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ARTICLE INFO ABSTRACT

Editor: Damia Barcelo Freshwater in coastal and island aquifers is a valuable resource whose availability is strongly conditioned by
heterogeneity. More than 80 % of the Earth’s surface is of volcanic origin, but the effect of volcanic dykes on the
geometry of the saline interface that separates freshwater from seawater is still underexplored. This paper an-
alyzes the impact of volcanic dykes on the depth of the saline interface in coastal and island aquifers and,
subsequently, on the availability of fresh groundwater. Hydrogeological and hydrochemical data from a gallery,
perpendicularly crossing several tens of dykes, were integrated with numerical modeling on the volcanic island
of El Hierro (Canary Islands, Spain). Measured hydraulic heads demonstrated that the presence of dykes increased
the hydraulic gradient by more than an order of magnitude, with respect to an adjacent area not affected by
dykes. Numerical assessment confirmed that the lower the hydraulic conductivity of the dykes, the greater the
depth of the saline interface inland. This impact led to fresh groundwater reserves increasing inland, relative to a
hypothetical case without dykes. Numerical simulations also demonstrated that dykes can prevent salinization of
production wells in coastal and island aquifers, if they are correctly located. Locating production wells far
enough inland in an area affected by dykes allowed a higher freshwater extraction rate than if dykes did not exist;
near the coastline, the effect tended to be the opposite. These results will be key to improving the management of
fresh groundwater resources in coastal volcanic aquifers, and especially on volcanic islands such as the Hawaiian
Islands or the Macaronesian archipelagos.
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1. Introduction and avoiding well salinization due to seawater intrusion (Geng and
Michael, 2020; Izuka and Gingerich, 1998; Post et al., 2019, 2018a;
Schmork and Mercado, 1969; Werner et al., 2013; Yu and Michael,

2019). Intensive pumping can cause the freshwater-seawater saline

Freshwater in coastal areas, and especially on islands, is a scarce and
highly valuable resource whose abundance and quality are strongly

influenced by geological heterogeneity (Bear et al., 1999; Cao et al.,
2021; Folch et al., 2020; Garcia-Gil et al., 2022; Hernandez Rios et al.,
2023; Leoni et al., 2021; Lopes et al., 2022; Marazuela et al., 2022;
Martinez-Pérez et al., 2022; Parizi et al., 2019; Weymer et al., 2022).
Most of the islands have a limited amount of surface storage potential to
capture freshwater (streams and lakes are scarce or non-existent), and
freshwater lenses from aquifers are key to guaranteeing the supply of
drinking, industrial and agricultural water (Bedekar et al., 2019; Stoeckl
and Houben, 2012; Werner et al., 2017).

The depth of the saltwater that naturally underlies freshwater re-
sources in coastal and island aquifers is critical to estimating well yield
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interface to rise into the pumped well, resulting in increased sodium and
chloride concentrations (Houben and Post, 2017). Although pioneering
studies on coastal aquifers assumed homogeneous aquifers (Fetter Jr.,
1972; Glover, 1959), the impact of heterogeneity on the depth and ge-
ometry of the saline interface has been widely demonstrated since then
(Abarca et al., 2007; Etsias et al., 2021; Houben et al., 2018; Kreyns
et al., 2020; Mahmoodzadeh and Karamouz, 2019; Marazuela et al.,
2020, 2018; Mualem and Bear, 1974; Sebben et al., 2015; Simmons
et al., 2001; Stoeckl et al., 2015; Younes and Fahs, 2015). This has even
led to the investigation of preventive and corrective measures for
seawater intrusion based on subsurface dams or artificial modifications
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of hydraulic conductivity (Chang et al., 2020; Santamarta and Hernan-
dez-Sanchez, 2007; Strack et al., 2016). However, most research pub-
lished to date on seawater intrusion in highly heterogeneous aquifers
has focused on anisotropic/layered sedimentary systems, fractured
systems and karstic systems (e.g., Giese and Barthel, 2021; Simmons
et al., 2001); volcanic dykes are still underexplored.

More than 80 % of the Earth’s surface - above and below sea level - is
of volcanic origin, which makes volcanic dykes a very frequent structure
in coastal aquifers (Comte et al., 2017; Vazquez-Suné et al., 2016) and
island aquifers (Becerril et al., 2013; Ecker, 1976; Izuka et al., 2018).
Dykes are sub-vertical sheeted intrusions, which generally intrude into
extensional faults and fractures during the later stages of the volcanic
cycle. Although weathered dykes can act as preferential groundwater
flow paths when surrounded by less permeable host rock, most of the
time dykes act as flow barriers, leading to compartmentalization and
stepwise hydraulic heads (Custodio, 2007; Perrin et al., 2011; Santa-
marta et al., 2010; Takasaki and Mink, 1985). For example, this barrier
effect has been demonstrated to be critical for the construction of un-
derground civil infrastructure in cities (Font-Capo et al., 2012, 2011).
Focusing on islands, the Hawaiian Islands and the Macaronesian archi-
pelagos (Canary Islands, Azores, Madeira, Cape Verde) constitute ex-
amples of islands where groundwater flow is strongly influenced by the
presence of dykes (Ecker, 1976; Fernandes et al., 2020; Izquierdo, 2014;
Izuka et al., 2018; Lachassagne et al., 2014; Santamarta, 2017; Scholl
et al., 1996). In a study carried out on Tenerife Island (Canary Islands,
Spain), Ecker (1976) observed that groundwater compartments that are
irregular in volume, shape, and structure develop in areas affected by
dykes. Takasaki and Mink (1985) concluded that groundwater levels in
the marginal dyke zones of O’ahu (Hawaii) stand hundreds of feet higher
than they would without the dykes, thereby increasing the volume of
stored fresh groundwater by hundreds of billions of gallons. Using
physical experiments and numerical modeling, Houben et al. (2018)
confirmed that dykes lead to an impoundment of fresh groundwater and
a compartmentalization of the aquifer. In a study carried out on the coast
of Belfast (Northern Ireland, United Kingdom), Comte et al. (2017)
concluded that freshwater inflows from upland recharge areas concen-
trate on the land-facing side of the dykes and saltwater penetration is
higher on their sea-facing side, similar to what happens with subsurface
dams (Chang et al., 2020).

However, to the best of our knowledge, there are no studies that have
directly analyzed the impact of dykes on the availability of fresh
groundwater in coastal and island aquifers and how they condition the
extraction of this resource. This is probably accentuated by the scarcity
of structures perpendicularly traversing dyke-impounded fresh
groundwater resources along which its impact can be assessed. Under-
standing how drinking water supply systems can benefit from the effect
of dykes to prevent salinization from seawater intrusion and achieve
maximum well yield is key to guaranteeing the future of many islands
globally, such as the Hawaiian Islands or the Macaronesian archipel-
agos, which have seen most of their wells abandoned due to low yield or
salinization in the last decades (Custodio et al., 2016; Ecker, 1976; Izuka
et al., 2018; Santamarta and Rodriguez-Martin, 2020).

This paper analyzes the effect of volcanic dykes on the quantity and
quality of freshwater resources in coastal and island aquifers through the
first study that integrates in situ hydrogeological and hydrochemical
data and numerical modeling. To reach this objective, a synthetic nu-
merical model reproducing the density-driven groundwater flow and
salt transport across a vertical profile, perpendicular to the sea and
strongly affected by dykes, was built based on the Los Padrones well-
gallery on the volcanic island of El Hierro (Canary Islands, Spain) and
compared with in-situ field data. This outstanding hydraulic infra-
structure that crosses several tens of dykes along its >1 km length
supplies 37 % of the island’s water demand, and the hydraulic and
hydrochemical data obtained along it allowed analysis of the impact of
dykes on fresh groundwater resources. The results of this study will
contribute to the management and exploitation of fresh groundwater
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resources in coastal aquifers and volcanic islands.
2. Materials and methods
2.1. Study area

The island of El Hierro is the youngest (1.12 Ma), smallest (268.71
km?), and southwesternmost of the Canary Islands (Spain), which are
located in the Atlantic Ocean, near North Africa (Garcia-Gil et al., 2023;
IGME, 1997a, 1997b, 1997c, 1997d; Troll and Carracedo, 2016) (Fig. 1).
El Hierro is also the least populated island (11,423 inhabitants in 2022)
and 60 % of its surface area is protected (UNESCO Biosphere Reserve).
The climate of each area of the island is determined by its orography
(maximum altitude 1501 m a.s.l. in Pico de Malpaso) and the influence of
trade winds and ocean currents that humidify what would otherwise be
a predominantly sub-desert climate. The average rainfall is 393.7 mm/a,
with an average aquifer recharge of 45 mm/a that reaches values up to
140 mmy/a in the most elevated areas (Nisdafe plateau) (CIAEH, 2018).

The geology of the El Hierro Island is typical of an oceanic island
during the early stages of shield formation. Massive landslides have
exposed the core structure of the island, which is constructed of two
volcanic edifices that sequentially developed and collapsed: the Tinor
edifice (1.12-0.88 Ma) and the El Golfo edifice (545-175 ka) (Garcia-Gil
et al., 2023). Subsequently, these volcanic edifices were almost entirely
covered by emissions from the rift volcanism (158 ka—present) (Fig. 1).
The Tinor edifice is restricted to the most northeastern subaerial part of
the island. The EI Golfo edifice was constructed as an attachment to the
southwestern flank of the Tinor edifice, and the rocks produced during
this stage crop out on the escarpment of the EI Golfo landslide. The rift
volcanism features scoria cones and mafic lava flows emitted from
eruptive fissures along the three-armed rift system that is responsible of
the current island’s morphology. During this stage, lava flows filled the
space created by the El Golfo landslide (Volcanism of El Golfo).

Dykes trending parallel to the three axes of the rift system are a
characteristic volcano-structural element on El Hierro Island. They are
well exposed, with steeply dipping planes striking NE-SW, on the
headwalls of the northern part of the El Golfo landslide, which cuts off
them perpendicularly (Becerril et al., 2016, 2015). Dykes of El Hierro are
predominantly mafic in composition and have a thickness ranging be-
tween 0.1 and 12.5 m. They are hosted by the alternating lava flows and
pyroclastic layers of the Tinor and El Golfo edifices. The relative younger
Volcanism of El Golfo materials are not affected by dykes. Many dykes
show glassy selvages and cooled edges at the contact with the host rock
and ten of them were identified as feeder dykes or dykes directly con-
nected to their eruptive fissures (Becerril et al., 2015, 2013).

Although precise hydraulic conductivity estimations are scarce, it is
known that the rocks of the El Golfo edifice and Volcanism of EIl Golfo
have a relative higher hydraulic conductivity than those of the Tinor
edifice because they are less compacted and altered, constituting the
main aquifers of the island (IGME, 1997c). These geologic units act
primarily as an island-scale unconfined aquifer, although there may be
confined zones and local perched aquifers. By contrast, dykes have a
much lower relative permeability than the hosting rocks, which has been
confirmed by numerous wells and galleries drilled on the island for
extracting drinking water (IGME, 1997¢; Izquierdo, 2014; Santamarta,
2017). The majority of the wells and galleries are located in the EI Golfo
landslide area (Volcanism of El Golfo or El Golfo edifice materials), and
most of them have been abandoned due to salinization by seawater
intrusion (Ecker, 1976).

2.2. “Los Padrones” well-gallery description

The Los Padrones well-gallery is one of the few wells that is currently
not affected by seawater intrusion (this was not always the case, as is
explained later), despite being a shorter distance from the coastline than
other wells (Fig. 1). The current Los Padrones well-gallery provides 1.20
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Fig. 1. Location and geological setting (Garcia-Gil et al., 2023) of the study area on the El Hierro Island (Canary Islands, Spain). Note that electrical conductivity

values measured in 2021 are shown in colour scale.

hm?/a of freshwater, which represents 52 % of the total water extracted
from the aquifer by wells (2.30 hm3/a) and 37 % of the total annual
water demand (3.28 hm®/a including urban, agriculture, livestock and
industry demand) on the El Hierro Island (CIAEH, 2018). This extraction
flow also represents 10 % of the total recharge of the island’s aquifers
and 32 % of the aquifer recharge feeding the El Golfo landslide area.
This critical hydraulic infrastructure for the supply of water on the
island is composed of a vertical well 52 m long that connects at its
bottom with a horizontal gallery (2 %o slope), a 2 x 2.5 m section that is
1011 m long that penetrates into the Nisdafe Plateau following a NW-SE
direction (Figs. 2 and 3) (IGME, 2023; Navarro-Latorre, 1997; Servando-
Molowny, 1998). The vertical well and the first 195 m of the horizontal
gallery are drilled into the Volcanism of El Golfo materials, mainly
constituted by compact olivinic basalts of low permeability. From the
discordance at 195 m onwards, the gallery crosses the materials of the El
Golfo edifice with alternation of compact basalts, pyroclasts and volca-
nic slag of moderate permeability. On its way through the El Golfo
edifice materials, the gallery crosses 40 dykes with a thickness ranging

between 0.1 and 6 m. Concrete closures and metal gates were con-
structed at the four thickest dykes, which were located at 200 (dyke 1,
gate 1), 450 (dyke 11, gate 2), 650 (dyke 18, gate 3) and 1010 m (dyke
40, gate 4), in order to maintain original hydraulic heads and allow
controlled water extraction by gravity from each interval (Fig. 3). At the
end of the gallery (1011 m) there is a horizontal well that allows
groundwater extraction beyond gate 4. The current horizontal gallery of
1011 m is the result of redrilling carried out in 1996 over the original
horizontal gallery of 260 m. This redrilling was performed because, as
occurred in most of the wells on the island (Ecker, 1976), when desired
well yields were sustained over time, well water was salinized by
seawater intrusion.

2.3. Hydrogeological and hydrochemical data
Hydraulic heads were measured in each interval between gates along

the Los Padrones well-gallery and in four selected wells (W1 to W4) along
a profile perpendicular to the coastline that crosses the Volcanism of El
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Fig. 2. Geological profile along the Los Padrones well-gallery (see its location in
Fig. 1). The 3 parts of the Los Padrones well-gallery are shown: well (red), short
gallery (yellow) and long gallery (blue). Note that the water table is not scaled
vertically to improve visualization, but measured hydraulic head values are
shown in blue lettering for each dyke interval.

Golfo materials in April 2021 (Fig. 1). The Ghyben-Herzberg analytical
solution (Post et al., 2018b) was used to estimate the depth of the saline
interface from measured hydraulic heads, assuming a density of 1000
kg/m? for freshwater and 1027 kg/m? for seawater.

Electrical conductivities were measured in April 2021 for the wells
shown in Fig. 1. In addition, we analyzed major cations and anions of
274 samples along the Los Padrones well-gallery from 1998 to 2022 that
were complemented with 3 sample analyses before and 10 after the
redrilling carried out in 1996 (IGME, 2023).

Vertical well
(Depth=52m)

LEGEND
—— Dyke (thickness <1.50 m) 8a %
m—— Dyke (thickness 1.50-2.50 m)

mmmm  Dyke (thickness >4 m)

mmmm  Dyke used for flow gate (thickness >4 m)

wmmn - Contact between geological units 16
O Hydraulic head between gates [m a.s.l.]

Materials of the Volcanism El Golfo
Compact lava with prismatic joints (low K)
Materials of the El Golfo Edifice (previous to the El Golfo landslide)

Phreatomagmatic pyroclasts (low K)
Compact lava and volcanic slag (moderate K)
Volcanic slag (moderate to high K)

Compact lava (moderate K)
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2.4. Numerical model

A 2D synthetic density-driven groundwater flow and mass transport
model was built with the FEFLOW code (Diersch, 2014) (Fig. 4), based
on a hypothetical vertical profile along the Los Padrones well-gallery
from the sea to the watershed (see the location of the profile in
Fig. 1). The main geometric, hydraulic and mass transport characteris-
tics of the model are summarized in Table 1 and are based on field data
and literature (Poncela et al., 2022). The model domain had a length of
2500 m and a height that gradually ranged from 2000 m to 2300 m. This
small variation in height did not have a large impact on transmissivity
and prevented the top boundary condition from conditioning the results
along the horizontal gallery, especially when extraction was activated.
The horizontal gallery was placed at sea level, maintaining the real
position with respect to the four main dykes that are evaluated in the
model. The system was recharged on top with a constant rate of 100
mm/a and a salt concentration of 0 mg/l, which was normalized to the
proportion of seawater (0 % seawater). A boundary condition repre-
senting sea level with a normalized concentration of 100 mg/1 (100 %
seawater) was set along the left side of the domain. The density ratio
between the freshwater (1000 kg/m3) that recharged the top of the
domain and the seawater (1027 kg/ma) that entered through the left
boundary was set at 0.027. The right (watershed) and bottom bound-
aries were considered impermeable for flow and mass transport. The
model did not attempt to calibrate specific investigation site conditions
but used it as a basis for analysis of the impact of dykes on the geometry
of the saline interface and, subsequently, on the availability of fresh
groundwater resources. Thus, the flow perpendicular to the modeled
profile was neglected.

The model was used to simulate 66 scenarios that resulted from
assessing 6 different hydraulic conductivities for the dykes and 5
different extraction rates from 2 different strategic locations. The dykes
hosted by a moderate hydraulic conductivity domain of 5 m/d were
assessed with hydraulic conductivities of 5 (homogeneous; no dykes), 1,

100 m
4
//,/// 26m B u

Gallery end point 36 37

Horizontal
(Length=1011m) 40 “

well

Fig. 3. Plan view and detailed geological mapping of the Los Padrones well-gallery (based on IGME, 2023; Navarro-Latorre, 1997; Servando-Molowny, 1998).
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Fig. 4. Mesh and boundary conditions used for the density-driven groundwater
flow model. Circled numbers show the measurement point (control points) for
each of the five dyke intervals. The two extraction points assessed by modeling

are indicated with yellow circles and coincide with control points 1 and 5.

Table 1

Summary table of mesh, time and hydraulic and mass transport parameters used

in the numerical model.

Parameter Value Units
Mesh and time parameters
Problem projection Vertical confined 2D aquifer [-]
Minimum height (Y axis) 2000 [m]
Maximum height (Y axis) 2300 [m]
Length (X axis) 2500 [m]
Mesh elements 41,835 [-]
Simulation time oo (quasi-stationary) [-]1
Hydraulic parameters
Hydraulic conductivity 5 [m/d]
Hydraulic conductivity 5 (homogeneous); 1; 0.1; 0.01; [m/d]
(dykes) 0.001; 0.0001
Density ratio 0.027 [-1
Recharge (top) 100 [mm/a]
Seawater head BC (left 0 [m]
side)
Extraction rate (% of 10; 20; 30; 40; 50 [%]
recharge)
Mass transport parameters
Longitudinal dispersivity 10 [m]
Transversal dispersivity 1 [m]
Porosity 0.1 [%]
Mass-concentration (top) 0 (normalized to 0 % of seawater) [mg/1]
Mass-concentration (left 100 (normalized to 100 % of [mg/1]

side)

seawater)

0.1, 0.01, 0.001 and 0.0001 m/d. In addition, from each of these sce-
nario results, we evaluated what happens if 10, 20, 30, 40 and 50 % of
the recharged water in the system was extracted from the starting point
(extraction point 1 in Fig. 4, where vertical well intersects the horizontal
gallery) and the ending point (extraction point 2 in Fig. 4) of the hori-
zontal gallery. All the simulations were run until reaching a quasi-
stationary state, where hydraulic parameters such as porosity no
longer influenced results.

Science of the Total Environment 899 (2023) 165638
3. Results and discussion

3.1. Dykes condition the quantity and quality of groundwater on El
Hierro Island

Hydraulic heads and salinity proxies measured along the Los Pa-
drones gallery confirmed the impact of dykes on the availability of fresh
groundwater on El Hierro Island. The detailed geological mapping car-
ried out in the Los Padrones gallery (Fig. 3) demonstrated the existence of
40 dykes between meters 195 and 1011 of the gallery (El Golfo edifice
materials). The presence of a swarm of sub-vertical dykes parallel to the
coast compartmentalized the aquifer of the EIl Golfo edifice materials,
giving rise to a stepped water table with a hydraulic gradient more than
ten times greater than in the adjacent aquifer of the volcanism EI Golfo
materials (Fig. 5A). Each dyke generated an impact of different magni-
tude on the system, depending on its inclination, direction and, espe-
cially, thickness. Four of the thickest dykes (dykes 1, 11, 18 and 40,
Figs. 2 and 3) generated the greatest staggering on the water table
during the drilling, rising to 1.1 m a.s.l. after dyke 1, to 14 m a.s.l. after
dyke 11, to 26 m a.s.l. after dyke 18 and finally to 73 m a.s.l. after dyke
40. The rest of the dykes caused a minor or negligible impact on the
water table. These field data demonstrated the need to analyze dyke
swarms at the local scale, since the expected behavior of each dyke can
be very different even when they have a similar apparent thickness in

A) 80

—@—"Gulf of El Hierro" profile

CP5

70 A
—@—"Los Padrones" profile
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Fig. 5. A) Measured hydraulic heads along the Gulf of El Hierro (see the loca-
tion of wells, W, in Fig. 1) and Los Padrones profiles (see the location of control
points, CP, in Fig. 4). B) Calculated depth of the saline interface along both
profiles using the Ghyben-Herzberg analytical solution.
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the mapped area.

The concentration of chlorine and the electrical conductivity
measured in the water extracted from the vertical well, or beginning of
the Los Padrones gallery, from the short gallery that was initially drilled
(in operation until 1996) and from the end of the current gallery of 1011
m, demonstrated the impact of the dykes on water quality (Fig. 6). The
average electrical conductivity in the well decreased from 1450 pS/cm
to 420 pS/cm when the short gallery was dug, which meant going from
water strongly affected by seawater intrusion to drinking water. This
sharp change occurred, shifting the extraction point 260 m (the length of
the short gallery) from the original well drilled into the Volcanism of El
Golfo materials (not affected by dykes) to the new emplacement into the
El Golfo edifice materials (affected by dykes). In addition, the end of the
short gallery was at a distance from the coast where the wells located in
the Gulf of El Hierro (Volcanism of El Golfo) were strongly affected by
seawater intrusion (Fig. 1), especially when subjected to intensive
pumping. This abrupt change in salinity and the difference to what was
observed in the Gulf of El Hierro can only be explained by the fact that
the saline interface was deeper in the materials affected by dykes (El
Golfo edifice) than in the materials that fill the gulf and are not affected
by dykes (Volcanism of El Golfo). The average electrical conductivity
dropped to 350 uS/cm when the gallery was lengthened up to the cur-
rent length of 1011 m, allowing intensive extraction of 1.20 hm®/a (37
% of the total annual water demand of the island) without increasing
water salinity. This presumed an anomaly on the island where most of
the wells got salinized and confirmed that the saline interface in the
aquifer affected by dykes (El Golfo edifice) was deeper. Also the depths
of the saline interface calculated by the Ghyben-Herzberg analytical
solution from measured hydraulic heads confirmed this hypothesis
(Fig. 5B), which will be assessed numerically in the next section.

3.2. Impact of dykes on the depth of the saline interface

Numerical assessment of the impact of dykes on the geometry of the
saline interface in coastal and island aquifers confirmed that the pres-
ence of these low-permeability volcanic structures leads to a deeper
saline interface on the inland side than on the seaward side. The six
density-driven flow simulations carried out, with a synthetic model
based on the Los Padrones profile, calculated a progressive increase in
the depth and thickness of the saline interface as the hydraulic con-
ductivity of the dykes decreased (Figs. 7 and 8A).

Taking as reference sea level and the surface that represents the 50 %

450

® Well
4004 Short gallery

350 { @ Long gallery

N w
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o o
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0 o T r
0 500 1000 1500

Electrical conductivity [uS/cm]

2000

Fig. 6. Relationship between electrical conductivity and chloride for ground-
water samples extracted at different stretches of the Los Padrones well-gallery.
Note the progressive reduction in the degree of salinization from the vertical
well to the end of the long gallery after 40 dykes.
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mixture between fresh and sea water, the depth of the saline interface at
control point 5 (the interval between dykes furthest from the sea; see its
location in Fig. 4) increased drastically from 80 m (Fig. 7A), when the
whole domain was considered homogeneous without dykes, to 2000 m,
when dykes were activated with Kq = 0.0001 m/d (Fig. 7F). The greater
depth of the saline interface on the inland side of the dyke compared to
the seaward side implied that fresh groundwater reserves were also
increased inland as a consequence of the effect of low-permeability
dykes. In addition, the presence of several dykes produced a cumula-
tive effect from the sea to inland (Fig. 8A). When low-permeability dykes
were activated, the depth of the saline interface tended to decrease be-
tween the coastline and the first dyke, which implied a greater proba-
bility of salinization for the wells located in that area (Figs. 7 and 8A).
The thickness of the saline interface also increased as the hydraulic
conductivity of the dykes decreased.

The impact of low-permeability dykes on the geometry of the saline
interface was explained by the staggering and relative increase that
occurred in the water table. Since the saline interface represented the
hydrostatic equilibrium between the relative less dense fresh ground-
water and the relative more dense seawater, the relative higher hy-
draulic heads associated with the staggering of the water table led to a
deepening of the saline interface. In the case of El Hierro Island, as
previously discussed, the hydraulic gradient along the Los Padrones
profile (affected by dykes), was much larger than along the Gulf of El
Hierro profile (Fig. 5A). For this reason, the saline interface was much
deeper in the materials affected by dykes (El Golfo edifice) than in the
materials that fill the Gulf of El Hierro (Volcanism of El Golfo) (Fig. 5B).
In the absence of dykes, the low recharge rate by rain infiltration,
together with the limited dimensions of islands, lead to a water table
with very low hydraulic gradients and, subsequently, to a very shallow
saline interface that favors salinization of wells. This explained why
most of the wells in the Gulf of El Hierro (Fig. 1), and probably in other
islands globally, have been abandoned due to salinization (Custodio
et al., 2016; Ecker, 1976; Izuka et al., 2018).

Even though the objective of the 2D numerical model was not to
calibrate the local conditions of the Los Padrones site, the trend in the
staggering of measured hydraulic heads was very similar to those
calculated by the model when the dykes were activated with a K4 be-
tween 0.001 and 0.0001 m/d (Figs. 7E and F and 8B). This confirmed the
impermeable effect of dykes on El Hierro Island and can serve as a basis
for future research on the island. In addition, the simulation that
considered a homogenous domain without dykes (Fig. 7A) also provided
a good approximation of the expected geometry of the saline interface
along the Gulf of El Hierro profile.

3.3. Dykes are critical for the production of drinking water in coastal and
island aquifers

The impact of low-permeability dykes on the geometry and, subse-
quently, on the depth of the saline interface was demonstrated to be
critical in assessing fresh groundwater resources and in deciding on the
location of drinking water production wells, in order to ensure the best
possible water quality. The 66 simulations carried out to evaluate the
effect of dykes on the salinity of extracted water showed that wells
located inland from dykes allowed a fresh groundwater extraction rate
that is much higher than wells located seaward from dykes, without
becoming salinized (Fig. 9).

The extracted water was affected by seawater intrusion in all sce-
narios when water extraction was carried out from extraction point 1,
which was located between the coastline and the first dyke (see the exact
location in Fig. 4) (Fig. 9A). Extraction point 1 became salinized even
when there was no extraction. The mixing ratio of seawater increased as
the hydraulic conductivity of dykes reduced, reaching >50 % of the
extracted water when Kgq = 0.0001. The proportion of seawater
increased linearly, as did the extraction rate.

However, the presence of low-permeability dykes allowed extraction
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Fig. 7. Percentage of seawater calculated by the density-driven groundwater numerical model in each scenario. Note the progressive increase in the depth of the
saline interface as the hydraulic conductivity of the dykes reduces from 5 m/d (homogeneous case) in A to 0.0001 m/d in F.

of pure freshwater from extraction point 2 (Fig. 9B). The relative deeper
saline interface at this point, as a consequence of low-permeability dykes
(simulations with Kd = 0.001 and 0.0001 m/d), ensured avoiding any
seawater contribution when up to 20 % of the recharged water was
extracted, or up to 30 % with a seawater contribution <1 %. For
extraction flows >30 % of the recharged water, the model results
showed mixing with seawater but always in a lower proportion than in
the scenario that did not consider dykes.

Although studies and models considering the specific local hydro-
geological characteristics are necessary, these results demonstrated that
the presence of low-permeability dykes can prevent the abandonment of
wells and galleries due to salinization in coastal areas, if they are

correctly located. Locations inland from the dykes were beneficial in
avoiding the effect of saline intrusion on extraction wells, while loca-
tions closer to the coast may be detrimental. In addition, extraction
flows can become as important as 20 % or 30 % of the water recharged in
the aquifer, which is key for ensuring drinking water supply on islands.

4. Conclusions

In this paper, we evaluated the impact of volcanic dykes on the depth
of the saline interface in coastal and island aquifers and, subsequently,
on the availability of fresh groundwater. We integrated, for the first
time, in situ hydraulic and hydrochemical data from a well-gallery that
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Fig. 8. A) Computed thickness of the freshwater lens at each dyke interval (see the locations of control points in Fig. 4) for the 6 simulated scenarios that assessed the
impact of the hydraulic conductivity of dykes (Kq) on the freshwater lens geometry. B) Computed hydraulic head and measured hydraulic head in the Los Padrones

well-gallery at each dyke interval.
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Fig. 9. Computed mixing ratio of seawater versus extraction rate (from 0 % to 50 % of the recharge) for the two assessed locations of the extraction point (at the
beginning of the gallery or before dykes, A, and at the end of the gallery or after the dykes, B). See the exact locations of extraction points 1 and 2 in Fig. 4.

crosses 40 dykes perpendicularly along its >1000 m length on EI Hierro
Island (Canary Islands, Spain), along with numerical modeling. The Los
Padrones well-gallery supplied 37 % of the water demand on the island,
even though it was one of the few wells not affected by seawater
intrusion, making it an outstanding case.

Measured hydraulic heads along the Los Padrones well-gallery
demonstrated that the staggering of the water table was mainly
controlled by a few dykes, the four thickest ones. In addition, the pres-
ence of dykes increased the hydraulic gradient more than one order of
magnitude with respect to the adjacent aquifer, which is not affected by
dykes. This stepwise increase in hydraulic heads pushed the saline
interface downward and reduced electrical conductivity from 1450 pS/
cm to 350 pS/cm along the gallery, which was a much lower value than
those measured in the adjacent aquifer at the same distance from the
coast.

Numerical assessment of the impact of dykes on the geometry of the
saline interface confirmed that the lower the hydraulic conductivity of
the dykes, the greater the depth of the saline interface inland. This
impact of dykes on the geometry of the saline interface led to increasing
fresh groundwater reserves inland, relative to a hypothetical case
without dykes. However, the depth of the saline interface tended to
decrease between the coastline and the first dyke, as the permeability of
dykes decreased.

Numerical simulations also demonstrated that dykes can prevent the
abandonment of drinking water production wells due to salinization in

coastal and island aquifers if they are correctly placed. Locating pro-
duction wells far enough inland in an area affected by dykes allowed a
higher freshwater extraction rate than if dykes did not exist, while near
the coastline, the effect tended to be the opposite. In the case of the Los
Padrones well-gallery, the drilling of a horizontal gallery from the
original vertical well made it possible to go from extracting water with
an electrical conductivity of 1450 pS/cm, not suitable for human con-
sumption, to extracting high quality water of 350 pS/cm, with extraction
rates that cover almost half of the island’s water demand.

These results will help improve the exploitation strategies of fresh
groundwater resources in coastal volcanic aquifers, and especially on
volcanic islands such as the Hawaiian Islands or the Macaronesian
archipelagos. As a general rule, it is recommended to locate drinking
water production wells in inland areas affected by dykes, since they are
the most protected areas from saline intrusion and host the largest re-
serves of fresh groundwater in the case of islands. In addition, these
results will serve as the basis for future 3D modeling approaches that
analyze the impact of dykes on piezometry and hydrochemistry at the
island aquifer scale.
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