava and
secondary hyaloclastites, and even some lahars (Westercamp
1972). Some aquifers in interstratified lavas are reported in
12—14 Ma hyaloclastites in the localities of Le Marin and
Le Francois, in Martinique (FLA) (Lachassagne et al. 2006a;
Vittecoq et al. 2008). Transmissivity values up to 8-107>
m? s~! for a 30-m-thick screened interval are reported in Le
Marin (K ~3-10* ms™).

Pyroclastic materials

Pyroclastic materials are produced during explosive
eruptions, regularly destructing the top of the volcano,

Fig.4 Summary of the facies
distribution and cover on the
topography from (Selles 2014).
1 pyroclastic fall, 2 pyroclas-
tic flow, 3 pyroclastic surge,
and 4 lava flows emplaced in Pyroclastic Fall
paleovalleys

Pyroclastic Flow

PYROCLASTIC DEPOSITS

Pyroclastic Surge

Lava Flow

destabilizing its flank, or even creating a large caldera
(Selles 2014; Sigurdsson et al. 2015; Walker 1971). If
these products are remobilized by water or deposited into
water, they are considered as epiclasts (see section ‘Epi-
clastic lithologies’). Pyroclastic materials are of tree main
types (Sigurdsson et al. 2015) (Fig. 4):

— Pyroclastic falls: materials ejected into a cloud and fall-
ing down on the emerged ground

— Pyroclastic flows: materials “flowing” down the topog-
raphy

— Pyroclastic surges: very hot material flowing at high
speed

The vertical deposition and succession of all these
deposits are called “ignimbrites” (Sigurdsson et al. 2015).
Generally, from bottom to top, they comprise, for a unique
eruption, (1) surge, (2) flow and (3) fall deposits. However,
ignimbrites are often the result of several successive erup-
tions with local erosion of some levels, notably due to the
surges and/or the absence of some of these main types.
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The pyroclastic falls are also named tephra or tuffs (Selles
2014; Sigurdsson et al. 2015; Toulier 2019). These deposits
are produced during explosive or phreatomagmatic events. A
large quantity of small materials is ejected into the air, cover-
ing the preexisting topography with parallel beds, good sort-
ing, and juvenile and reworked clasts with angular shapes.
This material, according to its granulometry, is sorted into
ash (including sand; <2 mm), lapilli (2-64 mm), and blocs
and bombs (>64 mm, angular). This type of deposit is char-
acterized by a very strong heterogeneity and is generally
not or poorly sorted. The distance to the volcanic vent may
allow graded bedding. Usually, the further the deposits are,
the greater the amount/proportion of fine grains, and vice
versa. These deposits can have a large spreading from the
volcanic vent—up to more than 20 km from the origin with
a significant, at least centimetric, thickness (Selles 2014)—
and its thickness is influenced by the volume of the ejected
material, the grains size, the violence of the eruption, and
the wind. Depending on their granulometry, sorting and,
above all, degree of weathering, these products can range
from a very low hydraulic conductivity to a low to medium
one. Thus, they are the origin of very local aquifers, devel-
oping at the scale of a hillslope (or part of a hillslope), that
give rise to low discharge (<1 L s™!) springs, such as on the
upper slopes of the Bromo-Tengger volcano (Toulier 2019).
The internal molds of fossil trees, lying, may play the role
of a natural local drain and then explain the location of these
low-discharge springs, for instance in Martinique (FLA)
(Lachassagne 2006; Vittecoq et al. 2008).

Pyroclastic flow extent depends on the slope, the viscos-
ity, and the density of the material. Usually, these deposits
follow the topography and fill up paleovalleys (Sigurds-
son et al. 2015), if any. Pyroclastic flows are composed of
angular and heterogeneous blocs, heterometric in size (from
sand to pluri-metric blocks), resulting from the brecciation
of preexisting rocks. Pyroclastic-flows formations have been
described as major aquifers in several andesitic volcanoes in
Indonesia, Bolivia and FLA (De Roever 1965; Lachassagne
2006; Peach and Taylor 2023).

The axial zones of the pyroclastic flows are poorer in
fine elements (ash) and they exhibit the highest hydrau-
lic conductivity (Lachassagne et al. 2006b). As the axial
zone has also a higher thickness, it exhibits the highest
transmissivity zone into such aquifers. In this axial zone,
decimetric voids can increase the permeability, and can
be evidenced by observations during drilling in which the
drilling tool falls unexpectedly quickly, such as in Mar-
tinique (FLA). Similar “loose material” is reported in
Sumatra (Indonesia) by De Roever (1965), and in Italy
(Allocca et al. 2022). It is not clear whether these “voids”
are contemporaneous from the deposit of the pyroclas-
tic flows (voids in between blocks) or if they developed
later, for instance due to the entrainment of fine particles

as a result of the groundwater flow, as also hypothesized
by De Roever (1965). In Martinique (FLA), the synthesis
proposed by (Vittecoq et al. 2008)—with pumping tests
performed on 25 boreholes sited in pyroclastics, and with
discharges ranging from 1 to 113 m> h™!—shows a median
transmissivity of 2:107> m? s~! and a range of 107>-107*
m?s7h,

Welded pyroclastic flows are reported (e.g., Allocca
et al. 2022; Smyth and Sharp 2006) to have a dual porosity
(matrix, and cooling fractures). Their matrix effective poros-
ity is reported to be widely varying (2-60%; Foster et al.
1985), with welding leading to its decrease. The hydrody-
namic properties of welded ignimbrites are then controlled
by the density of cooling fractures (Allocca et al. 2022).
Welded ignimbrites without cooling fractures are then
considered as aquitard. In contrast, nonwelded ignimbrites
would mostly owe their hydraulic conductivity to their previ-
ously described basal loose/coarse facies. Winograd (1971)
and De Roever (1965) respectively describe in Sumatra,
Indonesia, dozens of 10-50 L s™! springs emerging from
the base of the columnar jointing of welded ignimbrites, and
springs and highly productive wells (several 100 m*® h™!) in
similar formations in Idaho, USA.

Pyroclastic surges are mostly composed of very fine
materials, transported by turbulent wind-transfer and by sal-
tation (for the coarser elements). Such deposits are discon-
tinuous (Fujinawa et al. 2008; Selles 2014). Due to the very
thin granulometry (and possibly weathering), the deposits
usually constitute low-permeability layers. The deposits have
three origins (Sigurdsson et al. 2015):

— Ground surge deposits result from the collapse of an
eruptive cone. They deposit just before, and thus under,
a pyroclastic flow. They can then act as its low-permea-
bility substrata;

— Base surge deposits are due to the collapse of a phrea-
tomagmatic cone. They are thus not associated with a
pyroclastic flow and are thus localized along the axis of
the thalwegs.

— Ash cloud deposits result from the sedimentation, by
gravity, of an ash cloud created by the segregation of
thin material in a pyroclastic flow. The cloud can deposit
independently of the pyroclastic flow or not.

The alternation of pyroclastic flows (with pervious layers,
either pumice or nonvesiculated lava) with pyroclastic surges
(and also pyroclastic falls) produces multilayered aquifers.
On the eastern flank of Montagne Pelée (Martinique), they
give rise to tens of 1-10 L s~! springs, spread along the vol-
cano’s flank, and borewells tap one or several superimposed
layers. Each aquifer has a transmissivity of ~107> m? s~! for
a 15-m-thick aquifer, thus with a hydraulic conductivity of
~7-10° m s~! (Lachassagne 2006; Vittecoq et al. 2008).
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Cooked-formations, paleosoils, weathering profiles

These formations are paleosoil or paleo tuffs/tephra, which
have either been cooked by a hot material deposited above,
such as a lava flow or a pyroclastic surge, or have been
weathered during their exposition at the surface. Cooking
and/or weathering change the mineralogy and the physical
properties of the former soil/tephra, and produce a very
low hydraulic conductivity layer. Its lateral extent is lim-
ited by the extent of the heat source, and the availably of
a former “cookable/weatherable” formation. Its thickness
can vary from a few centimeters to tens of meters in the
case of well-developed weathering profiles. Such decamet-
ric weathering profiles are notably known in the central
part of Martinique, FLA, within old (Miocene) lava and
hyaloclastites formations (Westercamp et al. 1990). These
formations are considered as aquitard.

Epiclastic lithologies

The epiclastic andesitic volcanic deposits, resulting from
the remobilization of the volcanic products by water, com-
prise two main types of lithologies: lahars and conglom-
erates. Volcano-sedimentary deposits are not described
in detail in this section as they are more parented to
sedimentary deposits than to volcanic ones, but they are
described in section ‘Hydrogeological conceptual models
of andesitic aquifers’.

Lahars

The term “lahar” is an Indonesian word to designate a
flow composed of rocks, mud and water. Geologists char-
acterize the lahars according to several schemes of clas-
sification (Baumann Traine 2018; Sigurdsson et al. 2015).
Primary lahars are generated directly during an eruption
if a large volume of water (aquifer, lake, glacier) mobi-
lizes or remobilizes loose materials (pyroclastic flow/fall,
etc.). Secondary lahars are generated by heavy rainfall
remobilizing loose materials (pyroclastic falls and flows
notably). They generally induce smaller volumes than the
primary ones and are more frequent. Another classifica-
tion is linked to the granulometry of the lahars, with a
continuous evolution from debris flow constituted by big
blocks (>1 m), and hyperconcentrated flows constituted
by fine-grained materials (Selles 2014). Moreover, the
hyperconcentrated flow is composed of 20-50% of solid
materials—blocks and mud, the rest being water (at the
time of their deposition)—and 50-60% of solid materials
for debris flow. Depending on the topographic morphology
before their deposition, these deposits can be channelized
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(Ono et al. 2019) or deposited as flat sheets of several
meters to tens of meters thickness (Dumont et al. 2023;
Fadillah et al. 2023).

Debris flow could theoretically show good hydrodynamic
properties notably in the case were the proportion of fine
elements within the deposit would be very low. However,
this study did not find any references describing aquifers
constituted by debris flows (nor lahars) in the volcanic con-
text; only papers on mostly risk assessment were found, or
geotechnical oriented papers (Baumann Traine 2018; Lavi-
gne et al. 2000; Pallares et al. 2015). Lahars have a high
fine elements content and are systematically described as
aquitards (De Roever 1965; Lachassagne 2006; Ono et al.
2019; Pallares et al. 2015). Hyperconcentrated flows are
composed of nonjointing blocks in a very low permeabil-
ity muddy (sandy, silty, clayey) matrix. Such deposits are
described either as aquitards, as an impervious substratum
to an aquifer (Ono et al. 2019), or confining an underlying
aquifer (Dumont et al. 2023; Fadillah et al. 2023).

Lahars, or series of lahars, can also result from the partial
collapse of the volcanic edifice, with huge blocks or even
hummocks, and vertical and lateral extensions of several tens
of meters, and kilometers respectively, and are named debris
avalanches (Fig. 5). These formations are also reported to
be impervious as a whole, constituting the impervious sub-
stratum of overlying aquifers, such as pyroclastic flows from
the south-western flank of the Montagne Pelée, Martinique
(FLA) (Vittecoq et al. 2023).

Conglomerates

On active volcanoes, therefore with steep slopes, theoreti-
cally the alluvium do not accumulate in great thicknesses.
However, in Martinique (FLA), several significant such for-
mations are identified with ages ranging between 15 and
1 Ma (Westercamp et al. 1990), with kilometric longitudinal
and lateral extensions. Alluviums (and their conglomerates)
are very prone to weathering and, notably under tropical
climate, they weather fast. Consequently, they fast lose
their hydraulic conductivity (Lachassagne 2006; Lachassa-
gne et al. 2014; Vittecoq et al. 2008). In Martinique, these
“old” conglomerates are thus not reported as aquifers, but
as aquitards. Conversely, on the nearby island of Montserrat
(Lesser Antilles, similar climate), an artesian aquifer is sited
in surely rather recent, not yet weathered, “reworked grav-
els and alluvial deposits” (Hemmings et al. 2015b). Where
unweathered, notably in temperate countries, e.g. Volvic,
France (Lachassagne et al. 2006b; Rouquet et al. 2012),
conglomerates (paleo-alluviums in fact) are often found at
the bottom of or interstratified within paleovalleys, when
rest phases allow their deposition, and can constitute local
aquifers.
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Structural aspect: polyphased edifices

Andesitic volcano-building alternates constructive eruptive
phases and dismantling events (Sigurdsson et al. 2015). The
large eruption at Mt St Helens, Cascades range (USA), in 1980
(Brantley and Waitt 1988; Clynne et al. 2008; Criswell 1987,
Fisher 1990; Mellors et al. 1988; Waitt 1989; Walker and
McBroome 1983) is a perfect example. The volcano stood at
about 3,000 m above mean sea level (masl). The entire north
face of the volcanic edifice collapsed in a gigantic debris ava-
lanche. Afterwards, a new lava dome grew inside the collapsed
structure.

Such destructive events have strong implications on hydro-
geological structure and functioning. This has been demon-
strated in several studies, and not only on andesitic volcanoes:

— On the andesitic Merapi volcano, Indonesia, major springs
are located at the foothill of the volcano, at the bottom of
a massive collapsed body that is now filled up by recent
deposits (Selles (2014). The groundwater is “channelized”
by the paleo-valley created by the collapse event.

— Dumont et al. (2021) show a similar pattern on the basal-
tic Piton des Neiges volcano (Réunion, Indian Ocean).
Large flank collapses are evidenced, now filled with
basaltic lavas. The long lifespan of the edifice (several
hundred thousand years) allowed for a buildup of such
structures (now hidden), which have a strong hydrogeo-
logical impact.

— Hildenbrand et al. (2005) show similar patterns on the
basaltic Tahiti Nui Island (French Polynesia), even
though the important weathering of the volcano (high
rainfall, old structures) does not allow the development
of large productive aquifers.

— Izquierdo (2014) and Paris et al. (2005) observed the
same patterns in the basaltic Canary Islands. High-
discharge springs lead to hypothesize a “channelized”
groundwater flow, most probably into a hidden/filled col-
lapse structure.

The previously cited studies all demonstrate the impor-
tance of the volcano geological structure in the organization
of aquifers; therefore, it is essential to reconstruct the vol-
canological history of the studied sites in order to identify
the main construction/destruction phases. This will simplify
the identification of the significant hydrogeological features.

Hydrogeological conceptual models
of andesitic aquifers

Principally as regards basaltic aquifers, there is a long his-
tory to the conceptualization of volcanic aquifers (e.g. Baud
et al. 2021; Custodio 2007; Dumont et al. 2023; Herrera and
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Custodio 2008; Izquierdo 2014; Join et al. 2005; Lachas-
sagne et al. 2014; Selles 2014; Toulier et al. 2019; Violette
et al. 1997; Vittecoq et al. 2019a, b).

Hydrogeological conceptual models (HCMs):
definitions

White (2003) defines HCMs for karst aquifers:

The conceptual model is usually physical—an inter-
connected sequence of recharge areas, permeability
distributions, and geologic substrates that collec-
tively provide a visualization of the way in which
water is added to the system, stored in the system,
transmitted through the system, and discharged from
the system. [...] a well-structured conceptual model
should be translatable into mathematics—the physi-
cal picture replaced by a set of coupled differential
equations that describe the transport processes along
with the boundary conditions imposed by the geo-
logic setting.

From a complementary methodological view, Ene-
mark et al. (2019) define the HCM as a “collection of
hypotheses describing the understanding of groundwa-
ter systems”. Those authors also state that HCMs “are
considered one of the major sources of uncertainty in
groundwater flow and transport modelling.” In the opin-
ion of the authors of this article, an HCM also describes
the current knowledge about a given hydrogeological
system and it should also describe the main remaining
deficits of knowledge and uncertainties. Thus, during the
lifespan of a project, the HCM of a given hydrogeologi-
cal system should evolve and improve. Anderson et al.
(2015); Brassington and Younger (2010); Bredehoeft
(2005); and Enemark et al. (2019) propose several tech-
niques and tools to build up and validate HCMs.

For clarification, it is important to distinguish between
the HCM of a given hydrogeological system, as described
in the preceding, and what is defined here as the “generic
hydrogeological conceptual model” (GHCM) of a given type
of hydrogeological systems, such as hard-rock aquifers (see
for instance Lachassagne et al. 2021, 2011), karst aquifers
(Hartmann et al. 2014; Mangin 1975; White 2003), and
basaltic aquifers (see section ‘Introduction’). As no GHCM
has yet been proposed for andesitic systems, to the authors’
knowledge, the aim of this section is to identify, critique and
synthesize the HCMs available for andesitic aquifers and to
propose one or several GHCMs.

Existing HCMs in andesitic context

Most HCMs for andesitic areas are site-specific. Sev-
eral of these HCMs rely on a geological conceptual
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model inspired by Bogie and Mackenzie (1998), Riggs
and Busby-Spera (1991), Smith (1988), and Vessel and
Davis (1981), in which the geology is considered as the
main driver of the hydrogeological structure, hydrody-
namical parameters and functioning of the volcano (see
section ‘Hydrogeological characteristics of andesitic rock
lithologies’). This geological conceptual model outlines
the idealized geological facies distribution in andesitic
volcanoes. Even if it is a geological conceptual model
that is presented in the next section, and not a hydro-
geological conceptual model (HCM), from the outputs of
section ‘Hydrogeological characteristics of andesitic rock
lithologies’, it is already easy to identify the main aquifers
and aquitards involved.

Idealized (hydro)geological facies distribution in andesitic
volcanoes

The geological conceptual model of andesitic volcanoes is
based on a radial (proximal to distal) lithological distribu-
tion along the volcano’s slope, divided into four main zones
(Fig. 6):

The central zone shows interstratified proximal pyroclas-
tic materials, andesitic lava/domes/breccia, and intrusive
rocks subject to hydrothermal alteration. As this part of
the volcano is subject to frequent explosions, only small
volumes of volcanic products are preserved. This zone
shows primary slopes of 30° (Sigurdsson et al. 2015);

Fig.6 a Lithological facies
distribution in an andesitic
volcano, from Sigurdsson et al.
(2015); b Same facies distribu-
tion with the definition of
central, proximal, medial, and
distal zones, from Selles (2014)
for Merapi Volcano, Indonesia
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2. The proximal zone has slopes decreasing from 15 to ~5°
(Dumont et al. 2023). The relative proportion/thickness
of lava flows and ignimbrites depends on the eruptive
style of the volcano. Lahars are rare in that zone as it
is the origin of the materials transported by the lahars
(pyroclastic falls, flows, weathered/brecciated lava, etc.),
and not the lahars deposition area.

3. The medial zone, with slopes below 5° (Dumont et al.
2023), is primarily composed of ignimbrites, exceptional
lava flows, as well as lahars deposited either in paleoval-
leys or, more frequently, in fans.

4. The distal zone is a detritic depositional area. Compared
to other depositional areas (not linked to volcanoes), it
is characterized by a high sediment inflow (due to the
production of the volcano and its erosion) and is fed by
epiclastic volcanic products.

A volcanic edifice experiences periods of volcanic activ-
ity during which volcanic products predominantly deposit in
the proximal and medial zones. These periods alternate with
volcanic rest periods (lasting decades to centuries, or more)
during which erosion processes dominate and dig valleys in
the proximal and the medial zones, and the distal zone to
a lesser extent, notably by regressive erosion. The eroded
products accumulate in the distal zone. Due to the volcano’s
growth, these zones progressively migrate downwards (later-
ally). The volcano can also be subject to partial/flank col-
lapses that totally rework such a volcanic succession (see
section ‘Structural aspect: polyphased edifices’).

The Merapi, Central Java, Indonesia

Selles (2014) proposes a HCM for the eastern flank of
the Merapi volcano, central Java, Indonesia. This HCM is
multilayered and divided into three parts. The upper part,
above 800 masl, is constituted by small perched pyroclastic
aquifers outflowing into temporary rivers, and reinfiltrat-
ing/reemerging there due to the alternation of impervious
(pyroclastic surges) and pervious (pyroclastic flows) layers.
Selles (2014) suggests, notably from groundwater tempera-
ture and isotopic data, that this elevation range (from 1,200
to 800 masl) supplies water to these perched aquifers but,
above all, it also recharges deeper aquifers, notably the two
main aquifers, giving birth to two “spring belts” (SB, Fig. 7).
The SB1 spring belt ranges from 800 to 400 masl and is
constituted by a large detritic fan, which disturbs the surface
drainage network radial alignment. Selles (2014) considers
that this fan lies on several paleo river channels, and is a
recharge area supplying SB1 at the downstream extremity of
the fan. The aquifer is semiconfined and shallow, limited to
the extent of the detritic fan. The author suggests also deep
infiltration below this detritic fan, supplying the aquifer that
gives rise to the SB2 spring belt. SB2 ranges from 200 to
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283 masl and, given the springs’ discharge (up to several
100 L s71), is the main spring belt. The author suggests that
their location is driven by a fault (Opak fault), perpendicular
to the main slope of the edifice. The contributing recharge
area would be 37-50% from an elevation ~1,200 masl, and
63-50% from the 800—400 masl recharge zone located under
the fan. SB2 does not represent 100% of the total discharge
of the aquifers, as a multilayered pyroclastic system is also
present downstream. Selles (2014) considers that alluvial
paleochannels (Fig. 7) are continuous and then extend from
the proximal to the distal zone, and may play a major hydro-
geological role. This point may be disputed, notably as such
a geological continuity was not demonstrated in the previ-
ously cited existing geological conceptual models.

The Salak and the Arjuno-Welirang, West and East Java,
Indonesia

This upstream—downstream geological conceptual model
was also used to describe several Indonesian andesitic vol-
canic aquifers. Dumont et al. (2023) well characterized
a medial-to-proximal zone aquifer system in West Java
(Indonesia) by a multidisciplinary approach: field geology,
geophysics, location, springs’ discharge and hydrochemis-
try (major ions and stable isotopes), lumped modeling of
the aquifer’s discharge, etc. The aquifer consists of more
than 50-m thick pyroclastic breccias, probably pyroclastic
flows, produced by the Salak Volcano, overlain and con-
fined in the lower part of the study area by 30-50-m-thick
laharic deposits. The substratum of the aquifer is unknown:
it was not reached either by drillings, or by geophysical
measurements whose depth of investigation is ~130 m
maximum. The aquifer is ~3 km wide (perpendicular to
the main slope), and ~5—6 km long. In the lowest part of
the study area, several 15-30 L s™! artesian springs outflow
at an elevation of ~450 masl. The total artesian aquifer
discharge varies yearly between 150 and 190 L s™'. The
springs’ outlets are located in recent valleys, where the
thickness of the laharic cover was reduced by the rivers’
incisions to less than 30 m, and only 200-300 m upstream
of the termination of the aquifer, below the impervious
cover. There, the laharic cover joins an underlying a pri-
ori impervious lithological body, and consequently the
aquifer disappears where the pyroclastic layer ends. The
recharge surface area is ~17 km? and is centered from the
isotopic data around a mean elevation of ~800 masl. The
authors interpret from the geophysical measurements that
the pyroclastic aquifer is recharged where it outcrops, at
elevations above 700 masl (above where the laharic cover
ends) and consequently does not prevent diffuse infiltration
or localized recharge from rivers. The pyroclastic aqui-
fer may also be fed by groundwater inflows from the lava
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Fig. 7 Hydrogeological conceptual model of the eastern flank of the Merapi volcano, Indonesia (Selles 2014)

flows that outcrop at elevations above 820 masl as well
as by the infiltration of surface water from rivers (also at
elevations above 700 masl). Thus, this research character-
izes in detail such a medial-to-proximal zones pyroclastic
aquifer system, and proposes a very consistent and robust
local HCM.

Baud et al. (2021) and Fadillah et al. (2023) used the
same geological conceptual model to propose the first ver-
sions of a HCM for the Arjuno-Welirang volcanic complex
(East Java, Indonesia). They divided the hydro-systems into
medial-to-proximal zones aquifer systems from geological,
hydrogeological and geophysical measurements. Again,
recent surface lahars cover volcaniclastic deposits (pyro-
clastic falls and flows, some alluviums, etc.), interstratified
with andesitic lava flows in the upstream part of the aquifer
system. The main difference with the HCM from Dumont
et al. (2023) is that this aquifer system comprises several

springs at various elevations, suggesting juxtaposed and/or
superimposed aquifers.

The Bromo-Tengger, Indonesia

The HCM of Toulier et al. (2019) addresses the North-
ern Flank of the Bromo-Tengger volcano, Java Island,
Indonesia (Fig. 8). This HCM is complete thanks to the
implementation of a multidisciplinary approach: geo-
logical, geophysical, hydrodynamic, hydrogeochemical
(major ions and stable isotopes of the water) data, as well
as numerical modelling described in Toulier (2019). This
HCM integrates the geological and hydrogeological struc-
ture of the volcanic edifice, the hydrodynamic parameters
of the aquifers, the location of the recharge area, its ele-
vation, a quantification of the recharge, the pathways of
groundwater, its relationships with surface water, and the
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Fig.8 A hydrogeological conceptual model of Bromo Tengger, Indonesia (Toulier et al. 2019)

location and quantification of the discharge areas (springs
and borewells). Two main points are worth highlighting
from this HCM (Fig. 8):

— Unexpectedly in the andesitic context, the northern side
of the Bromo-Tengger region consists of the accumula-
tion of high-permeability andesitic to basaltic lava flows
(from 822 to 152 ka), with a total thickness of ~2 km
(Mulyadi 1992; Toulier 2019). In this unit, the piezomet-
ric gradient is very low, and, consequently, the vadose
zone is very thick (low-lying basal aquifer). Perched
aquifers are few and linked to a few local impervious
layers intercalated in the lavas’ series. With the exception
of the proximal area of the current active volcanic vent,
which is covered by a thick pyroclastic unit, the northern
flank of the Bromo-Tengger looks like a “classic” basal-
tic shield volcano (Fig. 8). The Bromo-Tengger northern
flank has similarities with Hawaiian volcanoes (e.g. Mont
Haleakala, in Maui), with the typical low-lying basal
aquifer, but without the dyke impounded perched aqui-
fers. Consequently, the previously described proximal-
to-medial zones model does not apply to this slope of
the Bromo-Tengger edifice. Toulier et al. (2019) show
that the aquifer recharge occurs on most of the northern
flank of the Bromo-Tengger; its pattern (Fig. 8) is mostly
driven by the effective rainfall distribution that peaks at
elevation ~1,000-1,200 masl.

— The Bromo-Tengger HCM comprises a volcano-sed-
imentary plain, which can be assimilated to the distal
zone of the previously described HCMs, connected to
the upstream volcanic formations. This plain is mainly
formed by remobilized volcanic materials (lahars, pyro-
clastics, tephras, etc.) reworked into sandy sediments
including alluvium. Under a low-permeability layer
at the subsurface, the sandy sediments constitute an at
least 200-m-thick confined aquifer, with transmissiv-
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ity ranging between 1-10™ and 4-10™ m? s=! (Toulier
et al. 2022). For most oceanic island basaltic shield vol-
canoes, such volcano-sedimentary units are located far
offshore (or deep below the current edifice), the volcano
having grown on a several-kilometers-deep ocean floor
and being potentially submitted to subsidence processes
(note however that the Honolulu, Hawaii, volcano-sedi-
mentary plain is located on-shore; (Nichols et al. 1996)).
In contrast, most andesitic volcanoes grew on an older
substratum that was either emerged (for instance in
mountain ranges) or at shallow depth at the beginning of
the edification of the volcano. On the northern flank of
the Bromo-Tengger, as the volcanic aquifer’s unsaturated
zone is very thick, this aquifer is not drilled. Indeed, it
would be very costly and technically difficult to reach
this aquifer (and also costly to pump it). Also, as the
wells drilled in the volcano-sedimentary aquifer are free
flowing (artesian), this volcano-sedimentary aquifer is
the main locally used aquifer. This high-quality ground-
water is used for various purposes (agriculture, potable
water, industries), with more than 600 productive free-
flowing already drilled wells with a median discharge of
~4.1 L s™!'. Consequently, the discharge of the natural
springs (Fig. 8) is strongly decreasing proportionally to
the discharge of the newly drilled wells. These high-dis-
charge springs (up to 4 m> s™!), recharged at high eleva-
tion, have the particularity to exhibit a much lower than
normal temperature (~23 °C where 27-28 °C would be
expected). Such a feature is also observed in lava flow
aquifers from the Cascades Range (USA; Jefferson et al.
2006; Manga 1998).

It is also worth highlighting that numerous major springs
(with discharges up to 4 m® s™!) outflow all around the
Semeru-Tengger complex, at the foothill of this relief,
and not only on its northern flank (Toulier 2019). The
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Semeru-Tengger complex, with a diameter of ~50 km,
comprises the Bromo-Tengger in its northern part, and
the Semeru edifice in its southern part. The locations and
hydrogeochemistry of these springs show that they outflow
from aquifers that are not connected to the Bromo-Tengger
northern flank HCM. These other aquifers certainly have a
different structure and functioning than those on the Bromo-
Tengger northern flank. Therefore, this last HCM is repre-
sentative only of this specific studied area, not of the entire
Tengger-Semeru volcanic complex, which belongs to other
geological structures, and consequently to other HCMs.

Japan

Aoki et al. (2019) synthesized the geological knowledge
about the Mount Fuji volcano, Japan, known as the water
mountain (Schilling et al. 2023). The Mt. Fuji volcano rep-
resents a huge groundwater reservoir that sustains the live-
lihoods of a large area, including the Japan capital, Tokyo,
located 100 km to the east. As for the Bromo-Tengger in
Indonesia, the Fuji is a composite volcano, with low SiO,
content products in its last stage of activity. The first stage
of activity built up the Komitake volcano (>270-100 ka),
which has a basaltic-andesitic to dacitic edifice (Yoshi-
moto et al. 2010). The second stage of activity built up the
Older Fuji, or Ko-Fuji (100-10 ka), and the Younger Fuji,
or Shin-Fuji (10 ka to present); this second stage of activ-
ity covered the Komitake Volcano (Fig. 9). The lavas from
this second stage are 50-52 wt% SiO,; they are thus mostly
basaltic. During the last century, the Mt. Fuji HCM has been
developed and improved from the first one built by Kambara
(1929; cited in Yasuhara et al. 2020) to render the current
one (Adikari 2015; Ono et al. 2019; Schilling et al. 2023;
Tsuchi 2017; Yasuhara et al. 2020).

-
-

Tenshu
mountain
range

Komitake and
Pre-Komitake

N W

Several aquifers have been characterized within the
Young Fuji, predominantly within lava flows (Schilling
et al. 2023). Schilling et al. (2023) use a multidisciplinary
approach combined with unconventional tracers (microbial
environmental DNA, vanadium and helium, along with the
classical stable isotopes of the water, noble gas, and major
ions analysis) to highlight deep transfers. The recharge
occurs mainly at high elevation, partly through snow melt.
It is estimated that 90% of the precipitation there (average
2,500 mm year') contributes to the recharge (Schilling et al.
2023); it is however probable that this percentage refers to
effective rainfall (rainfall minus evapotranspiration) and not
to rainfall, as Toulier et al. (2019) obtained the same order
of magnitude on Bromo-Tengger (90%); however, that was
based on effective rainfall, not on rainfall, and it is noted that
less than 10% evapotranspiration is a very low amount. This
water infiltrates and flows within the Young Fuji deposits.
Part of it flows through the Older Fuji (Ko-Fuji) formations
too, and then flows up, back to the Younger Fuji aquifer in
the lowest part of the volcanic edifice in the Suruga Bay
area, south west of the volcano (Fig. 9). Another part of the
groundwater body, especially the one from the Older Fuji
aquifer, outflows directly into the five Fuji lakes (north of the
volcano) and into the Suruga Bay. The groundwater outflows
15—40 years after rainfall infiltration (Schilling et al. 2023).
Schilling et al. (2023) also showed that groundwater is flow-
ing through the Misaka-Tenshu mountain range (the bedrock
of the Fuji complex), contributing there to sustaining the
local shallow aquifers. The deep and shallow groundwater
mixing and outflowing is related to the impervious Fujikawa
Kako Fault System (Schilling et al. 2023). Also, as in all
coastal contexts, close to the coast, high Cl, Na, and SO,
content in groundwater highlights seawater intrusion.

\g Shallow (Surficial + Shin-Fuji) water
£ Ko-Fuji water

W, Shallow + Ko-Fuji water

" Shallow + Misaka-Tenshu water

Mt Ashitaka

Fig.9 A hydrogeological conceptual model of Mt. Fuji, Japan, from Schilling et al. (2023)
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This recent study from Schilling et al. (2023) confirms
vertical exchanges between aquifers in such an edifice,
downwards near the top of the volcano, and upwards at its
foot, and confirms a rather simple HCM for this volcano.
The resulting general scheme (Fig. 9) is much more com-
plex when one gets down to the lithological units scale (e.g.
Ono et al. 2019), for instance, to explain the locations of
springs and hydrogeochemical variations from one borewell
to another.

Asai et al. (2009) note, on the Ontake stratovolcano (cen-
tral Japan), that most high-discharge springs (>50 L s™") out-
flow from the “inner or lower parts of andesite lava flows”.
They also propose schematic representations of groundwa-
ter flow directions, and recharge elevation and relationships
between the age (the youngest) of parts of the volcano and
springs discharge (the highest), but give no comprehensive
HCM of the volcano.

Lesser Antilles

Charlier et al. (2011) proposed a multidisciplinary approach
to characterize a watershed (Féfé) in Guadeloupe Island
(FLA), using fine-scale field geological characterization,
piezometric data, pumping tests, and hydrochemistry (major
ions and trace elements). Their HCM highlights two super-
imposed aquifers. The subsurface aquifer is in “lapilli”
(surely pyroclastic falls), of low hydraulic conductivity
(107 m s, above a less permeable surge (10 m s™h.
Below this surge, the second aquifer is a succession of frac-
tured lava flows and surges or falls (5-10*t0 2-103 m s71),

Fig. 10 A hydrogeological
conceptual model of the north-
western part of the Martinique
island (FLA) (Vittecoq et al.
2019a, b). Note that the com-
partmentation of the aquifers,
as well as the sharing between
the saturated and unsaturated
zones, is very schematic and
not consistent with the springs
locations
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for which the low-K substratum is a “weathered breccia”
(1077 m s7"). This study also highlights, as with Rouquet
et al. (2012) in a basaltic setting, the hydrogeological role of
paleovalleys. The paleovalleys system (Charlier et al. 2011)
was incised during a period with no, or low, volcanic activ-
ity, and was then filled up by the lavas and surges during a
period of high volcanic activity.

Hemmings et al. (2015a) propose a case study about the
island of Montserrat (LA) that had the particularity, at the
date of the writing of their paper, to undergo an eruption in
progress for 15 years. They mostly propose a dataset about
this island, including groundwater recharge estimates, and
try to apply the Canary Islands’ and the Hawaiian HCMs to
explain spring locations and alluvial artesian coastal aqui-
fers from the “Centre Hills” of the island. This HCM for
Montserrat was refined from water dating and stable iso-
tope studies (Hemmings et al. 2015b). It shows contrasted
hydrogeological behaviors between the “Centre Hills” of the
island, with rapid recharge through high-permeability frac-
tured and jointed dome lavas, breccia and screes, and older
(~45 years old) groundwaters in peripheral low-elevation
pyroclastic flows and epiclastic aquifers.

Based on a heliborne time domain electro magnetic
(TDEM) survey calibrated on 51 boreholes and 24 springs,
Vittecoq et al. (2019a) aim at providing a HCM of andesitic
aquifers from the western-central part of the Martinique
island (FLA). Compared to other andesitic areas, the geol-
ogy of this area is old. The volcanoes have not been active
for a million years, and are weathered and dissected by
erosion. The area comprises, from bottom to top (Fig. 10):

@* Springs

&" Thermal springs

- Rivers

=== Dry rivers

== Drinking water intakes

=== Supposed faults
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(1) the “Morne Jacob” shield volcano (Germa et al. 2010),
emplaced between 5.5 and 2.2 Ma, and constituted by a hya-
loclastite substratum covered by a several-hundred-meters to
~1,000-m-thick basaltic to andesitic lava flows series, weath-
ered and eroded, and (2) the “Pitons du Carbet” volcanic
series, emplaced between 2.1 and 0.3 Ma, and comprising
an alternation of pumice and pyroclastic flows, and andesitic
lava flows, as well as conglomerates, and lahars, resulting
from the remobilization of the primary products. The “Pitons
du Carbet” volcanic series now appears as largely eroded
domes in its central upstream area (from the last volcanic
phase, 0.3-0.9 Ma), and, downstream, as up to 3-km large
paleovalleys filled with all the previously described “Pitons
du Carbet” products. These paleovalleys are deeply eroded,
and most of them show inverted reliefs.

All piezometric level measurements show shallow piezo-
metric levels (Vittecoq et al. 2019a, b). Consequently, and
unlike the recent Bromo-Tengger shield volcano (Toulier
2019; Toulier et al. 2019), the older “Morne Jacob” shield
volcano does not constitute a large and unique aquifer. The
hydraulic conductivity of its lavas is highly variable spatially
and vertically (from less than 21077 to 3-10° m s~ !; Vit-
tecoq et al. 2019a, b), and the highest values are about one
order of magnitude lower than the highest values reported
for lavas (5-107* m s~!). This overall lower hydraulic con-
ductivity and high spatial variability explain the absence
of a large uniform aquifer in this area. The groundwater is
divided into small (a few to several hundred meters in exten-
sion) compartmented aquifers within this old shield volcano.
This spatial variability is mostly due to the partial weather-
ing of the lava flows, as well as both (1) the internal struc-
ture of the lava flows (see section ‘Lava Flows’), and (2) the
superposition of such lava flows with variably permeable
levels. As a result, the “Morne Jacob” shield volcano hosts
numerous low-extension aquifers that give rise to several
low-discharge springs—several 0.1 L s~! to several (max)
1 Ls!scale discharges—and borewells with, at max, 1-3 L
s~! long-term discharge; their instantaneous discharge can
reach 10-30 L s™', but it cannot be sustained due to the low
extension of the aquifers. The deepest of these aquifers are
surely badly connected to the surface and thus are poorly
recharged.

The underlying hyaloclastites are considered by Vitte-
coq et al. (2019a) as a regional aquitard, partly due to their
weathering, but also as a consequence of their low intrinsic
porosity and hydraulic conductivity (see section ‘Hyalo-
clastites’). (Vittecoq et al. 2019a, b) show that the andesitic
“domes” exhibit a high recharge rate (~85% of the effec-
tive rainfall) and have a high hydraulic conductivity. They
also suggest, without water balance validation, that part of
their groundwater may also seep at depth and recharge the
nearby peripheral aquifers. Since they show significant over-
flow springs and the piezometric level of nearby peripheral

aquifers is high, these leaks, if any, may be minor compared
to the overflow.

Thus, with the exception of the rather recent andesitic
“domes”, the study from Vittecoq et al. (2019a, b) of quite
old lavas and pyroclastics only shows local-scale aquifers,
due to the weathering and small extension of the lithological
formations. This HCM is consistent with previous HCMs of
old basaltic volcanoes from Lachassagne et al. (2014) dem-
onstrating the importance of volcanic rock weathering on
groundwater behavior. However, Vittecoq et al. (2019a, b)
do not provide large-scale HCMs at the scale of the “Morne
Jacob” or “Pitons du Carbet” volcanic edifices, nor at the
scale of part of these edifices, with the exception possibly
of the “domes”.

A similar pattern to that observed for the “Morne Jacob”
shield volcano is evidenced in other areas of Martinique,
notably in the 4-19 Ma andesites, basalts, and hyaloclastites
in a flat graben-type plain from central Martinique (Vitte-
coq et al. 2015). This study also combines a heliborne geo-
physical survey constrained by hydrogeological data from 30
boreholes and long-duration pumping tests. Vittecoq et al.
(2015) show that these old lava formations host, at depths
between 30 and ~150 m, compartmented confined aquifers.
Through the pumping tests, they characterize two close com-
partments, ~1-1.5 km? each, one with a transmissivity in
the range of 4-8-10 m? s~! and the second in the 3-9-107*
m? s~! range—for well-screen lengths of 15-30 m; (Lachas-
sagne et al. 2006a). The two aquifers are hosted by 15 Ma
basalts (the “Vert Pré” basalts) known in all central Marti-
nique for their rather high hydraulic conductivity due to flow
cooling fractures and breccias at the base of the flows. The
compartmentalization of the aquifer seems to be induced by
the two families of faults that shape the graben, although
the resolution of the geophysical data does not allow one to
exclude the influence of the geometry of the different litho-
logical units. Both hypotheses may also be combined. As
these aquifers are covered with aquitards and are not con-
nected to other aquifers, the leakage to the pumped borewells
is limited, restricting groundwater abstraction to ~10 L s~!
in each compartment.

This research was mainly focused on the aquifers’ geo-
logical structure, and not much on their functioning—shape
of groundwater flow, recharge and discharge zones, etc. (see
Fig. 13 in Vittecoq et al. 2015). It however shows that lavas
of several million years in age can still comprise pervious
compartments, enabling groundwater abstraction. This study
and the one dealing with the “Morne Jacob” shield volcano
(Vittecoq et al. 2019a, b) also show that aquifers in such
rather old lava formations are highly compartmented and of
an extension limited to specific lithological units (with areas
of ~1 km? at max), eventually bounded by faults.

The Vittecoq et al. (2023) work, dealing with the Mon-
tagne Pelée (FLA) active volcano, is based notably on the
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results of a heliborne geophysical survey. It provides valu-
able information on the hydrogeological properties of some
andesitic lithologies (lava domes and their screes, pyroclas-
tic flows, debris avalanches). Vittecoq et al. (2023) also pro-
vide a HCM at the volcano scale. Their approach is based on
the geological conceptual model presented in section ‘Ide-
alized (hydro)geological facies distribution in andesitic
volcanoes’. It describes the central to medial zones of the
volcanic edifice. Their approach is intermediate, between a
low-resolution approach, that would encompass the volcano
as a whole, and a high-resolution one that would propose the
precise mapping of the aquifers/aquitards. They illustrate the
emerging context of springs peripheral to the summital lava
domes, and describe the structural hydrogeological asym-
metry between the eastern and southwestern flanks of the
volcano. The latter has been subjected to several flank col-
lapses, which reworked formations acting as the impervious
substratum of the overlying recent pyroclastic flows aquifer.
On the eastern flank of the volcano, small perched aquifers
are hosted within pyroclastic deposits. They are lying above
a second pyroclastic aquifer named the “basal aquifer” in
its northern part, where it is mainly flowing to the sea. In
its southern part, it is drained by deeply incised rivers that
locally reach the low-K substratum of the Montagne Pelée.

Furthermore, Vittecoq et al. (2019a, b) hypothesize that
the frequent earthquakes in the subduction context would
regularly increase the rocks’ hydraulic conductivity, nota-
bly in the lava flows. Thus, contrary to the basaltic context
where the oldest rocks have the lowest hydraulic conductiv-
ity due to weathering (Cabrera and Custodio 2004; Join et al.
2005; Lachassagne et al. 2014), in the andesitic context, the
hydraulic conductivity would be cumulative and would
increase with rocks ageing (between 1-2 and 4-5.5 Ma in
that case study). This theory is still discussed, although it is
only based on one data set (Martinique, FLA)—for example,
in the Kumamoto region (Japan) or in Martinique, Hosono
et al. (2020) and Lachassagne et al. (2011) demonstrate that
the hydraulic increase due to seismic activity (as the earth-
quake “shakes” the aquifer) is limited in time and that the
aquifer quickly recovers its previous steady state. Hosono
et al. (2020) and Lachassagne et al. (2011) and their cited
literature also show that the hydraulic conductivity increase
is not spatially generalized. As this debate was only initi-
ated on Martinique, the international scientific community
should explore both hypotheses on the basis of their datasets
in subduction areas.

Continental Americas
Peach and Taylor (2023) elaborate a local HCM for a trans-

boundary (Bolivia-Chile) 100—150-km? andesitic aquifer
in Bolivia. The HCM is rather simple with a ~200-m-thick
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unconfined subhorizontal 1.61-Ma “ignimbrites” aquifer
lying on an old Miocene volcanics aquitard. The outflow
from this aquifer (on the one hand springs, and on the other
hand groundwater-sustaining surface-water discharge and
wetlands) is due to a dam effect provoked by the outcrop-
ping of the low-permeability substratum. In South America,
Favier et al. (2008) also found evidence of “deep-circula-
tions” on the Antizana ice-covered volcano, Ecuador, but
they do not detail the structure of the aquifer.

In the Cascade Range in Oregon, USA, Tague and Grant
(2004) contrasts the low-permeability Western Cascades
(400-1,800 m amsl), composed of deeply weathered and
eroded Miocene lavas and pyroclastic flows, and the much
younger high-permeability Plio-Pleistocene High Cascades
composed of “recent constructional volcanism”. The latter
exhibit high discharge springs.

Genereux et al. (2009) propose, from hydrochemistry, iso-
topes and water dating data, a schematic HCM for the typical
andesitic Quaternary Barva volcano, Costa Rica. It is mostly
composed of lava and pyroclastic flows, and lahars, high-
lighting a layered anisotropic behavior of the Barva south
flank. From that, they suggest a “lateral downslope flow” in
lavas, which are the main aquifers, and downwards vertical
leakage between lavas in the lower hydraulic conductivity
“ignimbrites”. They also show a large transfer of groundwa-
ter (and carbon) from the volcano (summit at 2,906 masl) to
the lowlands located at its foot. Groundwater age data are
interesting as they reveal “old water” (2,400—4,000 years) in
the bedrock (Cordillera Central volcanic rocks), and “young”
water (<55 years) in the local aquifers (volcanic rocks).

Synthesis

This review about andesitic volcano HCMs shows the con-
trast between (1) old andesitic edifices/formations (e.g. in
Martinique, FLA, Bolivia-Chile, or the Cascades range
(USA) with ages of about or greater than 1 Ma and up to
15 Ma) that, due to their erosion and weathering state, show
only local aquifers disseminated within globally low hydrau-
lic conductivity formations, and (2) much recent edifices (a
few thousands to hundred thousand years) exhibiting aqui-
fers of one or several kilometers in length, mostly within
lava flows and/or pyroclastic deposits, which are the main
geological formations hosting the aquifers. More generally,
no GHCM is yet proposed for andesitic aquifers, but only
local HCMs resulting from case studies. Nevertheless, the
geological model of andesitic volcanoes with central to dis-
tal zones seems to be able to serve as a good support to
describe aquifer systems in recent andesitic volcanic edi-
fices. It is however not well suited for (andesitic) shield vol-
canoes (e.g. Bromo-Tengger, Fuji) where the shield volcano
(a combination of the proximal and medial zones) is directly
connected to the distal zone.
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GHCM for Andesitic hydrosystems

The previous section of this paper showed that there is yet
no unique GHCM for andesitic aquifers, and that the HCMs
proposed from several case studies by the various authors are
not fully consistent or transposable to all andesitic contexts.
Moreover, these HCMs encompass various study scales,
from the scale of the lithological unit (see section ‘Hydro-
geological characteristics of andesitic rock lithologies’) to
the regional scale, or at least that of a large volcanic edi-
fice. There is thus a need to build a comprehensive view
of andesitic volcanic aquifer HCMs. This review about
andesitic volcano HCMs also shows the contrast between
(1) old andesitic formations, and (2) much recent edifices.
Both show very different hydrogeological behaviors.

Generic hydrogeological conceptual model for old andesitic
formations

Old andesitic edifices (older than 1 Ma), due to their ero-
sion and weathering state, show only local aquifers dissemi-
nated within globally low hydraulic conductivity formations
and, consequently, with low discharge springs (<10 L s}
and also a modest possible abstraction rate (a few 10 L s~!
at max per hydrogeological compartment). Consequently,
conceptualizing such hydrosystems at a scale above that of
a lithological unit, or the piling-up of lithological units, is
hardly feasible. In such a context of old andesitic formations,
the volcanic edifices lost most of their primary morphol-
ogy; the current morphology can hardly serve as a guide for
the hydrogeological conceptualization, which explains why,
among other factors, no convincing GHCM was proposed as
of yet for such a context.

Nevertheless, in this geological context, given the limited
extension of the aquifer bodies, most groundwater flows are
guided by the current morphology. Consequently, current
groundwater watersheds coincide well with topographic
watersheds. The HCM for such old andesitic formations
thus shows large similarities with the one proposed in May-
otte Island (Lachassagne et al. 2014) with, however, lower
hydraulic conductivity in andesitic aquifers, consequently
with no or few river losses, and few springs. The picture
is that of several low-extension low-productivity aquifers
disseminated within very low hydraulic conductivity forma-
tions, badly connected or not interconnected with the others.
Such aquifers are difficult to localize from the surface, even
with geophysical methods, which do not decipher whether
a high-resistivity (unweathered) target is pervious (cooling
fractures) or not (massive lava body). Conversely, as these
formations are globally of low hydraulic conductivity, and
highly compartmented, they have the advantage of not being
prone to seawater intrusion.

Generic hydrogeological conceptual model for recent
andesitic formations

The bibliographical review shows that the geological model
of andesitic volcanoes with (central to distal) zones (Sigur-
dsson et al. 2015; Fig. 6) is a good aid for describing aquifer
systems in recent andesitic volcanic edifices (younger than
1 Ma). Consequently, it is possible to define a GHCM by
gathering the information from the different HCMs with the
knowledge gained from the bibliographical review, identify-
ing aquifers and aquitards, locating springs, drawing piezo-
metric levels, etc. (Fig. 11).

In the andesitic volcanic context, the lithology is the main
driver that controls the hydrogeological structure and func-
tioning. Therefore, as with the previous geological studies (
Bogie and Mackenzie 1998; Selles 2014; Sigurdsson 2015b;
Vessel and Davis 1981), this paper considers four zones in
the developed HCM (Fig. 11), namely the central, proximal,
medial and distal ones.

The central zone extends laterally a few hundred meters
to a few kilometers from the summit of the volcano. It is
dominated by intrusive rocks, dome and dome flow lavas
(and their screes), tephras (including some proximal facies
of pyroclastic flows, surges and falls), and autoclastic brec-
cia. This area may contain small-extension perched aquifers
in the previously cited lithologies, where they are pervious
and if an impervious “substratum” enables the accumula-
tion of groundwater. Such groundwater may be associated
with hydrothermalism processes due to proximity with the
volcanic vent—fumaroles, hot and/or high electrical conduc-
tivity (EC) springs, summit/near-summit lake with low pH
waters, etc.—and may also contribute to the vapor produced
at the top of the volcano.

The proximal zone (Fig. 11) extends laterally up to several
kilometres from the summit of the volcano. It is dominated
by the piling-up of pervious lithologies such as the fractured
facies of lava flows, and their associated breccia, pyroclastic
falls, and, to a lesser extent, pyroclastic flows. These pervi-
ous rocks are interstratified with impervious lithologies such
as surges and lahars, and weathered lithologies. This zone
is characterized by perched aquifers of small extent in the
previously described pervious lithologies, for which extent
and discharge depend on the extension and shape of the
impervious layer (and on the climate). This proximal area
also allows the recharge of larger-extension aquifers which
also continue in the medial and distal zones. The discharge
of the proximal-zone perched aquifers is more likely low,
and their groundwater have a low mineralization due to the
short time of residence of the groundwater.

The medial zone (Fig. 11) extends laterally up to more
than 10-15 kms from the summit of the volcano. It is
dominated by ignimbrites, epiclasts, and by lava flows
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Fig.11 A generic hydrogeological conceptual model (GHCM) for
recent andesitic formations with seven hydrogeological features: (1)
local perched aquifer, contact springs; (2) medium elevation springs,
outflowing through weakness zones of aquitards; (3) piedmont
springs, at the transition area between the volcanic aquifers from the

to a much lesser extent. Consequently, the medial zone
shows multilayered dominantly porous aquifer systems
due to the alternation of pervious ignimbrites (reworked
if any) deposits, and potentially fractured lava flows and
their breccia where lava flows reach this zone, and imper-
vious epiclasts. Each aquifer is meters to tens of meters
thick, hundreds of meters to kilometers wide (perpendicu-
larly to the main slope), and often several kilometers long,
and then often beginning in the proximal zone. Their sub-
stratum is also of similar thickness and extension. The
hydrogeological systems of this medial zone have either
of the following structures:

@ Springer

medial zone and the volcano-sedimentary aquifers from the distal
zone; (4) shallow wells (dug wells) in unconfined aquifers; (5) deep
wells in confined aquifers; (6) low-elevations springs outflowing
through weakness zones of aquitards; (7) deep wells in unconfined
aquifers

— Pyroclastic flows (and lava flows, but which are less pre-
sent than pyroclastic flows) that fill pre-existing (paleo)
valleys. The resulting pyroclastic aquifers have a narrow
lateral extent as they are bounded by the walls of the
paleovalley(s). Vertically, they are bounded by interstrati-
fied impervious lahars and/or pyroclastic surges and falls;

— Pyroclastic flows (and lahars and surges) that deposit
on a flat surface, as the pre-existing paleovalleys were
totally filled. They deposit radially from the eruptive
center, as detritic fans. Then the resulting pyroclastic
aquifers have a large lateral extent (up to a few kilom-
eters), as well as their impervious laharic cover if any,
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and surges and falls to a lesser extent. These lahars, if
any, well confine these aquifers, which are nevertheless
multilayered (alternation of pyroclastic and lahar fans).

During an eruptive cycle, channelized aquifers develop first
and are then “covered” by fan aquifers.

Two kinds of springs are observed in the medial zone:
springs issuing from locally recharged unconfined aquifers,
and springs flowing out from confined aquifers, recharged
at a higher elevation, notably in the proximal zone. Springs
from unconfined aquifers are mostly localized in the valleys,
and canyons, if any, where the piezometric level reaches the
topographic surface. It is worth noting that springs outflow-
ing from confined aquifers are not necessarily located in
current valleys. Some of them are located above the most
downstream part of the related confined aquifer which may
not coincide with a current valley. Borewells in such con-
fined aquifers can be free-flowing or not, depending on the
topography/piezometry relationships.

The distal zone (Fig. 11) extends laterally up to 15 km
and much more from the summit of the volcano. It is exclu-
sively composed of volcano-sedimentary multilayered
porous aquifers composed of detritic materials. The subsid-
ence explains the thickness of such aquifers when it reaches
or exceeds several hundreds of meters (Roberts et al. 1994).
Their thickness is about 120—140 m max for coastal aquifers
in the case of glacial/interglacial eustatic variations with-
out subsidence (Neal and Abreu 2009). At high elevations
(Favier et al. 2008; Hall et al. 2017) and/or latitudes (e.g.
Jefferson et al. 2006; Tague and Grant 2004), this distal zone
can also comprise glacial-fluvial sediments.

HCM:s at various scales: insights for applied hydrogeology

The previously described GHCM was built in consideration
of several scales of interpretation, as done in the literature,
depending on the object of interest. A HCM can also be
defined at the scales listed in the following:

1. Pervious lithological unit. This constitutes an aquifer
such as a single lava flow or a pyroclastic flow. It can
also be part of a pervious lithological unit such as the
fractured part of a lava flow, and/or it’s breccia, which
can be an aquifer. This HCM scale is notably required
to define the emerging context of a spring, interpret the
lithological log of a borewell, design the borewell tech-
nical log, interpret a pumping test, etc. The location of
the point of interest within the GHCM zones may give
a preliminary idea of the results—for instance, to deci-
pher whether one deals with a local perched aquifer, a
paleovalley aquifer, or a more “regional” one.

2. Hydrogeological formation. This refers to an aquifer
constituted by the thick piling-up of lava flows, for

instance, or an aquitard. Working at this HCM scale is
notably required for mapping hydrogeological potenti-
alities, and for providing the (ideally 3D) contours (top,
bottom, lateral extent) of potential aquifers (e.g. lava
flows, pyroclastic flows). These hydrogeological poten-
tialities maps can notably be used in the early phase of
siting projects for one or several water wells. It may also
be used to identify the recharge area of an aquifer forma-
tion, and where it outcrops.

“Continuum’”. The flank of a recent volcano, as idealized
in Fig. 11, is a volcanic “continuum”, and is defined as a
morphologically coherent ensemble, generally compris-
ing several lithological formations, superimposed and/
or juxtaposed. It has well-defined underground bounda-
ries (preferably no-flow). Its coherent morphology ena-
bles upstream—downstream ground- and surface-water
coherent flow computation, within and/or on adjacent
lithological formations that exchange flows with each
other. As a water budget can be computed at this HCM
scale, such a HCM can be used for sustainable water
resources management, particularly to avoid overexploi-
tation of the continuum or of a given lithological forma-
tion within the continuum.

Volcanic edifice. This refers to a scale such as that
described by Vittecoq et al. (2023) for the Montagne
Pelée. Such an HCM is mostly the combination of sev-
eral “continuum” HCMs. It can be useful to have a com-
plete view of the volcanic edifice, although the flanks
of the edifice may show different patterns from one to
another. A symmetrical pattern on all sides of the vol-
cano is very unlikely. A volcanic-edifice-scale HCM can
also be used for water resources management;
Stratovolcanoes. Most andesitic volcanoes are organized
as stratovolcanoes, with a well-identified morphologi-
cal shape. Hydrogeologically, most stratovolcanoes are
composed of several adjacent volcanic edifices that con-
stitute a volcanic complex, such as the Bromo-Tengger
Semeru (Toulier et al. 2019). In each volcanic complex,
surface water and groundwater generally flow radially,
from the top of the volcanic complex to its foot. It may
be of interest to work at the volcanic complexes scale,
for instance to compute their water budget, notably to
study the hydrogeological interactions between volcanic
edifices, and to encompass the whole system in order to
define a water-resources-management strategy and water
policy.

Regional scale. Volcano-sedimentary aquifers at a
regional scale are located downstream of volcanic com-
plexes/edifices and can be supplied by the surrounding
volcanic edifices. If their peripheral boundaries and
recharge areas are well defined, these regional volcanic
complexes can be used to manage water resources. At
the scale of a volcanic complex or a regional volcanic
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complex, several configurations and delimitations are
possible depending on (1) the purpose, and the perim-
eter, of the study area (application-dependent contour),
and (2) its (hydro)geological configuration, notably the
contours of the volcanic complexes.

Discussion and perspectives

The literature reviewed here, about andesitic volcano
hydrogeological context, showed the absence of a rec-
ognized GHCM. This paper presents several site-spe-
cific HCMs elaborated at several scales, from the litho-
logical units to the regional scale. From the analysis of
these HCMs, this paper proposes a GHCM for andesitic
hydrosystems; however, this GHCM still mostly relies
on a two-dimensional (2D) approach, and there are some
comments on how to tackle three-dimensional (3D) issues.
Further research should focus on progressing from a 2D
to a real 3D GHCM. There are still some questions about
the lateral distribution of aquifers (and aquitards), nota-
bly in a same “continuum”. The investigation of new case
studies, or the deepening of the investigation of already
investigated ones, should focus on this issue.

Like in most studies, this paper considers the “contin-
uum scale” as the best scale for sustainable groundwater
resource management. Indeed, it is at this scale that one
can identify aquifers, their mutual relationships and their
functioning, and their relationships with surface water, etc.
In the andesitic context, due to the relatively high frequency
of volcanic-edifice construction/destruction events, at the
timescale of the lifespan of a volcano, the construction of
an accurate HCM relies on high-resolution investigations
(Lachassagne et al. 2014). This is consistent with the fact
that the geological structure is the main driver governing
the functioning of the hydrogeological systems. The facies
distribution evolution along a volcanic transect is therefore a
key parameter to define the GHCM, as proposed in Fig. 11.
It is suggested here that it would be better to partly adopt the
terminology from Schumm (1977), which better describes
the geological and hydrogeological processes involved in
each zone. Then, the upstream—downstream succession
would be: (1) central zone, (2) proximal zone, (3) transfer
zone, and (4) depositional zone. As already proposed for
other complex hydrogeological systems (Dewandel et al.
2017; Maréchal et al. 2014), a multidisciplinary approach
is required to elaborate a robust HCM. The geological
approach can be completed by geophysical investigations as
well as with hydrodynamic parameters measurement (pump-
ing tests for instance), location, quantification and definition
of the emerging context of springs, characterization of water
inflows in existing wells, of surface-water/groundwater
relationships, of the hydrochemistry (major ions and stable
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isotopes of the water) in the various compartments of the
hydrosystem, etc. These investigations may be completed/
interpreted with water budgeting, and various types of mod-
els and data processing tools.

In andesitic volcanoes, most authors do not consider
the existence of a basal aquifer flowing through the whole
volcanic edifice, although it may exist in andesitic shield
volcanoes, such as in the Bromo-Tengger. To highlight
the differences between this “andesitic shield” volcano
HCM and the one for recent andesitic formations, this
paper (Fig. 11) proposes hypothetical piezometric levels
in each aquifer, based on an example of aquifer and aqui-
tard distribution. It is proposed that there is not a unique
basal aquifer, but several flow paths through the volcanic
edifice, some of them supplying the volcano-sedimentary
plain aquifers in the distal zone. The piezometric levels
shown in Fig. 11 are hypothetical, as they depend on the
real aquifer and aquitard distribution. A better characteri-
zation of piezometric levels (from observations at springs,
wells, rivers) from several case studies may help improve
this part of the developed GHCM. The proposed GHCM
for andesitic aquifers largely relies on the geological con-
ceptual model sharing the volcanic edifice into central to
distal zones.

Conclusion

This review, compiling worldwide case studies, is a first in
the field of study on the hydrogeology of andesitic volcanic
aquifers. It identifies the main aquifer types, namely lava
flows and pyroclastic flows, and the processes that may
decrease their hydrodynamic properties such as weather-
ing. It also identifies the main aquitards, namely lahars. Due
to the complexity of their geological structures, no generic
hydrogeological conceptual model (GHCM) has yet been
proposed for such andesitic volcanic formations. Although
the authors agree that each volcanic edifice is unique, this
paper provides a GHCM that highlights the main hydro-
geological features of this type of volcanism. This GHCM
largely relies on the geological conceptual model sharing
the volcanic edifice, from upstream to downstream, into
central, proximal, medial and distal zones that have con-
trasted hydrogeological structures and functioning. This
review also enables one to propose a specific GHCM for
old andesitic formations, where this “zones HCM” cannot
be applied, and for the particular case of shield volcanoes
in the andesitic context. Additionally, this paper describes
how applied hydrogeology can benefit from these results,
at various spatial scales, from the scale of the lithological
unit to the scale of regional volcanic complexes, notably
to sustainably manage such aquifers. Among these various
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scales, the “flank continuum” is the most adapted scale to
achieve effective groundwater resource management. Further
improvements to this GHCM are proposed, notably to better
consider the 3D structure of such aquifers. All these results
have strong socio-economic implications, as the piedmont of
such andesitic volcanic edifices is often densely inhabited,
and as the groundwater resources of such andesitic aquifers
are at high risk in numerous areas of the world.
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