N

N

Hydrogéologie des milieux volcaniques insulaires:
apports d’une étude intégrée aux iles (zalapagos
Alexandre Pryet

» To cite this version:

Alexandre Pryet. Hydrogéologie des milieux volcaniques insulaires: apports d’une étude intégrée aux
iles Galapagos. Hydrologie. Université Pierre et Marie Curie - Paris VI, 2011. Frangais. NNT: .
tel-00747313

HAL Id: tel-00747313
https://theses.hal.science/tel-00747313
Submitted on 31 Oct 2012

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-00747313
https://hal.archives-ouvertes.fr

UPMC

IAAl PARIS

THESE DE DOCTORAT
DE L'UNIVERSITE PIERRE ET MARIE CURIE

Spécialité: Sciences de la Terre, Hydrogéologie
Ecole doctorale Géosciences et Ressources Naturelles

présentée par

Alexandre PRYET

pour obtenir le grade de:

Docteur de I'Université Pierre et Marie Curie

Hydrogeology of volcanic islands: a case-study
in the Galapagos Archipelago (Ecuador)

Soutenue le 28 Novembre 2012 devant le jury composé de:

M. Ghislain de MARSILY Président du Jury
M. Philippe DAvVY Examinateur

M. Bertrand AUNAY Examinateur

M. Jean-Paul LHOMME Rapporteur

M. Philippe RENARD Rapporteur

Mlle Sophie VIOLETTE Directeur de these
M. Benoit DEFFONTAINES Co-encadrant

Me Noémi D’OZOUVILLE Invité






Abstract

With a growing population and limited freshwater resources, the hy-
drogeology of the Galapagos Islands remains to a great extent un-
known. Rainfall is relatively weak and unevenly distributed in space
and time. The economical center of the archipelago, Santa Cruz Is-
land, has only small intermittent streams, while several permanent
streams are present on San Cristébal Island. In the frame of this
study, an interdisciplinary approach is used to characterize the hy-
drogeology of the archipelago.

A new method has been developed to enhance the interpretation of
airborne electromagnetics surveys. With geostatistical interpolation
techniques, this method allows the construction of a 3D grid of re-
sistivity. SkyTEM surveys completed in Galapagos were processed
with this technique, and confronted to surface analysis with remote
sensing and field work. The first hydrogeological conceptual model is
proposed for San Cristébal Island.

Climatic conditions have been investigated with the installation of a
monitoring network along the windward side of Santa Cruz Island.
The occurrence of fog during six months of the year presents an addi-
tional input in the water budget and increases groundwater recharge.
This input has been quantified with a physically based canopy inter-
ception model.

The basal aquifer of Santa Cruz Island has been investigated from
the analysis of tidal signal propagation, hydraulic tests, as well as
fault and fracture mapping. Results show that young basalts, densely
fractured by cooling joints, are highly permeable. Because they are
poorly connected, faults have a limited impact over regional ground-
water flow.

Contrasting hydrogeological configurations in the Galapagos Islands
are explained by an evolution pattern. In relatively young islands,
such as Santa Cruz, basalts are fractured and permeable. Seawater
intrusion is strong and freshwater rapidely flows to the ocean. On
the opposite, conditions are more favorable for groundwater storage
in older volcanic islands, where the regional permeability is smaller
and valley incision leads to the existence of springs.

Keywords: Galapagos ; Groundwater ; Kriging ; Airborne electro-
magnetics ; Cloud water interception ; Tidal signal propagation.






Résumé

Avec une population croissante et des ressources en eau de surface li-
mitées, I’hydrogéologie des iles Galapagos reste pour une grande part
inconnue. Les précipitations sont relativement faibles et inégalement
réparties dans le temps et ’espace. Le centre économique de 1’archi-
pel, l'ile de Santa Cruz, ne dispose que de quelques cours d’eau inter-
mittents tandis que 'lle de San Cristébal présente plusieurs rivieres
pérennes. Dans le cadre de ce travail, une approche pluridisciplinaire
est utilisée afin de caractériser I’hydrogéologie de 1’Archipel.

Une nouvelle technique d’interprétation des sondages életromagné-
tiques héliportés a été développée. Grace a des méthodes géostat-
istiques, elle permet la construction d'une grille 3D de la résistivité
électrique. Les données issues de la mission SkyTEM réalisée sur les
iles de Santa Cruz et San Cristébal en 2006 sont mises en perspectives.
Confrontée aux observations de surface collectées par télédétection et
sur le terrain, la géophysique permet de proposer un modele concep-
tuel pour I'lle de San Cristébal.

Les conditions climatiques ont été suivies avec la mise en place de
stations météorologiques le long du versant au vent de I'ille de Santa
Cruz. La présence de brouillard pendant 6 mois de 'année représente
un apport supplémentaire pour la recharge des aquiferes. Cet apport
a été quantifié avec une méthode basée sur un modele d’interception
a base physique.

L’aquifere de base de I'lle de Santa Cruz a été étudié avec la propaga-
tion du signal de marée, des essais de pompage, et la cartographie de
la fracturation. Ces travaux montrent que les basaltes “jeunes” frac-
turés ont une forte perméabilité. En revanche, les failles n’ont qu’'un
effet limité sur I'hydrogéologie régionale, car elles sont peu connectées.

Les configurations hydrologiques contrastées au sein de ’archipel sont
expliquées par un schéma d’évolution. Dans les iles relativement jeunes,
telles que Santa Cruz, les basaltes fracturés sont perméables. Ils offrent
peu de résistance a l'intrusion saline et ’eau douce est rapidement
drainée jusqu’a la mer. Les conditions sont plus favorables dans les
iles plus agées. Les perméabilités plus faibles et I'incision des vallées
permettent I’émergence de sources.

Mots-clés : Galapagos ; Hydrogéologie ; Krigeage ; Electromagnétique
aéroporté ; Précipitations occultes; Propagation du signal de marée.






Resumen

A pesar de la falta de agua dulce, la poblacién de las islas Galdpagos
sigue creciendo. Las precipitaciones son escasas y mal distribuidas en
el tiempo y el espacio. El centro econémico del Archipiélago, la Is-
la Santa Cruz, ni siquiera tiene un rio permanente mientras que San
Cristobal, situada a 70 km al este, tiene numerosos. Este estudio se ba-
sa en un enfoque multidisciplinario para caracterizar la hidrogeologia
del Archipiélago y interpretar estos contrastes.

Una nueva técnica ha sido desarrollada para visualizar los modelos
geofisicos de sondeos electromagnéticos aerotransportados en 3D. Los
datos recogidos en las islas San Cristobal y Santa Cruz fueron vi-
sualizados y analizados con datos geomorfolégicos. Un primer modelo
conceptual hidrogeoldgico ha sido propuesto para la isla San Cristobal.

Una red de monitoreo hidroclimatico fue instalado en el lado barlo-
vento de la Isla Santa Cruz para caracterizar el gradiente climatico.
La presencia de neblina durante la temporada de garia agrega un
aporte adicional en el balance hidrico de la parte alta de la isla. Este
aporte ha sido cuantificado a partir de un modelo de intercepcién con
bases fisicas.

El acuifero basal ha sido caracterizado a partir de un estudio de la
propagaciéon de la onda de marea, pruebas de bombeo y un mapeo
de la fracturaciéon de las rocas basalticas. Estos estudios muestran
que los basaltos jovenes, altamente fracturadas, tienen una alta per-
meabilidad. Sin embargo, las fallas tienen un efecto limitado sobre la
hidrogeologia regional, debido a que no estan conectadas.

Las configuraciones hidrogeoldgicas contrastadas en las Islas Galapa-
gos pueden ser interpretadas con un modelo de evolucion. En las islas
relativamente jovenes como Santa Cruz, las rocas basalticas permea-
bles ofrecen poca resistencia a la intrusién salina y el agua dulce rapi-
damente llega al mar. Las condiciones son mas favorables en las islas
con mayor edad geologico. Las permeabilidades mas bajas pueden re-
tener el agua dulce y la presencia de encanadas profundas permite la
aparicién de fuentes.

Palabra clave : Galapagos ; Hidrogeologia ; Geoestadistico ; Geofisi-
ca aerotransportada ; Interceptién de la neblina.






Avant Propos

Cette these a été réalisée d’octobre 2008 a octobre 2011 au sein de 'UMR
Sisyphe de I’Université Pierre et Marie Curie a Paris, sous la direction de Sophie
Violette. Elle s’inscrit dans le projet “Galapagos Islands Integrated Water Stu-
dies” (GIIWS), initié par Noémi d’Ozouville et Sophie Violette en 2002.

Ces recherches ont été effectuées en collaboration avec de nombreux parte-
naires en France comme a l'international, dont Benoit Deffontaines (UPE, Labo-
ratoire GTMC, Marne-La-Vallée), Jean-Paul Chiles (MINES ParisTech, Centre
de Géoscience, Fontainebleau), James Ramm et Esben Auken (Hydrogeophysic
Group, Université de Aarhus, Danemark), Marcos Villacis, Christian Dominguez,
et Andrés Gonzalez ( Université Polytechnique de Quito, FEquateur), Pilar Fuente
Tomai (Ecole de Génie Forestier, Université Polytechnique de Madrid, Espagne),
Jérome Fortin (Laboratoire de Géologie, ENS, Paris), Pierre Adler et Tan Minh
Vu (Sisyphe, UPMC, Paris).

Pour faciliter la diffusion des résultats, cette these est rédigée en anglais.
Chaque chapitre suit la structure d’'une communication scientifique standard. Un
article a été accepté, un autre soumis, et deux supplémentaires le seront prochai-
nement. Certaines informations peuvent ainsi paraitrent redondantes, mais elles
autorisent la lecture indépendante de chacun des chapitres.
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Caminante no hay camino, se hace camino al andarH

Antonio Machado

The power of accurate observation is commonly called cynicism by those who
have not got it

George Bernard Shaw

L“wanderer, there is no road, the road is made by walking”.
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Part 1

General Introduction







This dissertation deals with the hydrogeology of basaltic islands, with a focus
on the Galapagos Archipelago. At the exception of one island, this world famous
archipelago is nearly devoid of freshwater. Hydrogeological settings are poorly
known, basic climatic data are missing and there are few drill holes. A multidisci-
plinary approach was implemented to answer following questions: Where is fresh
groundwater ? What are recharge processes ¢ What are the factors explaining the
contrasting configurations from one island to the other?

This first part, General Introduction presents the context and methodol-
ogy of this thesis.

Chapter Context presents the geological, climatic and ecological singularities
of the Galapagos Islands. A brief historical summary is proposed, followed by a
description of the “water issue” in the Galapagos Islands.

Chapter Methodology, presents the interdisciplinary problematic of this thesis
and details the different phases of its development.







Chapter 1

Context




1. CONTEXT

1.1 Geographical context

The Galapagos Archipelago straddles the Equator, 90° west of Greenwich. It is
located in the Pacific Ocean, 1000 km west of the South-American continent.
There are 15 main islands, 3 smaller islands, and 107 rocks and islets (Fig. |1.1]).
Isabela is the largest and biggest island of the archipelago, culminating on Isabela
Island at Volcan Wolf, 1707 m a.s.l.

Figure 1.1: The Galapagos Islands. Populated centers are indicated with red
dots. Topography and bathymetry from SRTM-PLUS.

Only four of the islands are inhabited (Fig. [I.1): Santa Cruz the economical
capital (ca. 13 000 inhabitants), San Cristébal the political capital (ca. 6500
inhabitants), Isabela (ca. 2000 inhabitants) and Floreana (ca. 400 inhabitants).
[INEC-CGG),2010|. The total permanent population is about 22 000, but around
160 000 tourist visit Galapagos every year , . Assuming the average
duration of stay to be 5 days, it adds ca. 2200 inhabitants (+10% of the total
population). Furthermore, illegal migrants are not counted in the statistics and
actual population may be bigger.

Most of the cultivable lands are dedicated to agriculture, but a large propor-
tion of the emerged surfaces of the archipelago (97%) is not colonized and belongs
to the Galapagos National Park.
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1.2 Geological context

The Galapagos Archipelago owes its existence in the ocean due to the activity
of a hot-spot. Similarly to Iceland and Azores Archipelago, the structure and
organization of the islands are affected by the presence of a segmented neighboring
mid-ocean ridge, the Galapagos Spreading Center (GSC), a hundred km north
(Fig. [[.2).

The oceanic crust on which the islands are built was formed by the GSC
and belongs to the Nazca plate. It can be no older than 10 Ma [Simkin), [1984].
The spreading half rate of the Fast Pacific Rise (EPR), 1000 km west of the
archipelago, is higher (> 70 mm/year) than that the GSC (21 to 36 mm/y),
which confers the Nazca plate a speed of 71 mm/y in the direction N102°, toward
the Peru-Chile subduction trench [Hey et al., 1977].
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Figure 1.2: The Galapagos Archipelago lies over a large platform, a hundred km
south of a mid-oceanic ridge, the Galapagos spreading center. Inset from
12008, topography and bathymetry from SRTM-PLUS

At the exception of Darwin and Wolf islands, at the northern edge of the
archipelago, the Galapagos Islands do not lie directly on the sea floor (ca. 3000
m below sea level), but over a relatively shallow platform some 250 m below sea
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San Cristébal sud

Sierra Negra, Isabela

(2.3-0.6 Ma) (9000-...)
Santa Cruz
(0.59-0.05 Ma)
Floreana
(1.5-0.07 Ma)
| | | | | N,
T T T T T >
100 Ma 10 Ma A 1Ma 0,1 Ma 10 000
R Homo Erectus
Canaries (Teneriffe)
Cap Vert (Fogo)
Kauai Oahu
Mauai
—_— Hawaii
Madeére
Tle de Paques

Tle de la Réunion

Azores (Terceira, Pico)

Figure 1.3: Ages of the main inhabited islands of the Galapagos Archipelago,
compared to similar volcanic islands. The log time scale is logarithmic. For the

Galapagos Islands, ages from |Geist and Reynolds| [1998]. For others, see Chap.

level (Fig. . The existence of this platform, built by numerous thick lava flows
is explained by high volume and continuous eruptions, which is probably related
to the interaction between the hot-spot and the mid-ocean ridge |Geist et al.

2008; |Mittelstaedt and Itol, 2005, |Wilson and Heyl 1995]. Though the platform

continues in the direction of the continental mainland, there is no geological
evidence that the Galapagos Archipelago has ever been connected, even by a

range of islands with the mainland, 1000 km east [Simkin| |1984].
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McBirney and Williams| [1969] divided the archipelago into four geological
subprovinces:

e The old subprovince comprises Espanola, Santa Fe, Seymour and Baltra
Islands. These islands are the strongly faulted remnants of ancient subaerial
volcanoes that were active from about 3 to 1 Ma ago. These islands are
aligned along a N30° W direction, i.e. parallel to the regional alignment of
the younger western Galapagos.

e The central subprovince is made up by San Cristébal, Santa Cruz, and San-
tiago Islands. The volcanoes have relatively gentle slopes, lack a caldera and
each has aligned systems of satellite vents. Lavas of Floreana do not actu-
ally fit this subdivision. This island has a long-lived history, with eruptions
from late parasitic cones.

e The western subprovince is made up by the historically active volcanoes
of Isabela and Fernandina islands. These shields have roughly symmetric
forms, steep slopes, and enormous calderas.

e The northern subprovince is composed by isolated, small islands exceedingly
diverse petrologically: Wolf, Darwin, Genovesa, Marchena and Pinta.

While the large western volcanoes are built of tholeiitic basalt, those of the
central part of the archipelago are mainly of alkaline parentage. The 91° fracture
zone crosses the Galapagos platform (Fig. and creates an estimated 5 Ma
age discontinuity in the lithosphere |Feighner and Richards,|1994]. This probably
explains that volcanoes of the western sub-province have distinct morphology
|Chadwick and Dietrichl 1995, |Nordlie, [1973].

At the beginning of eruptions, high gas content (mainly HoO and COs) induce
explosive events and the deposit of finely comminuted pyroclastic material, from
lapilli to hash. Pyroclastic cones are present in Isabela |Reynolds et al.l (1995,
Floreana, and Santa Cruz [Bow), [1979] islands. Thick tephra deposit cover Fer-
nandina volcano [Simkin, [1984]. Yet, explosive events were relatively scarce, and
pyroclastic formations constitute only a small portion of the total volume of the
islands. The volcanism of Galapagos is relatively similar to Hawaiian, Azores,
Canary and Réunion islands. Eruptions were to a great extent of effusive type.

Fluid pahoehoe, and clinker scoriaceous aa’ lava flows are both reported and
form a large portion of the edifices. Continuous eruptions with large volumes
of lava lead to the formation of long and thick flows, which formed subdued
profiles with gently sloping coastal apron as in Santa Cruz |Bow)| [1979], and
Isabela Islands [Reynolds et all|1995]. The eruption of fluid pahoehoe flows were
accompanied by the formation of lava tunnels. They are numerous on Isabela




1. CONTEXT

[Reynolds et all 1995] and Santa Cruz Island |[Bow| 1979]. These natural caves
may have an importance in hydrogeology, forming semi-continuous conduits for
groundwater.

Due to uplift, subsidence, and sea level change, islands coastlines and the
proportion of emerged surfaces varied with ages. Numerous evidences of regional
and local uplift up to a few meters in magnitude are reported on Santa Cruz
[Bow|, 11979], Isabela |[Amelung et al., 2000; Reynolds et al.,1995] and Fernandina
islands [Simkin), 1984]. Sea level changed significantly during the construction
phase of current emerged islands (ca. 1.5 Ma to present). It stayed generally
below current level, oscillating between -20 to -70 m [Miller et al., [2005].

Fumarolic activity is relatively scarce on the Archipelago, sulphuric degassing
are reported in Isabela [Reynolds et al., [1995] and Fernandina Islands [Simkin|
1984] but Santa Cruz, Floreana, and San Cristobal are apparently devoid of such
phenomenon.

In contrast to other still-active oceanic archipelagos likes the Azores, Canary
and Samoa Islands, the Galapagos islands are relatively young [Simkin|, 1984]
(Fig. . Most of the Galapagos volcanoes are now extinct and historically
active centers are located on Isabela and Fernandina Islands, below the current
location of the hot-spot.

1.3 Climatic conditions

This is a summary on the climate of Galapagos. Other information are available
in Chap. [G

Climatic conditions in the Galapagos Islands are controlled by winds and sea
currents, with seasonal and inter-annual alternates. South-eastern trade winds
induce marked contrasts between windward and leeward slopes of the main is-
lands. The archipelago is located at the edge of the Central Pacific dry zone (Fig.
, which confers anomalously arid conditions with respect to the equatorial lo-
cation |Colinvauz, 1972]. Median annual rainfall in Puerto Ayora (Santa Cruz,
+ 4 m a.s.l.) is 277 mm |Trueman and d’Ozouville|, 2010].

Due to the north-south migration of the Inter-Tropical Convergence Zone
(ITCZ), seasons alternate between the warm invierno and the cool garia seasons
(Fig. [ Trueman and d’Ozouwillel |2010]:

e During the hot invierno season (January to May): the ITCZ migrates south-
ward in the direction of the archipelago. The influence of trade winds slack-
ens, sea and air temperature rise. Evaporation rates are higher and rainfalll
convective.

10
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Figure 1.4: The Central Pacific Dry Zone during the months of the norther-
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e During the

cool garia season (June to December), a semi-permanent fog

covers the wind-ward sides of the main islands from ca. 400 m a.s.l. up
to the temperature inversion layer (ca. 750-...m a.s.l.). Precipitations are
continuous and of weak intensity.
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Figure 1.6: Vegetation staging along the windward slope of Santa Cruz island

after [Hamann| [1979]. (A) Configuration during the cool garida season with the

occurrence orographic rainfall and fog. (B) Configuration during the hot invierno
season, when rainfall are convective and evenly distributed.

Hot season rainfall is strongly correlated with sea surface temperature, whereas
cool season rainfall is consistent from year to year, and not so closely correlated
with sea surface temperature [Trueman and d’Ozouwille, 2010]. During the cool
season, spatial contrasts are strong. While high elevation areas stay in a per-
manent fog, coastal areas may be totally deprived of precipitations (Fig. |1.6]).
Precipitations are more evenly distributed in the space during the hot season.

12



1.4 Ecological singularity

Extreme inter-annual variations are attributed to the El Nino Southern Os-
cillation (ENSO) with a warm phase, El Ninio and a cool counterpart La Nina.
During El Nino events, sea surface temperature warms as south-eastern trade
winds slacken, upwelling weakens, rainfall are convective and intense |[Canel,
\Conroy et al., 2008; |Snell and Real,[1999]. Since 1880, ENSO events have occurred
roughly every 2-7 years, with no clear periodicity . A combination
including high sea-surface temperatures and weak winds promotes tremendous
evaporation of water into the atmosphere, leading to abnormally strong convec-
tive storms and great rainfall (Fig. [1.5]).

Potential consequences of global warming in Galapagos are difficult to predict,
but may include a sea level rise, a modification of the frequency of occurrence of
El Nifio/ La Nina alternates, and the rise of the cloud base during the cool garia
season [Sachs and Ladd, 2010].

Figure 1.7: The windward side of Santa Cruz Island, photograph from Puerto
Ayora in March 2011.

1.4 Ecological singularity

Geological evidences of a recent (< 1 Ma) landbridge is absent [Simkin, (1984,

and the current distance to the continent is 900 km. Galapagos endemic species
are said to originate from America, the Caribbean, Asia and Australasia
. A popular belief states that current species are the descendant of brave
survivors, who crossed the ocean (probably unintentionally), over small drafts
detached from river banks or seashore at the occasion of flooding or storms. This
is partly true, but the history of the Galapagos biota may be much older. Bio-
geographical evidences over the past dozen million years account for continental

13
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drift and show that the Galapagos biota may have developed from a whole series

of ancestral Galapagos islands, allowing land colonization |Grehan, 2001].

CRUISE OF THE ESSEX. 205

CATCRENG TORTLY,

Figure 1.8: Engraving: “Catching Turtle.” In “Cruise of the Essex” in Harper’s
New Monthly Magazine, Vol. XIX, August, 1859, pp.289-310. New York: Harper
Brothers from www.galapagos.to/ephemera/index.htm.

Contrary to some misconceptions, biodiversity is extremely poor on the Gala-
pagos Islands. Plants and animals species which survived in the harsh conditions
are in a limited number. But most of native Galapagos species are to be found
nowhere else: there is a high rate of endemism. FEnvironmental conditions are
not identical in each island, and the distances between each islands within the
archipelago are relatively big (50-100 km). Though they had common ancestors,
Galapagos species on each island remained isolated and evolved differently. These
observations were first made by Darwin on terrestrial tortoises and finches, which
constituted an argument for his revolutionary theory on the evolution of species
1559).

Though biodiversity is weak, plants and animals in the Galapagos are to be
seen nowhere else, which makes the place attractive. The Galapagos marine
iguana is the only species able to graze seaweeds and desalinate seawater. Sea
lions, tortoises, iguanas and birds are tame so that amateur photographers can

14
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Figure 1.9: Blue footed boobies are very good parents.

Figure 1.10: Sea lions rest hours lying on the beach. They are tame and love
playing with tourists.

15
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come close to these fascinating animals. This, together with fantastic landscapes,
from paradisal to lunar, probably explain current attractiveness of Galapagos,
more than the endemism of species itself.

Long term isolation made insular biota singular, but as well particularly vul-
nerable to the introduction of foreign species. Similarly to many other islands
(e.g. Easter and Réunion Islands), Galapagos territories are deeply affected by
the invasion of introduced plants and animals, either intentionally or not. For ex-
ample, introduced animals (mainly goats) devastated the highlands and deprived
endemic tortoises of food, blackberry proliferated in San Cristébal and quinine
tree covered the highlands of Santa Cruz.

1.5 Historical background

This is a short introduction to the History of Galapagos. The reader may refer to
d’Ozouwille| [2007a] and a very well documented website www .geo.cornell.edu/
geology/GalapagosWWW/GalapagosHistory.html

On his journey from Panama to Peru in 1535, the ship of the Archbishop
Témas de Berlanga became becalmed and was carried west by currents. Short
of water, they reached totally accidentally the Galapagos Archipelago. When
they landed, the ship’s crew was more frightened than amazed by the mysterious
creatures they saw: marine iguanas and gigantic tortoises. The soil was bare
and covered by spiny brushes and cactuses. The archbishop’s crew wandered on
the islands in sake for freshwater, several men and horses died before they found
the precious liquid. Unfortunate discoverer of Galapagos, Témas de Berlanga
left such a terrifying description of the Archipelago that during more than a
century, no one was tempted by a comeback. But by the seventieth century,
the British crown was eager to limit the prosperous development of the South-
American Spanish Empire and gave its blessing to pirates and buccaneers. They
settled their base in Galapagos, evidences of their stay were found in Floreana
and Santiago Islands. Giant tortoises were particularly appreciated by mariners
because they could survive in the ship’s hold for months without food or water.
But more tasty and useful animals were introduced in the islands: goats, pigs, and
donkeys. These species proliferated in the island better than any expectations,
and actually invaded the archipelago. By the eighteenth century, pirates gave
place to whalers and seal hunters. In less than two centuries, they decimated
tortoise and whale populations.

In 1830, the city of Quito gained independence, after the battle of Pichincha
lead by Antonio José de Sucre. By 1832 an Ecuadorian governor was installed in
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1.5 Historical background

Galapagos. Followed different attempts of colonisation by utopian communities,
cultivators, or convicts. A famous penal colony was setted on the island of Isabela.
Ruins of a huge wall, El Muro de las Lagrimas (literally the “wall of tears”) is
still visible today. It was elevated by convicts from large blocks of basalts.

In 1835, the British naturalist, Charles Darwin visited the island aboard the
HMS Beagle. His investigations in Galapagos do not represent a fundamental
argument in the construction of the revolutionary theory of evolution, published
twenty years later, but Darwin became the most famous visitor of Galapagos and
participated to its renown.

By 1869, Manuel Cobos developed successfully plantations of coffee and sugar
in San Cristébal, the only island with perennial streams. By means of a network
of small channels, water was diverted from the rivers to the plantations and the
village of El Progreso. The workers in Cobo’s farm were almost slaves and the
tyrant was eventually assassinated by one of his employees. Yet, San Cristébal
became at that time the most prosperous colony and was declared capital of the
archipelago.

Lured by paradisal descriptions by adventurer’s novels or in sake for a sim-
pler life, European settlers arrived in the twenties from Norway, Germany, and
Belgium to settle in Santa Cruz and Floreana islands. A few months after the
attack of Pearl Harbour in 1942, the US asked permission to install a military
base on one of the smallest and most inhospitable island of the archipelago: Bal-
tra, north of Santa Cruz. The Ecuadorian government accepted, which lead to
an unprecedented development of the archipelago. More than 3000 soldiers and
workers populated Baltra. Freshwater, which was totally absent on Baltra was
imported from San Cristébal by a barge. Vegetables, fruits and meat were bought
to farmers in Santa Cruz and San Cristébal. The American left the island in 1946,
leaving a large airport, the first of the archipelago.

With limited, but growing colonization, invasive plants and animals, the need
for conservation was recognized in 1959. The Galapagos National Park and the
Darwin Research Station were funded and installed permanent offices in Santa
Cruz. Though freshwater was scarce on this island, it was close to Baltra airport
and already colonised.

The boundary of the Galapagos National Park were designated in 1974, and
comprises about 97% of the islands surface. Touristic visiting sites were defined,
and access to the rest of the territory strictly prohibited. The Galapagos National
Park was integrated to the UNESCO World Heritage list in 1978.

Conservation is the main activity of the National Park Services and the Darwin
research stations. Several projects were implemented, such as the Project Isabela
(1997-2006), which consisted in eradicating populations of about 100 000 goats
on the islands of Isabela and Santiago. As well, a vast eradication program
was implemented for the quinine tree (Cinchona pubescens) which invaded the
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highlands of Santa Cruz. But some species such as blackberry, which invaded
San Cristébal remain out of control and expand their territory to Santa Cruz and
Isabela.

By 2010, 160 000 tourists visit Galapagos every year. This is small compared
to touristic activity in Canary Archipelago, which receives 8 million tourists per
year |[[STAC-IET) 2010|. But the number of visitors was multiplied by a factor
of 10 in about 20 years. This drove a rapid economical growth, and standard
of living increased. This attracted numerous migrants from all Ecuador in the
eighties. Today, the permanent population is bigger than 21 000 and only half of
the population was born in the archipelago [INEC-CGG), 2010]
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Figure 1.11: Statistics on touristic admissions in the Galapagos Archipelago

[PNG, 2010

In 1998, a special law was announced to limit immigration and tourism. It
became theoretically difficult for Ecuadorian to migrate to Galapagos. To limit
the entries and fund conservation projects, a $100 fee was required to any tourist
entering the archipelago. Despite this legislation, the situation remained criti-
cal. In 2007, the UNESCO mission reported “growing encroachment of invasive
species, increasing human immigration, uncontrolled development of tourism, and
the failure of various institutions and agencies to deal with these threats”. The
archipelago joined the list of World Heritage in Danger. The government of
Ecuador acknowledged that the Galapagos Archipelago was at risk and declared
its conservation and environmental management as a national priority. In 2010,
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Galapagos was removed from the list of World Heritage in Danger. Political
efforts are real, but law enforcement is difficult. Despite the success of several
conservation projects, invasive species are still present and expand. In fact, little
changed since 2007.

Cultivable lands of the archipelago are located along the humid windward
slopes of the volcanoes. A vast majority of them were appropriated by national
and foreign migrants before the boundaries of the park were delimited. Farms
are relatively big and dedicated to livestock farming, milk production, and coffee
plantations. Local production of market products (fruits and vegetables) is small.
Today, it is much more profitable to invest in tourism than agriculture. Rates
of pay of workers are higher in Galapagos than on the continental mainland.
Importing food, even by plane, is cheaper than growing it in Galapagos. Inhabited
islands and particularly Santa Cruz are totally dependent on food importation.
This present a threat, the importation of food has been proven to be at the origin
of the introduction of several invasive species (plants and insects).

1.6 The water issue in the Galapagos Islands

1.6.1 The situation

4

There is a serious “water issue” in the Galapagos Islands. Though iguanas and
tortoises evolved to cope with arid conditions, human beings did not. Populations
of pirates and whalers identified small springs in the highlands. First settlers
had no alternative but drinking brackish water withdrawn from fault scarps, the
grietas, and harvested rainwater.

At the exception of San Cristébal (ca. 6500 inhabitants) where freshwater is
abundant, other inhabited islands suffer from acute freshwater scarcity: Santa
Cruz (ca. 13 000 inhabitants), Isabela (ca. 2000 inhabitants) and Floreana (160
inhabitants) [INEC-CGG| 2010].

San Cristébal has numerous perennial springs and streams and water resource
meets the needs [d’Ozouwville, 2007a]. Yet, water shortages are reported in the
main city, Puerto Baquerizo. The only issue there is the poorly maintained 15
km long tubing, with numerous leaks.

Only one little freshwater spring was identified on Floreana, but the precious
liquid is evenly distributed to the 160 inhabitants with a network of small tubing
in perfect state. Water is rationed but of good quality, this is a great example of
efficient community management.

The situation is critical in Isabela and Santa Cruz: the unique perennial
resource identified is the brackish and contaminated water of the basal aquifer.
Little data is available on Isabela Island, what is reported below originates from
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studies conducted on Santa Cruz Island. The situation is probably similar, but
less critical on Isabela, which is less populated.

There is no proper sewage system in Puerto Ayora the main city of Santa
Cruz and wastewater is sent to private sceptic tanks |Guyot-Tephanyl,[2010]. The
numerous cracks allow rapid drainage to the underground, numerous households
drive their wastewater directly to the aquifer.

High contamination levels are reported in the basal aquifer of Santa Cruz [ Liu|
2011]. Contaminated brackish water is distributed by the Municipality without
any form of treatment. Part of the groundwater production sites are still located
in populated areas.

Surveys show that the population is aware of the issue. A large majority of the
inhabitants consider that tap water is of bad quality and never drinks it [Guyot-
Tephanyl 2010; INEC-CGG), 2010} |Liu) |2011]. Drinking water originates from
various small desalination plants and rainwater harvesting (4% of the population,
particularly in the highlands [INEC-CGG), 2010]). Drinking water is sold by small
private companies around 0.13$/L that is 133%$/m? |Guyot- Tephany, [2010], which
is extremely expensive.

Though tap water is restricted to domestic use, skin and intestinal diseases
are frequent |Liu|, 2011]. From a survey conducted in 2010 in Santa Cruz, |Guyot-
Tephany| [2010] reports that in each household, at least one member of the family
had been affected by a disease related to water in the last six months. 40% of
the admission at the hospital of Santa Cruz are related to water diseases (skin,
intestine).

From recent studies of |Liu [2011] and |Guyot- Tephany| [2010], following obser-
vations emerge for Santa Cruz:

e Tap water is so contaminated that it is not even appropriate for domestic
use. Having a wash may expose to skin diseases. Cleaning vegetables or
dishes induce a risk of contamination.

e The quality of purified water used for drinking purposes is variable, and
storage conditions in households are inappropriate.

To summarize, freshwater resources are scarce and unevenly distributed in
the Galapagos Archipelago. On the main island, Santa Cruz, distributed water
is brackish and contaminated. It is not suitable for drinking purposes and not
even for domestic use. Bacterial contamination, rather than the presence of salt,
is responsible of the numerous diseases.
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1.6 The water issue in the Galapagos Islands

1.6.2 Previous studies on the hydrology of Galapagos

First hydrogeologist were pirates, whalers and settlers in desperate sake for fresh-
water. Following the traces of tortoises and birds [d’Ozouvillel [2007a], they iden-
tified all the currently known springs on Floreana, Santiago, Santa Cruz and
Isabela Islands. On San Cristobal numerous springs and streams allowed the
development of a relatively prosperous agriculture by the time of Manuel Cobos,
and provided water to the American military base of Baltra by World War II.

Though scientific publications are abundant on Galapagos botany and geology,
very few publications deal with the water resources of the Galapagos Islands.
Calls for groundwater investigations were made by |McBirney and Williams| [1969)
and \Stmkin, [1984]. Given the critical situations of Santa Cruz, Isabela, and
Floreana islands [d’Ozouwvillel |2007b} 2008|, the lack of groundwater investigations
is relatively striking.

By the eighties, an extensive mapping project was conducted in collaboration
with the French development agency (ORSTOM, now IRD) and local authorities
[Ingala et al.;|1989]. Springs and streams were mapped from field work and aerial
photography.

Very few drill holes were executed in Galapagos. Some dispersed attempts
were made in the highlands of Floreana and Santa Cruz at imprecise locations.
Only one drill hole is used for groundwater abstraction on Santa Cruz [Dizon
Hydrogeology Limited, [1996]. In similar islands such as Canary and Hawaiian
Archipelagos, hundreds of drill holes and horizontal galleries have been executed
since centuries. It remains striking that drill holes are so scarce in Galapagos,
and this situation does not facilitate the understanding of local hydrogeology.

At the instigation of Noémi d’Ozouville and Sophie Violette in 2003, the very
first academic investigations in hydrogeology were launched by the University
Pierre et Marie Curie (UPMC, Paris) in collaborations with local partners, namely
the Charles Darwin Foundation, the Galapagos National Park, and the Munici-
pality of Puerto Ayora. The project, entitled Galapagos Islands Integrated Water
Studies (GIIWS), started with a PhD thesis in 2002 [d’Ozouville, [2007a]. A radar-
grammetric DEM was built for Santa Cruz Island |d’Ozouwille et al., 2008b] and
an extensive air-borne electromagnetics survey was conducted over San Cristébal
and Santa Cruz islands [Auken et all 2009; [d’Ozouwville et al., 2008a], reveal-
ing interesting features. These studies were accompanied by first socio-economic
descriptions of the “water issue” on Santa Cruz island [d’Ozouuwille, 2007b|, | 2008].

As a conclusion, hydrogeological investigations started recently in Galapagos
and very few drill holes were executed. Climatic conditions are poorly known,
the conditions of groundwater occurrence are subjected to many uncertainties.
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1.6.3 Why should a French research institution investi-
gate the hydrogeology of (Galapagos ?

Hydrogeological settings of the Galapagos Islands are poorly known and there
are two serious issues regarding water resources: the lack of freshwater, and the
contamination of the resource by inappropriate sewage system.

Galapagos is a province of Ecuador, one may wonder why should a French
institution do research there and attempt to solve these scientific and develop-
ment issues. The GIIWS project is not a substitute to national universities and
consulting firms, but aims to provide a neutral scientific expertise to stakehold-
ers. To this effect, we collaborate with the National Polytechnic School of Quito
and local authorities: the Galapagos National Park, the Galapagos provincial
government and the Municipality of Santa Cruz.

The Galapagos Archipelago has been recognized a World Heritage by the
UNESCO. It attracted scientists over the world, and should deserve world care.
The objective of the GIIWS project is to conduct scientific research that may
help addressing conservation challenges regarding water resources and promote
sustainable development.

As well, it is beneficial for French researchers to collaborate with international
partners in foreign territories. Galapagos is a world famous Archipelago and an
attractive area for Ecuadorian and international scientists. Conducting research
overseas allows the confrontation with international colleagues. The scientific
objective of the GIIWS project are not restricted to Galapagos issues, but aim
to improve global knowledge on volcanic insular contexts, which are found world-
wide, including in France (La Réunion Island).

The discovery of hidden freshwater resources may have practical consideration
in Galapagos. Our investigations raises the concern of some observers, particu-
larly our colleagues dealing with conservation of ecosystems. They know that
unreasonable human development threatens the Galapagos pristine ecosystems,
and are concerned by the development of investigations that may attract more
migrants and tourists, and finally increase the human impact over the environ-
ment.

These concerns to see a scientific program in water sciences fostering devel-
opment in Galapagos can be balanced by following considerations:

e The lack of freshwater has never been a limiting factor to modern human
development in Galapagos. As a simple evidence, Santa Cruz, the island
the most deprived of freshwater resources is the most developed. Most of
the tourist ignore the water issue in Galapagos, and the situation probably
does not limit touristic attractiveness of the archipelago.

e Although they live in a national park, inhabitants of Galapagos deserve
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1.6 The water issue in the Galapagos Islands

freshwater quality. Numerous skin and intestine diseases caused by the
poor quality of water are not acceptable. To the author’s opinion, it is not
ethically valid to control human development with unsanitary conditions.

e A better knowledge of the hydrogeological configuration could promote sus-
tainable management of resources, and potentially avoid expensive desali-
nation techniques, which require the importation of fuel and the disposal
of brines.

As a consequence, we consider that doing research in water sciences could
improve the living conditions of local inhabitants and limit their impact over the
environment. It participates to the improvement of the understanding of ground-
water occurrence in volcanic insular contexts, with world-wide applications.
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2. METHODOLOGY

2.1 The approach

This PhD thesis is part of the Galapagos Islands Integrated Water Studies (GI-
IWS). Investigations were oriented in function of the (un-)availability of data and
funding. Instead of focusing on a specific field of research, we focused on a place
and a problematic: characterizing groundwater occurrence in Galapagos. Inves-
tigations conducted in the frame of this thesis were various and interdisciplinary.

We concentrated our efforts in the accessible, inhabited islands (Santa Cruz,
San Cristébal, Isabela, and Floreana islands) where the needs are the most con-
spicuous and access to the field is eased (though not necessarily easy).

At the start of this thesis, it was identified that:

e The large airborne electromagnetics SkyTEM dataset collected by |d’Ozouwille
[2007a] was difficult to visualize and could reveal further insights.

e The lack of climatic records in the highlands was a serious issue for ground-
water studies. In particular, the input from cloud water interception was
totally unknown.

e Very contrasting hydrogeological configurations are reported for Santa Cruz
and San Cristobal islands, though they share very similar climatic and
geological patterns.

e Hydrogeological investigations regarding the basal aquifer of Santa Cruz
Island deserved to be extended. In particular, the importance of normal
faults on groundwater flow was poorly understood.

After such observations, it was decided to conduct investigations in following
three thematics directly related to groundwater occurrence (Fig. [2.1)):

e Internal structure. By means of geophysics, geomorphology, and remote
sensing, the internal structure of volcanic edifices is investigated. The de-
scription of the geometry and properties of volcanic formations is crucial
for hydrogeological investigations.

e Recharge processes. By means of climatic monitoring, vegetation and
soil instrumentation, spatial and temporal distribution of precipitations
were characterized. The description of groundwater recharge processes pro-
vides important insights on the hydrogeological potential and allows the
estimate of the renewable freshwater resource.

e Groundwater flow. By means of analytical modeling, analysis of tidal
signal propagation, aquifer tests, and fracture mapping at several scales,
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groundwater dynamics was investigated. This provides insights in the un-
derstanding of hydrogeology of volcanic islands, with practical implications
for the Galapagos Archipelago.

Recharge processes

input from precipitations and

cloud water interception

climatic records, instrumentation of soil and vegetation

Part Il

Internal structure
geophysics, remote sensing, field work

Part|

-7 >

Groundwater dynamics
conceptual model, analytical and numerical modeling

Part I

Figure 2.1: Objectives of the thesis and structure of this document. Investigations
conducted in the frame of thesis were various and interdisciplinary, but directly
related to groundwater occurrence in volcanic insular context.

Whether it was worth, justified, and relevant to launch simultaneous investi-
gations in such diverse fields is a question under debate. Whatever the answer is,
this interdisciplinary approach provided the candidate a broad scientific overview
on several thematic directly related to water sciences, which may appear as a
valuable experience to start a career in this domain. If the answer is no, at least
it provided the PhD candidate an excellent lesson: better to focus efforts on a
specific topic.

2.2 Timeline

This thesis was conducted from October 2008 to October 2011 and included more

than 8 months of field work in Galapagos. Investigations were conducted in three
phases:

o Investigations started in 2008 with a literature review on the hydrogeology
of volcanic islands. Exploratory field work was conducted in the islands of
Santa Cruz, San Cristobal, and Isabela.
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e In 2009, a new visualization technique for airborne electromagnetics surveys
was developed. It was then used for the interpretation of the SkyTEM
dataset collected by my predecessor in Santa Cruz and San Cristobal.

e By mid-2010, the GIIWS project took a determining turn, as it received
funding from the French Agence Nationale de la Recherche (ANR). A net-
work of weather stations was installed in collaboration with Ecuadorian
students of the Polytechnic School of Quito (EPN).

e Climatic and hydrogeological data processing. Writing of the dissertation.

2.3 Structure of this dissertation

As the reader probably realized, this dissertation was not written in French as
it is the tradition in this university, but in English. This language was chosen
in order to make this study accessible to any person interested by the topic, and
first of all, to allow the diffusion of the results to our Ecuadorian colleagues and
partners. They did contribute to this work and may be interested by the results.

Results of this PhD thesis have, or will be submitted for publication in peer-
reviewed international journals. Omne chapter constituting this document has
already been published, another is under review, and two others will be submitted
shortly. To this effect, the structure of each chapter follows the classical structure
of scientific communications and intend to be self-standing. Though it was limited
to the minimum, some information may therefore appear redundant from one
chapter to the other.

As presented by Fig. this dissertation is divided into three main parts: In-
ternal Structure, Recharge processes, and Groundwater dynamics. This
structure gives a consistence to the document, but boundaries between respective
parts are relatively permeable, and chapters are inter-dependent.

Part [[T, Internal Structure aims to describe the interior of basaltic islands,
with a focus on groundwater occurrence.

Chapter [3, Hydrogeology of basaltic islands: geological age as a determining
factor is a literature review regarding groundwater occurrence in basaltic islands.
In Chapter [ 3D resistivity gridding of AEM surveys, a new technique allowing
enhanced interpretation of airborne electromagnetics is presented. Based on this
visualization method, Chapter bl Hydrogeological framework of San Cristobal is-
land proposes the first hydrogeological conceptual model of San Cristébal island.
Results are compared with the hydrogeological settings of Santa Cruz islands,
which shares common geological and climatic patterns but is devoid of freshwater
resources.
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Part [[T], Recharge processes, aims to describe the processes contributing
to groundwater recharge in insular contexts. Results are based on climatic data
collected by weather stations installed in the frame of this thesis.

In Chapter [0, Quantification of cloud water interception, we propose the first
estimation of cloud water interception in the Galapagos Islands.

Part [V Groundwater dynamics is dedicated to groundwater dynamics
and estimates of hydraulic properties.

Chapter [7} Analytical and numerical modeling of basal aquifers proposes a
review of analytical solutions modeling seawater intrusion in coastal aquifers, with
special reference to volcanic islands basal aquifers. Chapter [§ The basal aquifer
of Santa Cruz Island is a multi-scale approach aiming to characterize hydraulic
properties of Santa Cruz Island. Chapter[9] High-level groundwater in Santa Cruz
Island is a discussion on conditions of groundwater occurrence in Santa Cruz
island, based on geophysical results, climatic data, and hydrogeological evidences
gathered in the frame of this thesis.

The conclusions of this study are presented in Part [V] They are divided into
general results (Chapter , and solutions specific to the Galapagos Islands

(Chapter [11)).
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Man wondering whether it is good to know a little bit about everything, or
everything about a little thing: an allegory of multidisciplinary research?






Part 11

Internal structure
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This part, Internal Structure, deals with the interior of basaltic volcanic
islands with a focus on groundwater occurrence.

The first chapter, Hydrogeology of basaltic islands: geological age as a deter-
maning factor, is a literature review. This study reveals that the geological age of
volcanic islands conditions their hydrogeological settings. This review served as
the basis for exploratory studies in Galapagos and allowed analogies with other
well studied islands.

Following chapter 3D resistivity gridding of AEM surveys details a methodol-
ogy developed in the frame of this thesis, which aims to enhance visualization and
interpretation of airborne electromagnetics surveys. This method is applicable to
any geological contexts, and allowed unprecedented imaging of volcanoes interior.

An application of the 3D visualization technique is illustrated on subsequent
chapter, Hydrogeological framework of San Cristobal Island after SkyTEM survey:
insights in the morphological evolution of basaltic shields. The first hydrogeologi-
cal conceptual model is proposed for this unique island of the Galapagos Islands,
characterised by numerous springs and streams. In a comparative approach with
Santa Cruz Island, apparently devoid of water resources, the two islands are shown
to share common geological and climatic patterns but differ by their “stages” of
hydrogeological evolution.
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Hydrogeology of basaltic islands:
geological age, a determining factor

Abstract

Basaltic islands owe their existence to intra-plate volcanism, they are scattered
over the world oceans and host ca. 6 million inhabitants. Freshwater shortages
are common and populations are expected to grow. Volcanic formations are com-
plex and heterogeneous, their hydraulic properties are highly variable. Due to
chemical and mechanical effects, permeability decreases with time and depth.
Climatic conditions are very contrasted between the humid windward side where
water may be abundant and an arid leeward side, devoid of water resources.
Groundwater is found in (1) a basal aquifer subjected to seawater intrusion, (2)
high-elevation perched and (3) dike-impounded aquifers. The basal aquifer re-
mains at low elevation in young islands, where regional hydraulic conductivity is
high (K ~ 1x107% m/s) and hydraulic gradient low. In contrast, the basal aquifer
is identified at much higher elevation in older islands, and forms a thick freshwater
lens feeding springs and streams. This latter configuration is related to lower re-
gional hydraulic conductivity (K ~ 1x107% m/s), rather than enhanced recharge
rates. Though effects of ageing are modulated by climatic conditions, there is a
clear relationship between the age of the island and its hydrogeological potential.




3.1 Introduction

3.1 Introduction

Under favorable climatic and geological conditions, groundwater resources of vol-
canic islands may be substantial [Whittier et al.,2010], but volcanic islands often
have poor perennial stream network and freshwater resources may be limited to
a thin freshwater lens [Falkland) [1999]. Freshwater shortages are acute in sev-
eral islands, e.g. the Galapagos and Canary islands |Custodio), |2004; |d’Ozouvillel,
2007b]). The total population living on basaltic islands is estimated to 6 mil-
lions (Table . On some of the islands, population is growing and challenges
regarding freshwater supply arise (e.g. Réunion Island (INSEE, 2010) and the
Galapagos Archipelago (INEC, 2006)). In many islands, groundwater abstraction
rates appear to exceed recharge (e.g. Canary Islands [Custodio et al.,|1988]). This
explains why, though the sparsity of volcanic islands, their groundwater resources
deserve greater effort of investigation (e.g. [Cruz and Silval [2001]). Desalination
of sea- or brackish-water turns to be the last resort and has been implemented in
some of the islands (e.g. Canary Islands [Vezd, 2001], and Galapagos [d’Ozouvillel
2007b]). With rising energy costs and large-scale development, energy consump-
tion and brine disposal may turn to be serious issues. Yet, it may be mitigated
with the improvement of desalination technologies , or the use of
sustainable energies |Garcia-Rodriguezl |2002].
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3. HYDROGEOLOGY OF BASALTIC ISLANDS

Name Pop. (105) Rf. [mm)] Age (109 years)
1 Azores Arch. 0.24 2000 1-4 (SM)
2 Canary Arch. 2.1 1000 1.0-20
3  Cape Verde Arch. 0.505 500 ?
4 Comoros Arch. 0.8 ? ?
5  Easter Isl. 0.0037 1100 0.36
6  Galapagos Arch. 0.02 1200 0.5 (SZ), 0.65 (SC)
7  Hawaii Arch. 1.2 4800 1.3(Ma), 3 (Oa), 5.1 (Ka)
8  JejuIsl. 0.53 2000 0.7-1.2
9  Madeira Isl. 0.25 3000 0.007
10 Mauritius Isl. 1.27 2.0 3
11 Réunion Isl. 0.78 4200 1.0 (PdN), 0.2 (F)

Table 3.1: Population, rainfall and age of the main basaltic volcanic islands. Pop.
stands for population, Rf. stands for median rainfall at mid slope along windward
sides, Age, for the mean geological age of the most representative massif. 1. Pop.
INE Lisbon (2009), Rf: |Cruz| [2003], Age: |Cruz| [2003]; |Cruz and Silval [2001], SM
(Sad Miguel). 2. Pop. INE Madrid, (2009), Rf. |Cabrera and Custodio| [2004] ; Age:
\Custodio et al|[1988|; Ecker|[1976]. 3. Pop. World Bank (2009), Rf. |Carreira et al.|
[2010]; [Heilweil et al| [2009], Age: ;|Carreira et al|[2010]; [Heilweil et al][2009]. 4.
Pop. World Bank (2009). 5. Pop. SUBDERE, Santiago (2002), Rf. |Herrera and
\Custodio| [2008], Age |Herrera and Custodio| [2008]. 6. Pop. INEC, Quito (2006),
Rf. [Trueman and d’Ozouville| [2010], Age |[Bow| [1979];|Geist et al|[1986], SZ (Santa
Cruz), SC (San Cristébal). 7. Pop. US Census Bureau (2009), Rf.
et al.| [1986], Age|Peterson and Morre|[1987], Ma (Maui), Oa (Oahu), Ka (Kauai).
8. Pop. Jeju Spec. Gov. website (visited 2011), Rf. |Won et al. [2006], Age |Hahn
et al| [1997]; | Won et al|[2005]. 9. Pop. INE Lisbon (2009), Rf: |Prada et al.
[2005]. 10. Pop. World Bank (2009), Rf. [Dhurmea et al|[2010], Age|Jawaheer and
Proag| [1988]. 11. Pop. INSEE Paris, 2006, Rf. [Soler et al|[1997], Age|Upton and
Wadsworth| [1966], PAN (Piton des Neiges), F (La Fournaise).
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This study focuses on the hydrogeology of volcanic islands with basaltic petrol-
ogy and sub-tropical or sub-equatorial climate. Cold climatic conditions, partic-
ularly the presence of glacier in Iceland has a significant impact over the geo-
morphology and will not be specifically addressed in this study. The case of arc-
islands (e.g. Caribbean, Aeolian islands) will not be considered either, as they
are characterized by andesitic explosive volcanism and hydrogeological settings
differ (see e.g. |Charlier et al.| [2011]). Even though they may have basaltic past
[Vacher and Quinn|, 1997], the hydrogeology of carbonate islands (e.g. French
Polynesia) is different to that of basaltic islands and will not be addressed in this
study (see e.g. |[Mark R. Underwood| [1992]; Pouchan et al. |[1988]).

Basaltic islands are found in all the oceans (Fig. , they are located on
oceanic plates, along the trail of hot-spots (e.g. Hawaiian Archipelago, Réunion
Island) or straddling a mid-ocean ridge (e.g. Iceland, Azores), or both. These
islands are composed by one or several coalescing shield volcanoes, built by series
of lava flows alternating with pyroclastics units. Climatic conditions between
the tropics are warm and often humid, which facilitates rock weathering and soil
development.

In spite of common processes at the origin of their existences, each basaltic
island has its own geological history and climatic singularity, both having a strong
influence on the hydrogeological settings. This comparative study aims to iden-
tify common hydrogeological features and explain contrasts between the islands.
While most of the investigations have been concentrated in populated islands
of developed countries (e.g. Hawaii, Canary Islands), this study may benefit to
islands where hydrogeological investigations are in a limited number.

Essential notions of physical volcanology are first presented so as to describe
the nature, structure, and geometry of volcanic rocks and formations. From a
review of the literature, we investigate the hydraulic properties of volcanic rocks.
After a short description of peculiar aspects regarding groundwater recharge in
insular oceanic environments, the different modes of groundwater occurrence are
reviewed. Various schematic conceptual models are synthesized. Related meth-
ods of groundwater development are described as well as water quality issues
encountered in volcanic contexts. By means of a simple analytical solution, we
discuss possible explanations to interpret the contrasted hydrogeological situa-
tions of basaltic islands.
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3. HYDROGEOLOGY OF BASALTIC ISLANDS

3.2 Volcanic rocks and edifices

3.2.1 Origins and evolution of a volcanic island

3.2.1.1 Initial stages of a volcanic island

Although most Earth volcanism is associated with subduction zones at plate
boundaries, many islands are basaltic and emerge as the consequence of mid-
or intra-plate volcanism |Fowler, 2005]. When islands form a chain with ages
increasing in one direction, they were built as the lithospheric plate moved over
what is commonly called a hotspot (e.g. Hawaiian Archipelago in the Pacific
Ocean, La Réunion Island in the Indian Ocean). Basaltic volcanic islands may
also be organized along a mid-oceanic ridge, where pressure fall induce massive
partial melting (e.g. Azores Archipelago, Iceland).

Basalt is a family of lavas relatively mafic (rich in magnesium and iron) and
basic (poor in silica). They are divided according to their normative mineral
content into alkali-olivine basalts (relatively more alkaline, i.e. rich in K,O and
Nay0) and tholeiitic basalts. The former are more likely to originate from hotspot
contexts where partial melting is weaker, while tholeiitic basalts generally orig-
inate from oceanic ridges, where partial melting is higher, forming less depleted
lavas (richer in Mg, Fe) [Bardintzeff and McBirney, 2006]. Basaltic lavas flows
at a temperature of ca. 1200 °C and are relatively fluid, which allows continuous
degassing and effusive eruptions. Yet, beginning of effusive eruptive events are
characterized by high gas content and may be accompanied by short explosive
period accompanied by ash deposit.

Extruded from one or several shield volcano(s), basaltic volcanic islands are
the visible part of larger edifices lying on the sea-floor several kilometer deep under
sea level. Lava flows originate from vents and fissures, possibly aligned along a
rift zone intruded by numerous feeding dikes |Thouret|,[1999]. The organization of
rift zones is controlled by tectonic settings, than can be modified by local stresses
such as gravitational sliding |Acocella and Neri| |2009; |Carracedo et al., 2009].

3.2.1.2 Erosion and subsidence

Both of constructive (eruptions) and destructive (erosion) processes are effective
simultaneously during the active life of the volcano, after which destructive agents
alone control the morphological evolution.

Volcanic formations are easily erodible and steep slopes around eruption areas
are prone to fast destruction by gravity and running water, as well as by sea
abrasion in coastal areas. Slope instability leads to large-scale slumping and
landslides. They may be at the origin of modifications of surface and groundwater
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central volcano
active rift zone caldera

subaerial
volcanism

120° triple fracture

Figure 3.2: A hot-spot based schematic model for the evolution of a Mercedes-type

rift zone. From .
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flow systems |Custodio), 2004} |Join et al., 2005]. In the Galapagos Islands, springs
originate from the dismantlement of pyroclastic cones (author’s observation).

Streams dissect volcanic material and transport it downstream, eventually
redepositing it in valleys in the coastal areas, or possibly on the submarine flanks
on the volcanoes |Peterson and Morre, [1987).

The thin oceanic lithosphere sags downward because of the weight of the
edifice |Thouret, |1999] so that subaerial extruded lavas are brought down under
sea level [Peterson and Morre|, 1987]. Meanwhile, uplift may be responsible of
submarine volcanic rock outcropping (e.g. Isabela Island, Galapagos |[Amelung
et al.[ [2000]).

3.2.1.3 Final stages of a volcanic island

With decreasing volcanic activity, increasing subsidence and erosion, island alti-
tude progressively reaches sea level and disappears. In tropical and equatorial
contexts, calcareous sediments are produced by marine organisms and may form
a ridge around the island, a reef barrier |Vacher and Quinn| 1997]. This may
lead to the formation of an atoll |Vacher and Quinn, [1997].

3.2.2 Volcanic formations

3.2.2.1 Lavas: pahoehoe and aa’

When it reaches the surface, more or less degassed magma forms lavas, which
spread away from vents and fissures. They are classified depending on their
viscosity and emplacement conditions into two types, pahoehoe and aa’, borrowed
from the Hawaiian native language.

Pahoehoe (ropy type) lavas are fluid and tend to spread out rapidly, forming
thin lava flows on sloping ground, or large lava fields in flat areas. They have
smoothly undulating surface, they are generally thin, and contain cracks and voids
of various sizes, which are collapsed in places. However, ponding of pahoehoe lava
in depressions or on gentle slopes can result in thick accumulations of massive
pahoehoe [Peterson and Morre, [1987].

Eruptions of pahoehoe lavas are usually accompanied by the formation of lava
tubes or tunnels. They form when a solidified crust develop at the top of the
flow, while lava keeps flowing beneath [Valerio et all 2008]. When the lava flux
ceases, the tunnel may be emptied, leaving tunnels from 1 m to 20 m in diameter
and several kilometer long (Valerio et al|[2008] and references herein).

Depending on their viscosity, cooling speed and gas content, pahoehoe lavas
commonly grade into aa’ (clinkery type) lavas with increasing distance from the
eruptive vent. Aa’ lava flows are typified by a central core of massive rock about
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Figure 3.3: Structure of a lava flow sequence, composed by piles of pahoehoe and

aa’ flows with clinker beds. From .

a meter to several meters thick, with a surface layer of coarse, fragmental rubble
known as aa’ clinker, or flow-top breccias [Fowler],[2005]. Beneath the clinker, the
core of viscous, incandescent lava continues to spread, carrying along the clinker
[Peterson and Morre,1987]. As the flow moves forward, clinker and blocks around
the massive core cascade down the front of the flow and are overridden by it.
Subsequent cooling and volumetric contraction of the core result in well-developed
joints. Vertical joints are most conspicuous, although lateral and oblique joints
resulting from shear stresses within the flowing core are also common [Fowler
. As for pahoehoe, emplacement of aa’ on gentler slopes results in thicker,
more massive lava flows.

Viscous lavas originate from more acidic magmas, that may originate from
a basaltic magmatic source after a long differentiation process in a magmatic
chamber. This kind of lavas tends to pile up around the outflow pit. In some
cases only a plug of semi-solid hot rock has extruded, possibly accompanied by
sudden outburst of ash flows |Custodio, [2004].

Submarine volcanic deposits include the pillow lavas common at mid-oceanic
ridges, formed at depth with high hydrostatic pressure. Shallower submarine lava
extrusion turns to be explosive and form finely comminuted glassy ash (hyalo-
clastite) and breccias, possibly with bioclastic material 1996]. These for-
mations may outcrop after uplift but are relatively scarce in the sub-aerial part
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3. HYDROGEOLOGY OF BASALTIC ISLANDS

of the islands.

The bulk of a basaltic island is thus composed of dike-free effusive basaltic
rocks formed by subaerial undifferentiated aa’ and pahoehoe 1-10 m thick, that
make up a gently dipping stratified fabric extending from land surface to consid-

erable depth [Gingerich and Voss|, [2005] (Fig. [3.3).

3.2.2.2 Pyroclasts

Gases may exsolve more or less violently in the form of bursts, in which part or
much of the magma is fragmented and thrown into the air, forming pyroclasts
(tephra) varying in size from coarse blocks to fine dust (ashes). Pyroclasts may
be deposited as cooled fragments which remain loose, or as hot fragments which
may be welded to some extent [Fowler, 2005]. The block, gravel and sand size
pyroclasts (lapilli) pile up around the outflow area, forming a cone, which is
symmetrical or deformed, depending on wind strength- and land slope.

Near the volcano, the ratio of lavas to pyroclasts is highly variable. It can
be high in some basaltic shield volcanoes such as in Hawaii, but very low in
explosive eruptions of acidic type, or when the rising magma meets groundwater
(phreatomagmatism) |Clarke et al.,2009]. This contact between intruding magma
and groundwater may lead to violent explosions, that leave a peculiar hole on
the surface, called maar which may later form a lake since weathering rapidly
produces a clayey impermeable layer |Bardintzeff and McBirneyl 2006].

3.2.2.3 Dikes

Dikes are thin, sub-vertical massive sheets of intrusive rock |Fowler, 2005]. They
have a high importance in hydrogeology and often form groundwater barriers
[Custodiol,2004]. For this reason, dike physical properties and spatial distribution
deserve to be detailed.

The density of dikes is higher close to a magmatic chamber, rift zones, and
calderas, where magmatic activity is concentrated. From observations in Ice-
land, |Gudmundsson| [2002] distinguished inclined thin dike-sheets forming dense
swarms, and regional sub-vertical dikes 4-6 m thick and several kilometers long.
In both situations, |Gudmundsson| [2002] state that dike density decreases with
altitude in the lava pile.

Stress regimes in volcanic contexts are the result of tectonic, magmatic, and
gravitational stresses. Dikes develop perpendicularly to the local least compres-
sive stress. They may align along a main simple rift zone, or a < Mercedes>-type
stellate complex [Thouret], [1999] (Fig. [3.2). But the presence of a volcanic edifice
and flank instability complicates the simple dependence on the regional tectonic
setting, introducing significant deviations from expected dike patterns [Acocella
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and Neri),2009]. Dikes at many volcanic edifices show characteristic radial and/or
circumferential patterns, suggesting control by a local stress field imposed by a
pressurized magma reservoir and/or the load of the edifice [Acocella and Neri,
2009; |Chadwick and Howard) [1991]. Flank collapses induce a perturbation of the
stress regime and lead to horseshoe-shaped rift zones such as in Canary Islands
[Carracedo et al., 2009; |Walter et al., 2005].

Dikes are not necessarily straight and continuous, but may re-use previous
fracture paths, form en echelon segments, be deviated or interrupted by changes
in the lithology [Acocella and Neril 2009; |Clemente et al., 2007; | Gudmundsson,
2002]. Horizontal dikes are called sill, they form when magma intrudes weaker
sub-horizontal interflows.

Dikes are affected by cooling joints perpendicular to the cooling surface, and
fracture can be later formed by brittle deformation at the occasion of an active
tectonic period or subsequent dike intrusion.

Volcanic formations originate from rift zones or eruptive centers that are char-
acterized by the concentration of intrusive formations, sub-vertical dikes through
which basalts were extruded at the surface |Peterson and Morrel |1987]. These
eruptive zones form the topographic crests of the volcanoes and their submarine
extensions. Within each rift zone, a dike complex zone and a marginal dike zone
can be delineated (Fig. . Dikes are most heavily concentrated in the dike
complexes |Carracedo et al., 2009], where they commonly constitute more than
10% or more of the total rock. Most of the dikes dip steeply and are arranged
in a sub-parallel pattern roughly aligned parallel to the trends of the major rift
zones. Away from the rift zones, on the flanks of the volcanoes, dikes are sparse
or absent, they account for less than 5% or the total rock [Hunt, [1996].

3.2.2.4 Paleo-soils, lahar

Chemical weathering and particularly hydrolysis of basaltic rocks result in the
formation of erodible soils and thick zones of clay-rich saprolite where textural
features of the parent rock are retained |[Hunt, 1996]. Subsequent lava flows may
spread over such formations. The heat “bakes” the underlying material, which
acquires a reddish color (rubefaction). The extension of this red layer depends of
the initial extension of the soil and the extension of the overlying lava flow. Due
to its contrasting color, this horizon may be easily mapped kilometer long along
scarps where it crops out |Custodiol 2004].

Volcanoes commonly have steep slopes close to the geotechnical equilibrium.
Erosion, earthquakes and uplifting due to deep magma emplacement may trig-
ger large landslides that deeply affect volcanic formations and leave deep scars
in landscapes [Carracedo et al. [2009]. Along the sliding surface, pressure and
friction may form a layer of finely crushed material, sometimes rich in bentonite
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[Custodiol, 2004]. Landslides may be accompanied by mudflows (lahar), which
form clay-rich impervious units between lava flows.
Subsequent lava flows, colluvial, or alluvial material may cover landslide scars

and fault scarps, which complicates the identification of initial features |Custodio,
2004; | Thouret|, 1999).

3.2.3 Evolution of volcanic rocks

3.2.3.1 Fractures and faults

Massive basalts are commonly dissected by a dense network of cooling joints,
possibly forming characteristic columnar units |Khaleel, 1989]. Joints develop
perpendicular to the cooling surface, i.e. sub-vertically in lava flows, and sub-
horizontally in sub-vertical dikes.

At the regional scale, oceanic islands are often dissected by major (mostly
normal) faults related to regional extensional tectonic regime or flank collapse
such as in the Canary, Hawaii, and Galapagos archipelagos |[Martel and Langley,
2006; | Parfitt and Peacockl,[2001; | Podolsky and Roberts|, 2008; | Walter et al.,|2005].

3.2.3.2 Hydrothermalism

Over a long time (up to several million years) the slow cooling of magma cham-
bers, is accompanied by the release of large quantities of hot gases, mostly CO,
and water vapor. They have important impact on groundwater chemistry and
modify rock properties by secondary mineralization and thermal metamorphism
[Cruz, 2003} |Custodiol, 2004; |Keller et al., [1979]. Hydrothermalism extends out-
ward with progressively decreasing intensity. Fissures tend to be progressively
filled with new minerals and impart a very low permeability to the surrounding
of the volcanic center. The formation of zeolite, a secondary mineral in pores of
lavas in La Réunion dramatically reduces rock porosity [Join) [1991].

3.2.3.3 Weathering

Due to their glassy nature and great specific surface, chemical alteration of ashes,
breccias and scorias is enhanced and lead to the formation of clayey minerals.
Massive lavas and dense ignimbrites are much more resistant to chemical alter-
ation, conserving some of their primary and secondary properties for a much
longer time, up to tens of millions of years [Hunt|,|1996]. The effects of alteration
are dependent of the availability of water, so that formations of the windward
sides are more altered.
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Fluxes of colloids, leaching, and hydrothermal mineralization induce clogging
of fractures and pores. Minerals from overlying material are redeposited at greater
depths in the saprolite to form clay-rich zones, sand sheets and concretions of iron
oxides. These deposits reduce permeability.

3.3 Hydraulic properties of volcanic formations

3.3.1 Estimating hydraulic properties

Various techniques are employed to estimate hydraulic properties, each of them
providing a value for an equivalent porous medium at a given scale. Permeability
measurements are shown to be particularly scale-dependent in volcanic contexts
[Ingebritsen and Scholll |1993].

Estimates can be performed at the laboratory on core samples (scale of 1-10
cm). At the scale of the outcrop (1-10 m), portable air permeameter may be used
to estimate the permeability of porous media|Folio [2001]. Fractured media can be
characterized from fracture network mapping [Folio, 2001; [Khaleel, 1989]. The
equivalent horizontal and vertical hydraulic conductivities of composite media
can be estimated from the arithmetic an harmonic means respectively (e.g. |Folio
[2001]).

Pumping tests allow a direct measurement of equivalent transmissivity and
storage coefficient of an area surrounding the well (10-1000 m). They are gen-
erally interpreted in the same way as the tests carried out in granular material
(Jacob, Theis, and Hantush methods) |Custodio, 2004; |Gingerich), 1999; |Rotzoll
et al 2007), which were developed for isotropic and homogeneous media. These
estimates, and particularly storage coefficient estimate, may be irrelevant in het-
erogeneous formations [Mezer et all [1998].

In coastal areas, aquifer diffusivity can be estimated from phase shift and
attenuation of the tidal signal [Cruz, [2003; |Ferris, (1952; |[Rotzoll et al., |2007].
This method provides an estimate representative of a larger area (1-5 km) than
pumping tests, but is particularly sensitive to the coastal boundary conditions
[Slooten et all 2010].

At the regional scale (1-10 km), equivalent hydraulic properties may be esti-
mated by means of numerical models calibrated to observed groundwater levels
(e.g. |Custodio et al.l |1988; |Gingerich and Voss, [2005; |Violette et all 1997]).

3.3.2 Lava flows and pyroclastic deposits

Although most rocks in basaltic formations have similar chemical compositions,
the diversity of their mode of emplacement causes a large variety of physical
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properties. The voids that constitute porosity in volcanic rocks may be classified
into four categories (after |[Hunt [1996]):

1. Vesicular voids originate from gas bubbles exsolved from lavas during erup-
tions. They are sensitive to weathering and are poorly connected, they
contribute little to effective porosity.

2. Fracture voids are constituted by cooling joints, cracks and interflow sepa-
rations.

3. Intergranular voids are found in fragmental tephras, including cinders, rub-
ble, and clinkers that are analogous to clean, coarse gravel.

4. Conduit voids are large openings such as lava tubes and interflow voids that
take forms similar to karstic conduits in limestones, but they may be filled,
and collapse at depth.

The mixture of voids and fractures imparts initial high porosity and per-
meability to young pahoehoe flows. But where pahoehoe flows are massive or
weathered, effective porosity and permeability are comparatively low. The inter-
granular porosity of aa’ clinker (at top and bottom of the lava flow) is analogous
to the intergranular porosity of coarse, well sorted gravel. Matrix porosity and
permeability of central massive cores of aa’ flows is negligible.

The bulk porosity of basalt flow ranges between 0.8 and 20%, and 0.1 to
8% for the effective porosity, depending on the texture of the lava |Custodio,
2004]. Averaged over several sequences, drainable porosity of dike-free lava flows
ranges between 2% and 8%. Values for compressive matrix storage applicable to
layered basalt are based on a compressibility range given for jointed rocks, ranging
from 10x107% to 10x107!° Pa~' (Freeze and Cherry, 1979 in: |Souza and Voss
[1987]). This range includes significantly greater matrix compressibility than the
compressibility of water. Specific-yield coefficients obtained from the calibration
of numerical models range between 0.05 and 0.01.

Hydraulic properties of layered lava flow sequences are controlled by the nature
of the alternating layers. Widespread beds of weakly weathered clinker contribute
to increase horizontal permeability while the occurrence of unconformities such
as impervious cooked-soils, weakly fractured massive lava flows, lahar or welded
tuff present a barrier to the vertical permeability. This imparts a relative high
anisotropy ratio to this volcanic formation, with the largest permeability in the
longitudinal direction of the lava flow, and the smallest permeability normal to
bedding.

Hydraulic conductivity of individual flow units ranges between 10x1071° to
10x10=* m/s, also depending on the texture of the lava (dense, unfractured to
young, highly brecciated,...) [Custodiol [2004] (Fig. [3.4). Horizontal permeability
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3.3 Hydraulic properties of volcanic formations

is often higher (up to two orders of magnitude) than vertical permeability [Cus-
todio, 2004; |Hunt| 1996; |Oki, |1997]. Lateral hydraulic conductivity of lava flow
sequences ranges between 10x10~7 and 10x10~* m/s, with horizontal to vertical
ratios between 3:1 and 200:1 |Custodio, 2004].

Island Canary Hawaii Hawaii Hawaii Réunion Réunion
(Teneriffe) (Kauai) (Maui) (Oahu) (Fournaise) (Fournaise)

Reference (1) (2) (3) (4) (5) (6)

Code/mesh 2D vert, hz. SUTRA 2D SHARP 2D SUTRA 3D MODCOU FEMWATER
vert. vert. 2D 3D

Interface not  simu-  diffuse sharp inter-  diffuse not simu- not  simu-

with sea lated interface face interface lated lated

Conceptual high elev. high elev. high elev. low elev. low. elev. high elev.

model

Recharge 107 0.76 3 2 2.4 4.9

[m/y]

K, [m/s] 2x10~7 5 x1076 1x10~6 5x1073 1x1073 1x1072 to

1x10-6
Ky Kp 50:1 10:1 1:1 200:1 - 1:1

Table 3.2: Characteristics of hydrogeological numerical models implemented for
volcanic islands basal aquifers. References: (1) |Custodio et al|[|1988| (2)|lzuka and
Gingerich| [2003] (3) |Gingerich) [1998] (4) |Gingerich and Voss| [2005] (5) |Violette
et al. [1997] (6) |Join et al.| [2005].

Pyroclastic deposits include ash, cinder, spatter, clinker, lapilli and larger
blocks. The porosity and permeability of such deposits are essentially from gran-
ular type. Young coarse pyroclastic deposits are often loose and very permeable,
while ashes have a relative good bulk porosity, but being very fined-grained the
permeability is weaker. |Custodio| [2004] reports effective porosity values between
5-10% for loose pyroclasts and 1-5% for fresh ash falls. Permeability ranges be-
tween 10x107% to 10x10™* m/s for loose pyroclasts and 10x10~" to 10x107°
m/s for ash falls.

Estimates of hydraulic conductivity obtained from numerical model calibra-
tion at the regional scale may differ from local estimates from pumping tests.
Regional estimates integrate heterogeneities such as conductive faults or imper-
vious barriers. Median model values range between 1 x 1077 and 5 x 1072 m/s
(Table . Comparisons between islands become difficult when hydraulic prop-
erties are not homogeneous in the model (e.g. the layered permeability model of
Join et al|[2005]).
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Basalt flows (1)
Basaltic formations (1)
Core basalts (1)

Young basaltic formations (1)
Lihue Basin, Kauai, Hawaii (2)
Maui, Hawaii (3)

Oahu, Hawaii (4)

Piton des Neiges, Réunion (5)
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Figure 3.4: Review of hydraulic conductivities reported in basaltic contexts. (1)
from the review in undifferentiated basaltic contexts by |Custodio| [2004], others are
examples from pumping tests performed in insular volcanic contexts: (2)|Gingerich

[1999], (3) |Rotzoll et al.| [2007], (4) |Hunt [1996], (5) |Join| [1991].

3.3.3 Paleo-soils and lahar

Similarly to ash deposits, paleo soils and lahar are often impermeable units that
confine aquifer or sustain perched saturated horizon in the unsaturated zone
|Hunt,|1996]. Lahars (mudflows) have permeabilities ranging between 1x10~* and
1x107" m/s [Custodio), [2004]. To the author’s knowledge, permeability estimates
of paleo-soils are not available in the literature, but they are probably similar to
that of mudflows.

3.3.4 Intrusive formations

Dikes and sills, with their fine grained texture generally behave as hard-rock
with solely fracture porosity and permeability |Hunt, 1996]. Cooling joints and
fractures from magmatic and tectonic origins improve dike permeability. Last-
generation dikes are expected to be the most impervious, since their are unlikely
to be affected by tectonic fracturing.

Dikes are often considered as impervious barriers. Meyer and Souza (1995) (in:
Oki|[1997]), suggest that the hydraulic conductivity of a dike complex ranges from
about 3x1077 to 3x107® m/s. The permeability of the dike itself ranges between
3x1078 m/s and 3x107'! m/s. Nevertheless, studies performed in volcanic (but
not insular) contexts show that dikes may be more conductive than the host rock
[Singhal and Gupta, 2010]. The equivalent, regional hydraulic conductivity of a
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rift zone decreases as the number of dike intrusion increases. Where dikes strike
in a preferential direction, the permeability is expected to be anisotropic with the
greater value striking parallel to the dikes [Oki, [1997].

3.3.5 Evolution of permeability with depth and age: base-

ment, and core of the island

Hydrothermalism (c.f. section [3.2.3.2)) and weathering (c.f. section [3.2.3.3)) both

induce a reduction of porosity and permeability with time and depth.

Due to the effects of alteration, initially permeable formations may evolve
to a low permeability mass in only a hundred thousand to a few million years
[Cruz,, 2003; |Huntl, |1996} |Oki, [1997]. Undifferentiated volcanic massifs of several
million years old are generally impervious and generally behave as aquitards if
not as aquicludes [Hunt|, [1996]. From gas-permeameter permeability surveys on
scoriaceous layers in La Fournaise massif (Réunion, France), |Folio| [2001] showed
that despite significant heterogeneities at the scale of the formation, deeper and
older formations had weaker permeability. Comparing the results of pumping
tests performed in 65 different wells, |Cruz| [2003] found that transmissivity was
weaker in older formations.

With increasing depth and lithostatic pressure, a non negligible fraction of
fractures and voids may be closed |Gingerich, 1998; |Ougier-Simonin et al.,2011].
The reduction of permeability can be modeled with an exponential law, stating
that permeability is divided by a factor of 100 every 400-1700 m, depending of
geological contexts |Ougier-Simonin et al., 2011; |Saar and Manga, 2004]. The
reduction of permeability with depth is more acute in the presence of a geological
discontinuity, such as impervious older volcanics. This is the case in La Fournaise
(Réunion Island) |Rancon et al.,[1989]. Hydrothermalized, densely dike-intruded
formations form an impervious core below eruptive centers [Huntl [1996; |Keller
et al., [1979].

At the scale of the edifice, poorly permeable formations form a substratum,
which may rise at high elevations below the eruptive center.

3.4 Recharge processes

Surrounded by the ocean, under the influence of tradewinds and relative high
temperature, tropical and equatorial islands have some peculiar climatic char-
acteristics. Rainfall is variable in time because of local and regional seasonal
patterns. Under the influence of persistent trade-winds, spatial distribution of
rainfall is controlled by the orographic and shadow effects. As a consequence,
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the distribution of precipitations is affected by great discrepancies between a wet
windward side and a dryer leeward side. Mean annual precipitation varies be-
tween 250 to more than 11000 mm in Hawaii [Giambelluca et al.,|1986], and from
1000 to 12000 mm on La Réunion Island |Soler et al., 1997].
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Figure 3.5: Distribution of mean annual rainfall over La Réunion Island |

et} 1997

The occurrence of fog, likely to increase effective precipitation height, is re-
ported in many oceanic islands such as in Hawaii (US) [Brauman et all [2010;
\Giambelluca et all 2011, |Takahashi et all 2011], La Réunion Island (France)
[Gabriel and Jauzel, 2008], Madeira Island (Portugal) |Prada et al., 2009], Ca-
nary Islands (Spain) |Garcia-Santos and Bruiynzeel,|2011], and Galapagos Islands
[Pryet et al., 2012].

The amount of groundwater recharge is the volume of rainfall, fog drip and
irrigation water that is not lost to runoff or evapotranspiration or stored in the
soil |Gingerich and Oki, 2000]. Using the water budget approach,
12010] computed recharge for a large dataset in Hawaii and developed a simple
relation between precipitation and recharge, valid for annual precipitations rang-
ing between 880 and 8900 mm. According to their results, groundwater recharge
corresponds to 0 up to 64% of incident precipitation.

Soil water tends to move vertically downwards towards the water table but
the actual detailed movement is probably through the layers and blocks and not
through the fissures, except when recharge is intense, after heavy rains
. Hydraulic properties and thickness of soils control the partition between
infiltration, runoff and losses by evapotranspiration. In average, recharge values
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range typically between 10 to 50% of incident precipitations on a regional scale
|Gingerich and Oki, [2000].

3.5 Groundwater occurrence

3.5.1 Basal aquifer

3.5.1.1 Two contrasting conceptual models

A basal aquifer is reported in each volcanic island, it is defined as the ground-
water mass lying under a “main water table below which all the permeable rocks
are saturated” [Meinzer, [1930]. In reference to its peculiar relationship with the
ocean, the basal aquifer is also defined as the freshwater lens, buoying over sea-
water |Gingerich and Okil 2000]. Most often, the water table remains at low
elevation in coastal areas, but two contrasting configurations are reported inland.

In a first model, the low-elevation basal aquifer (Fig. |3.6(A), , and7 the
slope of the water table remains low inland, reaching a few tens of meters above
sea level to its highest level. This model was formerly called the Hawaiian model,
but is not applicable to all the archipelago. In this configuration, the existence
of springs at higher elevation is interpreted by the existence of perched or dike-
impounded aquifers (Fig. , A and , and . Current examples of low-
elevation basal aquifer include the islands of Oahu and Hawaii (US) |Gingerich
and Voss, 2005], Cabo Verde Islands [Heilweil et al., 2009], Piton de la Fournaise
[Violette et al., |1997], and Santa Cruz Island (Galapagos) [d’Ozouwvillel [2007a].

In the second model, the high-elevation basal aquifer, alternatively called Ca-
nary Islands model (Fig. B.6[C,D), and[3.8), the water table elevation is reported
to increase markedly toward the center of the island (hydraulic gradient greater
than 0.01 and sometimes exceeding 0.1) and the water table reaches several hun-
dreds of meters above sea level [Custodiol, 2004]. High-elevation basal aquifers
have been identified in Tenerife Island (Canary Archipelago, Spain) |Custodio
et al. |1988], Kauai Island (Hawaii, USA) [lzuka and Gingerich| 2003].

Reasons invoked for the occurrence of high-level basal aquifer are generally a
sensible loss of permeability concomitant with a sufficient recharge rate. Dikes
were initially invoked to explain the occurrence of high level groundwater in the
Southern Liuhe Basin (Kauai, Hawaii, US), but later hydrogeological investiga-
tions showed that dike-free lava flows had a sufficiently small permeability to
sustain this groundwater mass |Gingerich), [1998; |lzuka and Gingerichl 2003].

The difference between models C and D (Fig. [3.6)) is sometimes disregarded.
In model C, a high-elevation freshwater lens develops in poorly conductive, dike-
free formations. In model D, the continuation of the basal aquifer inland is im-
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Figure 3.6: Review of conceptual models proposed for basaltic volcanic islands.
(A) low-lying basal aquifer, dike-impounded, and perched aquifers. (B) basal
aquifer covered by an impervious coastal sedimentary caprock. (C) high level basal
aquifer (thick freshwater lens) and dike-impounded aquifers. (D) low-lying basal
aquifer and skin-flow over impervious (saturated) hydrothermalized core forma-
tions. Coordinates are indicative and do not refer to a specific location. Vertical

exaggeration ca. 10x
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Figure 3.7: Hydrogeological conceptual model developed for low-lying basal

aquifer of the Hawaiian Islands [Gingerich and Oki, 2000]. A basal aquifer sub-

jected to seawater intrusion gives place to dike impounded groundwater bodies
inland. Recharge may transit via perched aquifer bodies (F). Groundwater is ab-
stracted from vertical bore wells (C), horizontal shafts close to sea level (D) or
higher through dikes (E)

. : High
Conceptual models: Canarian type Dome of the ig [ Young volcanic terrains.
modified from Custodio 88 basal water table oS

sg|[]

g 2| [

ra

I otder volcanic terrains

Low

[ sediments
—* Intrusive Bodyldike

Figure 3.8: Conceptual model with a layered distribution of permeability and a

thick basal aquifer reaching high elevation, proposed by |Join et al|[2005] for La

Fournaise volcano (Réunion Island).
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peded by the presence of an impervious (saturated) core, formed by hydrother-
malized dike-impounded old volcanics. The aquifer is thinner but may reach
high elevation. A skin flow is maintained in conductive formations overlying the
impervious core. Such a model is discussed for Easter island by Herrera and
Custodio| [2008]. The model proposed by |Join et al.|[2005] (Fig. is close to
model D, but instead of an abrupt contrast between two formations, he considers
a layered permeability distribution with decreasing permeabilities at depth.

Recharge and discharge conditions of the basal aquifer depend on the ge-
ometry of the aquifer (Fig. . The recharge of low-elevation basal aquifers
is generally restricted to marine outlets in coastal areas. In this configuration,
subaerial discharge via perched, dike-impounded aquifers, and streams is very lim-
ited. Low-elevation basal aquifers have similar recharge conditions, but discharge
conditions are contrasting: discharge occurs mainly subaerially from highland
springs (feeding streams) rather than directly to the ocean [[zuka and Gingerich,
2003].

3.5.1.2 Monitoring and modeling seawater intrusion

The freshwater /seawater interface is generally inferred from the water table eleva-
tion with the Ghyben-Herzberg (G-H) equation [Bear, 1999]. Salt and freshwater
are supposed immiscible, the Dupuit assumption of horizontal flow is assumed,
and seawater is supposed to be static.

The reality is closer to a diffuse interface with vertical gradients and slowly
flowing saltwater. Groundwater flow tends to follow preferential paths such as
little-altered brecciated zones and open joints |Custodio, |2004]. This type of
flow has great consequences on the dispersive properties of the volcanic medium.
Series of small sharp salinity changes are observed in open boreholes [Gingerich
and Voss|, 2005], they are due to heterogeneities in the aquifer fabric, associated
with more or less conductive sections in the lava flow stack. This, in addition
with tidal effects and recharge fluctuations, induces hydrodynamic dispersion and
forms a transition zone of mixed water between the freshwater and the underlying
saltwater that can reach several hundreds of meters thick |Gingerich and Voss,
2005; [Hunt, [1996].

Several studies developed numerical models to investigate seawater intrusion.
Some of them with the assumption of a sharp interface [Gingerichl 1998 |Oki,
1998], others with a diffuse interface |Gingerich and Voss|, 2005; |Izuka and Gin-
gerich), 1998a; |Souza and Voss, [1987]. Compared to the numerical models, the
G-H solution may provide uncertain estimates of the 50% mixing line between
salt- and freshwater. For instance, the G-H estimate for Oahu aquifer (Hawaii,
USA) oscillated between 10% and 50% mixing line during the last 100 years [Gin-
gerich and Voss| 2005]. The misfit may be higher in other situations [lzuka and
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Gingerichl, |1998b]. Comparisons of the G-H depth indicate discrepancies of up
to 100 m in some wells |Rotzoll et al.l [2010]

Due to the existence of vertical head gradients and water mixing in bore wells,
measuring and to a greater extent, monitoring the thickness of the freshwater
lens is not trivial |lzuka and Gingerich, 1998a; |Rotzoll, 2010; |Rotzoll et all [2010].
During drilling, a reliable estimate can be obtained from the salinity profile. After
drilling, aquifer segments should ideally be isolated with packers.

3.5.2 High level aquifers

3.5.2.1 Dike impounded groundwater

Steeply dipping volcanic dikes may impound freshwater to great heights, in com-
partments of permeable lavas, that may be detected with high elevation spring
outflow |Custodio, [2004; |Hunt|, 1996; |Pouchan et al., [1988]. This type of aquifer
mainly occurs in rift zones, but elevation of the groundwater table is reported in
other areas, and is interpreted as the effect of dikes perpendicular to slope. At
depth, the connection of dike-impounded aquifers to the basal aquifer is possi-
bly affected by the very low permeability of this environment, so that the G-H
relation may not be valid [Huntl 1996].

3.5.2.2 Perched aquifers

A saturated, perched horizon is formed where vertical percolation flux exceeds the
capacity of the geologic medium to transmit fluid in unsaturated state [Wu et al.,
1999|, and is often associated with an abrupt change in lithology or structure
[Hinds et al.,|{1999]. A contrast in lithology may form an impervious substratum
for a perched, saturated horizon where groundwater may be stored and flow sub-
horizontally within relatively permeable unit.

In volcanic islands, the unsaturated zone above the basal water table may
be very thick (several hundreds of meters) and can include discrete layers of
weak permeability such as cooked paleo-soils, landslide sliding surface, sills, tuff
deposits, or massive lava flows |Hunt, [1996]. Perched saturated zones are not
rare along the windward sides of the islands. Seepage areas and springs testify
the presence of these aquifers. Yet, the outflow is generally only a fraction of
recharge [Custodio, 2004]. The rest returns to the basal aquifer after a second
transit through the underlying unsaturated zone. Perched aquifers may remain
buried in young islands, whereas conditions are more favorable to outcropping in
evolved islands, with deeply incised valleys and flank collapses.

Perched water occurs in far less volume than basal or dike-impounded water
and it responds more readily to extremes in climate such as droughts and episodic
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Figure 3.9: Groundwater flow pattern proposed by |Violette et al. [1997]. The
occurrence of high-level groundwater is interpreted by the existence of series of

perched aquifer.
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3.5 Groundwater occurrence

recharge events |[Hunt, 1996] but may be of higher quality (low salt content,
reduced risk of contaminations) [Cruzl 2003]. Perched aquifers are reported in
several islands, as in Hawaiian Islands |Hunt, [1996; Ingebritsen and Scholl, [1993]
(Fig. B.7), La Fournaise (Réunion) [Violette et all [1997] (fig. [3.9), Pico Island
|Cruz and Silva, 2001], and the Galapagos Islands [d’Ozouwvillel |2007a).

3.5.3 Groundwater development and quality issues

Groundwater constitutes a large proportion of freshwater resources in volcanic
islands (e.g. in the Hawaiian Archipelago [Gingerich and Oki, 2000], Azores
[Cruz, 2003], and Madeira |Prada et al., |2005]). Numerous sub-horizontal shafts
have been drilled in Hawaiian and Canary Islands |Custodio et al.,[1983;|Gingerich
and Oki, [2000].

Bore wells are commonly executed with pneumatic down-the-hole hammer
rigs, but face peculiar problems in unconsolidated sections and lava tunnels [Cus-
todio, |2004]. Groundwater is abstracted from horizontal wells and galleries (Fig.
50,

Horizontal galleries allow gravity driven groundwater collection. When seawa-
ter intrusion is acute, pumping bore wells provide brackish water and drawdown
induces a rise of the freshwater /saltwater interface. As an alternative, water may
be skimmed at the aquifer surface from sub-horizontal shafts.

Withdrawals for irrigation purpose are proven to be unsustainable in Canary
Islands [Custodio et al., 1988]. In Hawaii, the thinning of the freshwater lens is
interpreted by a reduction of recharge (rainfall and irrigation return-flow) com-
bined with rising withdrawals |Gingerich and Voss| 2005; |[zuka, 2006} |Rotzoll
et al., 2010].

Islands, particularly when they are small, are highly vulnerable to sea water
intrusion (e.g. |Cruz and Silva| [2001]; |Falkland [1999]). If recharge rates are
low and permeability is high, freshwater easily discharges to the ocean and the
freshwater lens is thin. Groundwater abstraction, a fall of recharge rates caused
by land use or climate change are prone to alter the hydrodynamic equilibrium
between sea and freshwater and have an impact over sea water intrusion (e.g. |Okz
et al. [1998]).

Other water-quality issues are not addressed in this study, they are not specific
to volcanic insular contexts or to other geological contexts, agriculture, industrial
activities, and the lack of sewage systems are responsible of a marked degradation
of groundwater quality in volcanic islands |Custodio et al. 1983; |d’Ozouville,
2007b]. In the coastal area of Santa Cruz island, the basal aquifer is shallow and
unconfined. Due to defective sewage system, wastewater reaches the water table
after a short transit through the numerous cooling joints.
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3.6 Discussion

Common hydrogeological features have been identified in basaltic volcanic is-
lands: a basal aquifer in connection with the ocean, perched, and dike-impounded
aquifers. Yet, two contrasting hydrogeological conceptual models emerge: a low
elevation basal aquifer with weak hydraulic gradient, or the development of a
thick freshwater lens with a water table reaching high elevations. Parameters
which may explain such a contrast are numerous: the geology (hydraulic proper-
ties), climatic conditions (recharge rates), and morphology of the island. Using a
schematic model of a symmetric strip island (Fig. , we investigated the re-
spective influence of these controlling parameters on the geometry of an idealized
freshwater coastal aquifer. This model serves further discussion on conceptual
models.

3.6.1 Analytical modeling of the basal aquifer

e r e

z
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v
Seallevel (0] T h1(X)
X
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P =P H P %
<
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no flow

Figure 3.10: Simplified sketch of a freshwater basal aquifer. A constant head is
imposed at sea level, recharge is homogeneous from the top boundary. Right and

bottom boundaries are impermeable.

We consider the simplified sketch of a coastal aquifer, infinite and uniform in
the y horizontal direction with a vertical beach. A groundwater divide is present
at a distance L from the coast, with homogeneous density:
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steady state,

fluid of constant density,

isotropic, homogeneous permeability.
e Dupuit hypothesis (horizontal flow),
e vertical beach at x = 0.

The diffusivity equation |de Marsily, 1986] can be written as follow in the 2D
space (O,z,2):

or (M . oh
9 Kd _} —
Ox [ e :
where h(z) [m] is the hydraulic head, K [m/s| the hydraulic conductivity, H [m]
the thickness of the aquifer below sea level, L is the half-width of the island, r
[m/s] the recharge rate at the upper boundary. Given the boundary conditions

h(0) =0 and —K - 2(L) - (h(z) + H) = 0, Eq. can be integrated into:

(3.1)

:—H+\/—— x2+2— x+ H? (3.2)
defined for x € [0; L]. Following dimensionless parameters can be defined:
h x r L
r_ Lot e =

where z’ is the dimensionless spatial coordinate, h’ the dimensionless water ta-
ble height, £ the aspect ratio, and x the recharge parameter. Eq. can be
translated to a dimensionless form, defined for 2’ € [0;¢] :

hW(z')=-1+ \/—Xa:’2 + 2y’ +1 (3.4)

Assumptions made to obtain such a simple relation are relatively crude and
deserves to be discussed.

Due to seawater intrusion, fluid density is not constant. It can be shown
that when the freshwater lens is thin, the intrusion of denser seawater (4+2.5%)
induces a rise of the water table. With rising water table, seawater intrusion
becomes restricted to a small edge and induces a negligible rise of the water
table. As detailed further in this work (Chapter [7)), h’ (Eq. provides a
reasonable estimate of the basal aquifer water table for a broad range of x and &.
Nevertheless, h’ is under-estimated when seawater intrusion is strong (low water
table, low values of chi).
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Figure 3.11: Freshwater aquifer water table height h’ at a mid-distance from the

coast (2’ = £/2) for varying x (A) and £ values (B). Given the shortest range of
variation of £, effect of changes in y are higher.
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Figure 3.12: Shape of the water table height h’ for various values of .
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Volcanic formations are heterogeneous and permeability is not expected to
be homogeneous. The effects of heterogeneities may be significant, but are site-
specific and difficult to handle in a comparative study. The value considered in
this study is the regional permeability. If the groundwater conceptual model is
well-defined, this value can be obtained with a numerical model properly cali-
brated on observed groundwater levels.

It should further be noted that discharge to springs and streams were disre-
garded in this study. This causes h' to be overestimated when the water table
is high (close to the ground surface), for high values of y. Again, it is challeng-
ing to handle such processes that are site-specific, particularly dependent of the
topography, incision by valley, or possible flank collapse.

As a consequence, values of h' may provide erroneous values if compared
to local measurements at specific locations. Yet, Eq. provide a reasonable
estimate for a large range of contexts, and allows a comparative study.

Common values of controlling parameters accept following ranges: 1x107% -
1x107" m/s for recharge (ca. 0.3-3 m/y), hydraulic conductivity between 1x107°
-1 x1072 m/s. The corresponding range of y is 1x107% - 1x10~!. The semi-
length of the island range between 3 and 30 km. As permeability decreases with
depth, groundwater flow is expected to become negligible at a depth varying be-
tween ca. 400 m and 1200 m. This value was fixed to 1000 m. The corresponding
range of ¢ is 3-30.

Given these range of variation, the water table height at mid-slope (2’ = £/2)
is compared for various values of y and & respectively (Fig. . It highlights
the great sensitivity of the water table height A’ to y for higher values of this
parameter. In contrast, parameter £ appears to have little effect for a median
value of y.

Parameter y owes its large variation range to variations of the hydraulic con-
ductivity K, this parameter is identified as the major controlling factor likely
to explain the difference of basal aquifer thickness observed from one island to
another.

3.6.2 The age of the island, a determining factor?

The presence of “skin flow” over a deep impervious substratum is virtually ex-
pected on any island, whatever its age (Fig. , D). On the opposite, the oc-
currence of a “thick lens of fresh groundwater” [Izuka and Gingerichl |2003], with
outlets at high-elevation (Fig. [3.6, C) is restricted to older islands (Fig. |3.13]):
Kauai [Izuka and Gingerich), 2003, Maui [Gingerichl, |1998], and Tenerife |[Cus