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• Dry galleries as novel stormwater infiltra-
tion facilities are presented.

• A 3D unsaturated flow model considering
different geological settings is performed.

• Layering of volcanic aquifers strongly con-
strains infiltration performance.

• Sizing errors of 100%occur neglecting un-
saturated conditions.

• Installation and management guidelines
for dry galleries are provided.
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The increase in the frequency of extreme precipitation events due to climate change, together with the continuous de-
velopment of cities and surface sealing that hinder water infiltration into the subsoil, is accelerating the search for new
facilities to manage stormwater. The Canary Islands (Spain) are taking advantage of the knowledge acquired in the
construction ofwater mines to exploit a novel stormwatermanagement facility, whichwe have defined as a dry gallery.
Dry galleries are constituted by a vertical well connected to a horizontal gallery dug into highly permeable volcanic
layers of the vadose zone, from where infiltration takes place. However, the lack of scientific knowledge about these
facilities prevents them from being properly dimensioned and managed. In this work, we simulate for the first time
the infiltration process and the wetting front propagation from dry galleries based on a 3D unsaturated flow model
and provide some recommendations for the installation and sizing of these facilities. The fastest advance of thewetting
front takes place during the earliest times of infiltration (<2 h), with plausible propagation velocities and infiltration
rates higher than 1000m∙d−1 and 2m3∙s−1. As time progresses, the propagation velocity and infiltration rate decrease
as a consequence of the hydraulic gradient attenuation between the gallery and the aquifer. Therefore, stormwater in-
filtration is a highly transient process inwhich a sizing underestimation of 100%may be committed if unsaturated con-
ditions or geological configuration are neglected.
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1. Introduction

Climate change is increasing the frequency of extreme precipitation
events at the same time that cities are gaining more and more ground
from land surface, significantly reducing the infiltration capacity of the
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soil (Allen and Ingram, 2002; Berg et al., 2013; Fischer and Knutti, 2016;
Fischer and Knutti, 2015; Myhre et al., 2019; Pfahl et al., 2017; Vázquez-
Suñé et al., 2016). Precipitation thatwould normally reach natural land sur-
face and infiltrate into the underlying aquifer instead runs off, traveling
over paved areas until it evaporates or enters stormwater management fa-
cilities (Clark and Pitt, 2007). This problem becomes even more important
in island populations, where the scarcity of water resources is an almost
global issue (Gössling, 2001; Papapostolou et al., 2020).

One of the most outstanding examples of the necessity for efficient
water resources management is the Canary Island archipelago (Spain)
(Custodio et al., 2016; Custodio et al., 2015), which holds 2.2 million in-
habitants and received more than 15 million tourist visitors in 2019
(Hernández-Martín et al., 2021). The strong urban development of the
Canary Islands and thewaterproofing of its land surface is leading buildings
and urbanization resorts to the installation of stormwater infiltration
facilities in the last decade.

Although commonly built to control stormwater, infiltration facilities
are also used for managed artificial recharge (MAR) of aquifers in areas
with scarcity of water, so they are frequently studied and classified to-
gether. These facilities can be split into three subcategories: surface infiltra-
tion systems (e.g., MAR ponds), vadose infiltration systems (e.g., drywells,
infiltration galleries) and injection wells. Each one of them has a very
different design, installation depth with respect to the land surface and
operational performance, as many previous works have addressed
(e.g., Bouwer, 2002; Dillon, 2005; Edwards et al., 2016; Zhang et al.,
2020). However, to our knowledge, there is no scientific reference whatso-
ever to galleries excavated in consolidated volcanic rocks operating in the
vadose zone as infiltration facilities, here referred to as dry galleries. It is im-
portant not to confuse themwith infiltration galleries, which are essentially
covered percolation trenches (a few decimetres from the surface and often
Fig. 1.Graphical representation of a dry gallery stormwater infiltration facility based on
pyroclasts of high hydraulic conductivity (K). Scale is not consistent in order to show al
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filled by unconsolidated materials) that contain a medium or supporting
structure with internal void spaces to facilitate infiltration (Bekele et al.,
2013).

Dry galleries are stormwater infiltration facilities composed of a vertical
well (1–2 m of diameter) that connects with a horizontal gallery (often
5–50 m long and 2–5 m wide) dug by hand into layers of consolidated per-
meable rocks within the vadose zone from where stormwater infiltration is
produced (Fig. 1). The gallery can be located at any depthwithin the unsat-
urated zone, although it is generally between 5 and 50 m deep. The design
of the dry galleries is justified by the characteristic geological configuration
of volcanic rockswhere layers of impermeable rocks (e.g., basaltic rocks) al-
ternate with others much more permeable (e.g., loosely packaged
pyroclasts). The presence of impermeable layers with great lateral continu-
ity between the surface and the water table would hinder infiltration from
the surface throughMARponds or infiltration galleries, while the relatively
low thickness of the permeable layers (often below 5 m) notably limit the
performance of drywells (Sasidharan et al., 2019). Local people know the
importance of this layered geological configuration for extracting water
from water mines (Custodio et al., 2016; Custodio et al., 2015; Custodio
et al., 1983; Marrero-Diaz et al., 2015). Nowadays, due to the need to man-
age stormwater, dry galleries are increasingly being built in the last decade
in the Canary Islands as instruments to infiltrate stormwater into the vadose
zone. These systems are used in many urbanizations and constructions in
the Canary Islands and, in many cases, their existence is unknown because
they are still being regulated.

In the Canary Islands and many other parts of the world, the processing
of authorization expedients for the stormwater spill in the vadose zone
through infiltration facilities is still scarce, largely due to fear of wrong in-
stallation or management that could lead to polluting aquifers or damaging
ecosystems. This is often accentuated by a lack of regulations that ensure
the Santa Cruz case study. Note the location of the dry gallery in the reddish basaltic
l items in greater detail.
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the quality of groundwater resources and the management of stormwater
(Custodio et al., 2015). A poorly dimensioned infiltration device could
have environmental consequences in addition to material damage to
nearby infrastructure. Contaminants reaching the water table beneath in-
land areas can be transported by regional groundwater flow to near the
coast, where groundwater flow rises and discharges into the sea,
constrained by the saline interface (Folch et al., 2020; Izuka, 2011;
Luijendijk et al., 2020; Marazuela et al., 2018; Martínez-Pérez et al.,
2022). Also the contaminated water could be captured by extraction wells
before reaching the coast, which could be risky in the case of drinking
water. Although contaminants are linked to stormwater, especially those
linked to particulate and increased turbidity and washed away by the first
falling waters during rain events, the conclusion of the majority of studies
is that when sizing is conducted properly, managed infiltration of
stormwater does not pose a threat to groundwater and drinking water re-
sources (Barraud et al., 1999; Dallman and Spongberg, 2012; Edwards
et al., 2016). In this respect, a correct estimation of the travel time of the
wetting front that is propagated through the vadose zone from infiltration
systems toward the water table due to stormwater infiltration, together
with correct sizing of the facility, is key.

Sizing guides have been made for other MAR systems such as drywells,
based on experimental data and numerical simulations and in the field with
very specific designs with defined geometries (Massmann, 2004). There are
also some simplified analytical solutions for seepage trenches and ponds
(Akan, 2002). Research dedicated to infiltration efficiency from other
MAR systems has been carried out based on experiments and numerical
model simulations (Bekele et al., 2013; Edwards et al., 2016; Sasidharan
et al., 2019; Sasidharan et al., 2018). Even so, there are several works ad-
dressing drywells in continental locations but only a fewof them in volcanic
islands. Numerical contaminant transport modeling and general recom-
mendations about drywell usage on the island of Hawaii was done by
Izuka (2011). In the island of Hawaii, hydraulic conductivities (K) of up
to 1000 m·day−1 was described along some permeable layers, as occurs
in the Canary Islands. However, so far, no work has addressed the infiltra-
tion process from dry galleries drilled into consolidated volcanic rocks,
nor have guidelines been proposed for its installation and management.

The fact that dry galleries are located in the unsaturated zonemeans the
infiltration process becomes more complex (Gray and Hassanizadeh,
1991a, 1991b; Kool et al., 1987; Stephens, 1996). In unsaturated materials,
the water content is less than the effective porosity, and the water pressure
in pores is negative, being for a certain point less than the one that would
correspond to that same point if the aquifer were completely saturated.
This leads to higher hydraulic gradients than expected. Also, the layered
disposition of the Canary Islands, and volcanic rocks in general, represents
an additional element of complexity for quantification of the infiltration
rate and then for the design and sizing of dry galleries. However, the
groundwater flow modeling in the unsaturated zone requires a greater
knowledge of the hydraulic parameters of the terrain and a higher compu-
tational cost (especially in 3D models) (Herrera et al., 2022; van
Genuchten, 1980), which frequently leads to unsaturated conditions
being left out in dry gallery sizing assessments. For these reasons, most geo-
technical studies carried out so far in the Canary Islands assumed (i) flow in
a saturated medium (K dependence to saturation is neglected), (ii) steady-
state flow regime, (iii) hydraulic gradient equals to 1 (unit gradient) on
the floor, walls and ceiling of galleries and (iv) homogeneous and isotropic
K field (IGME, 2021). The assumption of all these simplifications seems to
be excessively simplistic but the reality is that there are no effective analyt-
ical models to reproduce the infiltration from these infiltration facilities to
assess the error committed. Also, permeability estimations might be impre-
cise, depending on the method chosen (e.g., Gilg-Gavard, Haefeli and
Lefranc tests or borehole permeameter), the number of tests carried out
and the application limitations for the unsaturated zone (Dezert et al.,
2019; Elrick et al., 1989; Kindred and Reynolds, 2020; Lefranc, 1937;
Lefranc, 1936; Stephens, 1992; Stephens, 1979; Stephens et al., 1987). An
inadequate estimation of permeability can lead to overestimating the travel
times of a potential pollutant existing in the gallery until it reaches the
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water table, reducing the pollutant attenuation time and putting water re-
sources at risk. Thus, the need to generate a simplified reference model
that addresses, from a numerical point of view, the transient infiltration
process in dry galleries under layered and non-layered geological configu-
rations and provides guidelines based on scientific criteria for the sizing
and management of these facilities is evident.

This paper elucidates existing dry galleries of the Canary Islands which
are being used as an effective stormwater infiltration facility but are mainly
unknown to the scientific community. The objectives of this paper are (i) to
evaluate, under isotropic and layered geological configurations, the geom-
etry and velocity propagation of the wetting front triggered by the
stormwater infiltration from dry galleries, (ii) the evolution of the infiltra-
tion performance over time and (iii) the errors made in dry gallery sizing
by neglecting unsaturated conditions, with the purpose of providing scien-
tifically based guidelines for themanagement of these facilities. To simulate
the infiltration process through the unsaturated zone under different geo-
logical configurations from this novel stormwater infiltration facility, a syn-
thetic 3D numerical model, based on the Santa Cruz dry gallery, was carried
out. This dry gallery can be considered, due to its design and dimensions, as
a first reference example for this new type of MAR system. The results of
this study aim to guide stormwater management in other parts of the
world, specially, in places where the layered geological configuration of
rocks reduces the performance of other MAR systems.

2. The Canary Islands

The Canary Islands is a volcanic archipelago located on the African plate
and constituted by seven islands, one minor island and several small islets
covering an area of approximately 7500 km2 (Fig. 2). The archipelago is lo-
cated 1400 km from the Iberian Peninsula and 100 km from the African
coast. The island of Tenerife, in the center of the Canary archipelago, is
the largest, with an area of 2034 km2. Its highest elevation is the Teide
Peak, which reaches 3718 m a.s.l. (meters above sea level). Although the
Canary Islands would have a dry and warm climate due to its latitude, the
presence of the trade winds gives the northern slopes of the highest islands,
such as Tenerife, a humid and temperate climate and comparatively drier
southern slopes. The island receives an average annual precipitation of
420 mm. In the island of Tenerife, surface runoff water is hardly repre-
sented in the water supply, and groundwater coming from the recharge
by precipitation provides almost 90% of drinking water (Santamarta-
Cerezal et al., 2013).

From a geological point of view, the archipelago of the Canary Islands is
mainly constituted by basaltic rocks generated frommagma emissions from
the Miocene to the present day. The Canary islands emerged from hotspots
associated with a residual thermal plume, which has been active since the
beginning of the Atlantic Ocean opening, 200 million years ago (Anguita
and Hernán, 2000). The volcanism of the Canary Islands corresponds to
the alkaline series, in which basalts, trachytes and phonolites predominate.
Although different stratigraphic units emerge on the surface, themostmod-
ern series occupymost of the island's surface. Given their favorable primary
characters and their lowdegree of compaction and alteration, thesemodern
materials (pyroclasts, unwelded ignimbrites and breccias) are highly per-
meable (>100 m·day−1) (IGME, 2021; Santamarta-Cerezal et al., 2013).
The volcanic materials that make up the island are permeable by porosity
and also cracking. By contrast, the old core materials are characterized by
low hydraulic conductivities (<1 m·day−1). The layered nature of volcanic
rocks gives rise to awide range of K values, ranging from 0.01m∙d−1 for an-
cient basalts and welded pyroclastic layers to more than 1000 m∙d−1 in
some recent quaternary basalts or loosely packaged pyroclasts. Also, poros-
ity can range between almost 0% to more than 60%, although the pores do
not always have good connectivity (Santamarta-Cerezal et al., 2013).

The insular hydrogeological functioning is characterized by the exis-
tence of a heterogeneous and anisotropic multilayer single aquifer (insular
aquifer) on each island, with radial flow from the center of the island to-
ward the coast or toward the deepest radial ravines. Rainwater infiltrates
the permeable surface materials (lavas and pyroclasts) and descends



Fig. 2. Location of the investigated Santa Cruz dry gallery on Tenerife Island of the Canary Islands.
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through the holes in the rocks until all of them are fully saturated, forming
the main aquifer. Some of the high permeable layers are horizontally dug
from the hillside and then used as water mines by locals (Custodio et al.,
2016). In addition, there are some local hanging aquifers above this main
aquifer, conditioned by poorly permeable layers, from which water perco-
lates to deeper levels or discharge through small springs.

3. Material and methods

3.1. “Santa Cruz” dry gallery

The Santa Cruz dry gallery is located in the southeast of the island of
Tenerife (San Cristóbal de La Laguna, Spain) and serves an urbanization
with an area of 175,000 m2 (Figs. 1 and 2). The Santa Cruz dry gallery is
constituted by a vertical well of 35.2 m depth connected to a horizontal gal-
lery 34m long (IGME, 2021). The vertical well has a diameter of 1 m and is
cased with blind pipe. The horizontal gallery has a rectangular prism shape
with an average of 4mwidth and height and a total infiltration surface area
of 595m2. The infiltration gallery is located 35.2 m depth from the surface,
which is at 420 m a.s.l. The scarcity of piezometric data led to the assump-
tion that the water table is close to the sea level because of its proximity to
the coast. In consequence, the thickness of the unsaturated zone was esti-
mated at approximately 400 m. The water poured into the dry gallery is
previously circulated through a sand trap to remove the potentially pollut-
ing particles of greater diameter.

The rocks of the top 35.2 mwere defined asmassive basalts and welded
pyroclasts of very low K, with some anthropogenic detrital material at the
top (Fig. 1). Underlying these massive basalts, where the dry gallery was
dug, reddish basaltic pyroclasts of high K (140 m·day−1, according to the
Haefeli test results) were found (IGME, 2021).

3.2. Numerical model set-up

A synthetic 3D transient-state unsaturated flow model based on the
Santa Cruz dry gallery was developed with the FEFLOW code to simulate
the groundwater flow under variable saturation conditions in the vadose
zone associated with dry galleries. The basic equation for 3D flow in vari-
ably saturated porous media can be written in terms of the hydraulic
head variable h = ψ + z as (Diersch, 2014):

sS0
∂h
∂t

þ ε
∂s
∂t

þ ∇∙q ¼ Q ð1Þ
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defining:

q ¼ −KrK∙∇h ð2Þ

where s is the saturation offluid in the void space ε (effective porosity), S0 is
the specific storage coefficient, t is time, q is the Darcy velocity of fluid, K is
the tensor of hydraulic conductivity, Q is the bulk source/sink term of flow,
Kr is the relative hydraulic conductivity and z is the elevation head.

In addition, the following van Genuchten-Mualem parametric model is
used for the present study (van Genuchten, 1980):

se ¼
1

1þ αψj jn½ �m for ψ < ψa

1 for ψ≥ψa

8<
: ð3Þ

Kr ¼ s1=2e 1− 1−s1=me

h imn o2
ð4Þ

where α, n and m are empirical parameters, ψ is the pressure head and se is
effective saturation, generally defined as:

se ¼ s−sr
ss−sr

ð5Þ

where sr is residual saturation and ss is maximum saturation.
The 3D numerical model comprised a domain of 125 m long, 100 m

wide and 109.6 m high (Fig. 3A). It comprised 121 layers that decrease in
thickness from 3 m to 0.1 m toward the horizontal gallery and 2.4·106 ele-
ments. The size of the elements ranged between 0.1 and 5m. The top eleva-
tion of themodelwas 420m a.s.l. The dry gallery of 34m long and 4mhigh
and wide was located in a central position of the domain, 35.2 m beneath
the top of the model and 70 m above the bottom. The filtering surface cor-
responding to the infiltration gallery was 576 m2. The well that connected
the surface with the dry gallery was at 35.2 m depth.

The model considered an initial condition in which the dry gallery and
the well are completely filled with water, just before causing overflow. It is
understood that once the stormwater infiltration device is filled to the sur-
face (level 420 m), that will be the hydraulic head in the entire cavity and
then this value was set as the initial and prescribed boundary condition.
The hydraulic head inside the gallery remained at its maximum level
(420 m a.s.l. or 39.2 m in terms of equivalent height of water column) dur-
ing the entire simulation. The external boundaries of the domainwere set as
no-flow boundary conditions. However, as the wetting front never reaches



Fig. 3.Numerical model set-up. A) 3Dmesh of the numerical model and location of the dry gallery system. On the right side, detailed view of themesh around the dry gallery
system (well and dry gallery). B) Isotropic (homogeneous K field of 140m·day−1) and non-isotropic (high K layer surrounded by impervious rocks) geological configurations
evaluated through the 3D numerical model.
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these boundaries, they did not constrain the results. For the rest of the do-
main, a hydraulic head of 0 m and a saturation equal to 0 was set as initial
conditions. The simulated time period was one day, with a variable time
step control. The time step length increased from 1·10−8 at the beginning
of the simulation to 7·10−4 days at the end of the simulation. As stormwater
needs to be infiltrated in short times, one day of simulation is considered
long enough to assess the infiltration process in dry galleries.

Two simulations were performed to evaluate the infiltration process
under (i) an isotropic K field (isotropic simulation) and (ii) considering
the dry gallery is installed into a 6 m thick high permeability layer of red-
dish pyroclasts, limited to the top and bottom by impermeable volcanic
rocks (non-isotropic simulation) (Fig. 3B). The isotropic simulation aimed
to reproduce the infiltration from dry galleries, assuming there are no lith-
ological constraints in terms of impermeable layers at the top and bottom.
The non-isotropic simulation aimed to reproduce the wetting front propa-
gation in the most frequent situation in volcanic aquifers, when permeable
layers are intercalated between other impermeable layers. The comparison
of both results, an idealfirst result and a second result representing themost
common case in which dry galleries are installed, allowed us to understand
how to correctly assess the performance of these systems and what criteria
to follow for their installation. The parametrization of the domain was car-
ried out based on the field data of the Santa Cruz dry gallery (IGME, 2021).
Both simulations fulfilled a K of 140m·day−1 around the gallery. However,
in the first simulation, this value of K was applied to the entire domain
while, in the second simulation, this value of K was assigned to a layer of
thickness of 6 m, coinciding with the infiltration gallery, and the rest of
the domain was considered impermeable. An effective porosity of 30%
was set. Using a computer with a CPU Intel® Core™ i9-10980X and
64 GB RAM, each simulation took one week to run due to the tiny time
5

steps required to simulate such strong pressure gradients under 3D unsatu-
rated conditions.

4. Results and discussion

4.1. Lithological constraint of the wetting front geometry and propagation
velocity

Both transient simulations, the isotropic (homogenous domain of per-
meable reddish pyroclasts) and non-isotropic simulation (permeable red-
dish pyroclasts layer surrounded by impermeable basalts) started
considering a hypothetical initial situation in which the dry gallery was
surrounded by a completely unsaturated media and the dry gallery had a
constant equivalent height of 39.2 m (taken as reference the bottom of
the gallery) of water column, i.e., it was completely filled of water. After
one day of simulation, the saturated bulge resulting from the wetting
front advance is shown in Fig. 4.

For the first simulation, considering an isotropic variable saturated K
field, the saturated bulge evolved following a close to radial pattern, with
a further downward development along the z-axis (Fig. 4A) as consequence
of the gravity. However, the isotropic simulation considered a highly ideal-
ized scenario, whereas the natural subsurface is inherently highly heteroge-
neous, especially in volcanic areas where different lava flows and volcanic
rocks are stacked on top of each other. The second simulation, considering a
6 m thick layer of permeable reddish pyroclasts, showed the wetting front
had a clear preference for expanding laterally along the x-y plane than
along the z axis, where it was strongly constricted by impermeable rocks
1 m away (Fig. 4B). Thus, the saturated bulge resulting from infiltration
in a gallery located in a permeable pyroclastic layer is, as expected,



Fig. 4. 3D wetting front computed by the numerical model after one day of simulation for the isotropic (A) and non-isotropic (B) simulations. Note, in white, the flow
pathlines traveling from the dry gallery toward the wetting front. Dry gallery and well are highlighted in yellow. Only half of the mesh is shown for visualization
purposes.

Fig. 5.Wetting front propagation resulting from the isotropic simulation at 1 min (A), 6 h (B), 12 h (C) and 1 day (D). This cross-section matches the cross-section shown in
Figs. 3 and 4. Reference hydraulic head isolines of 0 and 380 m are shown to highlight the main part of the wetting front where the hydraulic gradient is higher.
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characterized by a ringmorphologywith great lateral and no vertical devel-
opment, in contrast to the relative sphericalmorphologywith greater devel-
opment in the gravitational direction expected in an isotropic media. Note
that although these two simulations represent plausible situations, they rep-
resent the two extreme cases, and intermediate solutions between both
cases are possible, for example, assuming a thicker permeable layer.

These two simulations demonstrated the need to evaluate the infiltra-
tion process from a transient and non-stationary approach. During the
first step of both simulations, the terrain around the gallery presented neg-
ative pressures (saturation lower than 1) (Figs. 5A and 6A). In these early
stages, the wetting front had a very narrow width and the entire pressure
gradient is concentrated in less than 1 m. If it is taken into account that
the effective K, considered as a function of soil saturation, increases with
its saturation degree, it can be explained how this initial situation repre-
sents a challenge for the convergence of the numerical model solution,
and long computational times were required. However, as the saturation
front expanded, its thickness increased and the hydraulic gradients were at-
tenuated and adapted to the new space generated between the infiltration
gallery and the wetting front (see evolution from A to D in Figs. 5 and 6).

The distances traveled by the wetting front across the x-y plane ranged
between 12.5 and 19.8m for the isotropic simulation and between 27.4 and
41.2m for the non-isotropic simulation (Fig. 7A). Also, thewetting front ex-
tended vertically between 14.5 m (upwards) and 26.1 m (downwards) for
the isotropic simulation (the non-isotropic simulation reached the top and
bottom impermeable rocks after a few steps). In all cases and directions,
the fastest advance of the wetting front took place during the earliest
times (<2 h), with velocities around 1000 m∙d−1 (Fig. 7B). As time prog-
ressed, the velocity of the wetting front progressively decreased, with
values around 10 m∙d−1 after one day of simulation. The traveled distances
and propagation velocities in the case of the non-isotropic simulation were
higher than for the isotropic simulation at all times (Fig. 7). Highly perme-
able rocks (reddish pyroclasts) limited at top and bottom by impermeable
rocks (basalts) enhanced the rapid movement of the wetting front in the
horizontal direction and facilitated infiltration of water over a larger lateral
extension. This is something that should be considered when deciding on
the placement of a dry gallery installation, especially if there are infrastruc-
tures that are laterally close or there is a risk of intercepting faults that could
connect different aquifer levels and then lead to a degradation of the
Fig. 6.Wetting front propagation resulting from the non-isotropic simulation at 1min (A
in Figs. 3 and 4. Reference hydraulic head isolines of 0 and 380mare shown to highlight t
scale was increased by three and only permeable layer of reddish pyroclasts was shown
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chemistry of water. The location of a gallery in a horizontal permeable
layer isolated by impervious rocks at the top and bottom reduces travel
times of a potential contaminant through the x-y plane and then increases
the risk of contamination laterally. However, travel times in the vertical di-
rection are reduced, making it difficult for a potential pollutant to advance
vertically and reaching other aquifers. Therefore, when dry galleries are
used as a stormwater management facility, and not as a managed infiltra-
tion facility where a better infiltration water quality is usually expected, en-
vironmental impacts would be reduced if dry galleries are placed on levels
where there is an impermeable layer underneath, as long as there are no
sensitive infrastructures or faults that can be horizontally intercepted. How-
ever, from a production point of view, it would be necessary to analyze the
effect that this enhancement of lateral propagation versus vertical down-
stream propagation has on infiltration rates.

4.2. Infiltration performance of dry galleries

The infiltration rates in both simulations showed a similar behavior to
the propagation velocity of the wetting front. In the early stages, maximum
infiltration rates above 2 m3∙s−1 for the isotropic case and 1.6 m3∙s−1 for
the case that considered the installation of the gallery in a horizontal per-
meable layer were reached (Fig. 8). These infiltration rates were reduced
to 0.25 and 0.1 m3∙s−1, respectively, after one day of simulation as a conse-
quence of the reduction in the hydraulic gradient between the gallery and
the aquifer over time. A trend toward a unit gradient is to be expected
after several days, although probably outside the operational time range
of these systems. Since storm events rarely last more than a few hours,
the stormwater infiltration process should be understood as a transient pro-
cess, and assuming steady-state conditions would lead to major errors as
discussed below. Thus, after one day of simulation, the volume of infiltrated
water for the isotropic case was 2.7∙104 m3 and for the non-isotropic case
1.15∙104 m3. Clogging and other physical malfunctions described for
other infiltration facilities used for extended periods of time (Bouwer,
2002; Gonzalez-Merchan et al., 2012; Le Coustumer and Barraud, 2007;
Pavelic et al., 2007; Siriwardene et al., 2007) should be assessed for dry gal-
leries in future studies.

The geological constraint in the advance of the wetting front along the
z-axis led to a decrease in the infiltration rate of more than 50% after one
), 6 h (B), 12 h (C) and 1 day (D). This cross-sectionmatches the cross-section shown
hemain part of thewetting frontwhere the hydraulic gradient is higher. The vertical
as the overlying and underlying rocks are impermeable.



Fig. 7.A)Wetting front distancemeasured from the dry gallery over one day of simulation for the isotropic (dots) and non-isotropic (triangles) geological configurations (see
Fig. 3B). The saturation isosurface of 0.5 was taken as reference for measurement. Labels show the axis component (X, Y, Z) in the first term, themeasurement direction from
the dry gallery along each axis (NW, SE, NE, SW, U-upward and D-downward) in the second term and the model simulation (S1, isotropic configuration; S2, non-isotropic
configuration) in the third term. See Figs. 2–4 for a precise orientation of the dry gallery system. B) Velocities resulting for the wetting front propagation.
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day of infiltration (Fig. 8). Therefore, it is clear that the layering of the vol-
canic rocks strongly conditions the infiltration rate from dry galleries and
cannot be neglected. Although greater lateral versus vertical expansion
can often be beneficial in protecting underlying aquifers from contamina-
tion, from a performance standpoint it is counterproductive. This is where
the purpose of the dry gallery (managed recharge of aquifers versus
stormwater management) and the risk-benefit analysis for each specific fa-
cility comes into play. In many cases, intermediate geological situations
with permeable layers of greater thickness than the one considered in this
work can allow isolation of the lower aquifers from the infiltrated water
without suffering very marked reductions in the infiltration rate and facili-
tate decision-making based on the results presented in this study for the two
extreme cases.
Fig. 8. Computed infiltration rate and infiltration volume over tim
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4.3. Neglecting unsaturated conditions leads to undersizing the dry galleries

The error made by neglecting the negative pressures and strong hydrau-
lic gradients associated with the unsaturated zone, which means consider-
ing just a unit gradient between the gallery and the aquifer, was
computed in Fig. 9. Assuming Darcy's law (Q = K·A·i where A is the area
and i the hydraulic gradient) with a saturated K of 140 m∙d−1 and an infil-
tration surface area of 595 m2, the estimated infiltration of the Santa Cruz
dry gallery would be 0.96 m3∙s−1. According to the model results (Fig. 8),
the infiltration rates during the first 3 min were about twice (2 and 1.6
m3∙s−1 for the isotropic and non-isotropic simulation, respectively) the es-
timated infiltration rate neglecting unsaturated conditions (0.96 m3∙s−1).
However, after 3 min, the simulated infiltration rates dropped below this
e for the isotropic and non-isotropic geological configurations.



Fig. 9. Error committed in the infiltration rate calculation by neglecting unsaturated
conditions. Errors for both geological configurations (isotropic and non-isotropic)
are displayed. Errors below 0% lead to underestimating the size of the dry gallery
due to overestimation of the infiltration rate.
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reference value. This led to errors by underestimation of the infiltration ca-
pacity of more than 100% during the first 3 min of injection. However,
these initial underestimation errors evolved to an overestimation error of
the infiltration rate after less than 5 min and for the rest of the simulation
time. In addition, these overestimation errors progressively increased
until they were close to 100%, after one day of simulation. The error
made by overestimating the infiltration rate leads to undersizing the dry
gallery.

5. Conclusions

The first numerical modeling study of a dry gallery stormwater infiltra-
tion facility has allowed us to (i) explain the complex geometry and move-
ment of the wetting front in homogeneous and layered hydraulic
conductivity (K) fields, (ii) estimate wetting front propagation velocities
and travel times for potential infiltrated contaminants, (iii) evaluate the
better location of these facilities to avoid environmental impacts, (iv) assess
infiltration performance of dry galleries, and (v) quantify the errorsmade in
dry gallery sizing by neglecting unsaturated conditions.

Numerical modeling confirmed that the layered structure of the volca-
nic rocks strongly conditions the infiltration pattern from dry galleries
and, therefore, it should be considered for the design and management of
dry galleries and other stormwater infiltration facilities globally. Since
storm events rarely last more than a few hours, the stormwater infiltration
process should be understood as a transient process. The fastest advance of
the wetting front and the highest infiltration rate took place during the ear-
liest times of infiltration (<2 h), with propagation velocities above 1000
m∙d−1 and infiltration rates between 2 and 1.6 m3∙s−1 for the isotropic
and non-isotropic simulations, respectively. After one day of infiltration,
as a consequence of the hydraulic gradient attenuation, the propagation ve-
locity of the wetting front decreased to 10m∙d−1 and the infiltration rate to
0.25 m3∙s−1 for the homogenous configuration and 0.1 m3∙s−1 for the lay-
ered configuration. Neglecting unsaturated conditions leads to dry gallery
sizing errors of 100% by underestimation. In addition, when the imperme-
able bottom is too close to the gallery, the infiltration performance of the
dry gallery can be significantly reduced (>50%) because gravity favors in-
filtration downwards.

Stormwater management is a global problem and, due to climate
change, frequency and intensity will increase. Dry galleries could help to
9

better manage stormwater events, prevent or mitigate floods, and increase
groundwater storage by artificial recharge, which is benign in preventing
seawater intrusion. This is of utmost importance, especially for islands in
dry regions andwith increasingwater scarcity. The proposed design criteria
for dry galleries in our work might help to use this concept in other places
with a similar climatic and hydrogeological conditions.
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