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1. Introduction
1.1 Objectives
This is the first deliverable in WP MAR to improve groundwater quantity and quality by
discharging Llobregat River water through infiltration basins, Catalonia, Spain.
Deliverable 6.1 has one objective: Evaluating the need for MAR practices in the Llobregat
lower valley and delta.
In this document, we first analyse the global water resources of the area comprising the
lower valley and the delta of the Llobregat river aquifer, by means of a regional model. This is
used to evaluate the needs that could be covered by means of Managed Aquifer Recharge
activities. Then, we present the different activities of aquifer recharge that are, have been, or
are planned in the study area. Finally, we present a few data regarding the performed and
planned activities in the MARSOL Demo site.

1.2

Outline

The document incorporates three chapters along the lines specified in the previous
paragraph. In Chapter 2, we present the results of a groundwater model performed at the
regional scale that structural water deficit in the zone, and thus the need for including nonconventional water resources into the water management at the basin scale. While there is
now an evaluation of these needs, historically it was well-known this lack of resources, and
aquifer recharge operations started several decades ago in the area.
Chapter 3 includes a historical synthesis of recharge activities in the area, with emphasis in
quantitative as well as qualitative aspects, and also including new perspectives for the future.
From all these activities, one of them, the infiltration pond in Sant Vicenç dels Horts, was
originally included in the list of MARSOL Demo sites.
For this reason, Chapter 4 is devoted to a preliminary analysis of the new data that has been
compiled in the Sant Vicenç dels Horts site. The interpretation of the data here compiled is
part of the work to be performed in subsequent deliverables.
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2. Water budget at the basin scale
The Great Barcelona Area involves a population over 3.5 million inhabitants. Water to
this area is mainly supplied by surface water, coming from two rivers, Ter and
Llobregat. Only a small portion of the supply is covered by groundwater extractions,
mainly from the Llobregat lower valley and delta (Figure 2.1). While in quantitative
terms this supply can be considered small, there are some industrial and agricultural
zones supplied mainly by groundwater, resulting in 11% of the total supply on
average. Because of its relevance a User’s Community was created in 1981, as a
way to properly manage the groundwater resources.
Furthermore, groundwater is considered a strategic resource, to be used in high
scarcity periods, capable of partially supplying the population living in such area.
Such scarcity periods are quite frequent in the area due to climate conditions, the last
one happening as recently as 2007. The Climate Change context and the effects of
population growth that are foreseen in the area, being an economic pole in the
Mediterranean Area, pose a risk to the future availability of water, so that
groundwater should be properly managed within an integrated framework.

Figure 2.1. Llobregat River Basin, including the main and the tributaries

	
  
	
  

5

	
  

MARSOL	
  

Deliverable	
  D6.1	
  	
  

Groundwater extractions started at the late XIXth century in the Llobregat delta deep
confined aquifer. At that time the delta was an artesian aquifer, but it eventually lost
its artesian condition caused by the decrease in piezometric heads caused by
intense pumping. Extractions increased steadily until 1970’s, with a maximum
recorded value close to 120 MCM/year. The strong decrease in groundwater heads
resulted in another undesired effect, that being the progressive observed
deterioration of its quality due to seawater intrusion. Hydrogeological studies carried
out at that time estimated 40 MCM/y as the safe yield that could be extracted in a
sustainable way. Despite of these studies, exploitation exceeded such values, and
for example, in 2009 abstractions were on the order of 55 MCM/y.
The sedimentary basin of the Lower Valley is formed by a layer of high transmissivity
sands with variable thickness (Figure 2.2). At about the location where the Lower
Valley opens up forming a delta, the aquifer brakes into several units due to the
intercalation of a silty wedge of increasing thickness towards the sea. The upper part
is formed by sands of a delta front, of about 15 m of thickness. The main aquifer, in
terms of the large values of transmissivity recorded, ranging between 1000 to 5000
m2/day, is located below, and it is formed by a combination of sands and gravels. The
silty wedge acts as a semiconfining unit.

Figure 2.2. Geological cross section of the Llobregat delta perpendicular to the coast. Two aquifers
are visible, separated by a silty wedge that acts hydrogeologically as a semiconfining layer.
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The Llobregat delta is well-known both in geological and in hydrogeological terms, as
numerous studies have been carried out in this area since the 1960’s, these focusing
almost exclusively on the evolution of water heads with time. In the late 1970’s, when
salinization problems became a concern, hydrochemistry research improved the
knowledge of the aquifer systems and the mechanisms that cause seawater intrusion
in the main aquifer of the Llobregat delta. Nowadays, groundwater heads are still
below sea level in most of the delta region and large areas are still affected by
seawater intrusion
During the 1980’s and later, all this knowledge started being integrated by the
development of a number of groundwater flow (with or without considering transport)
models. We must stress that the original models focused only on the main aquifer,
being the main source of supply. Amongst the different models that have been
developed through the years, we present here some of the findings obtained by the
one developed in 2006 by the Hydrogeology Group from UPC-CSIC. It is a model
that considers together the lower valley and the delta within a single mesh, thus
allowing the analysis of the system as a single unit. Moreover, it is a groundwater
flow and chlorine transport model.
The mesh involves an area with a single layer, corresponding to the lower valley, and
a transition to a two-layered model representing the two aquifers present in the delta.
The upper layer depicts the upper aquifer (upper Q4 in Figure 2.2) and the lower
layer represents the main aquifer. These two aquifers are connected by 1D elements
to represent flow through the aquitard (corresponding to the semiconfining silty
wedge). The flow and transport equations are solved using finite elements, with a
grid of 4354 nodes and 9698 elements.
The portion of the lower aquifer that extends into the sea is geologically very complex
(Figure 2.2), as it is formed by a large number of subunits, but this complexity is
deemed irrelevant for devising water management strategies, and so it is
disregarded. Thus, this area is included in the model by a direct extension of the
geometry of the delta area 4 km seaward (only applicable to the lower layer), and the
hydraulic parameters are estimated by calibration. Although both aquifers are
considered in the simulation model, all pumping and corrective measures as well as
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constraints are applied only to the main aquifer in the delta. Naturally, all activities in
the lower valley are also included by associating them to the only existing aquifer.
Temporal variability of most sink and source terms imply the need to evaluate
management alternatives with a transient simulation model. The model was
calibrated for the period from 1965 to 2001. Model parameters are divided into zones
representing the aquifer heterogeneity. The value of the parameters is considered
constant in each zone. The main aquifer inputs are the recharge from rain infiltration
along with the recharge from the river during flood events while the main output is
groundwater pumping. Inputs from surrounding aquifers are considered as well as
interaction with surface flow (rivers, drainage systems, wetlands). Parameter values
were updated during calibration. Automatic adjustments were carried out with the
code TRANSIN-IV, starting from the prior estimates available for every parameter.
The code minimizes an objective function that considers the differences between
measured and calculated head and/or concentrations, as well as the likelihood of
calculated

parameters.

Therefore

the

code

needs

measured

heads

and

concentrations at the defined observation points. The observation points provide a
good coverage of the model domain. Head data at many observation points extend
over almost the whole calibration period (1965–2001). However, the concentration
data are more disperse in time, and only available for the delta area.
The calibration process provided parameter values that were consistent with prior
information supplied to the model. The obtained fit for the spatial and temporal
evolution both for hydraulic heads (Figure 2.3) and chloride concentrations (Figure
2.4) were considered satisfactory. The calibrated model was validated with additional
data (2002–2004) showing a reasonable fit between measured and calculated data
(see again figures 2.3 and 2.4). Two optimization methods, linear and nonlinear,
were successfully used to design management alternatives in the Llobregat delta
Main aquifer. The application of these approaches to a real aquifer initially affected
by seawater intrusion, and more specifically to a socially and hydraulically complex
aquifer was a challenge in itself.
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Figure 2.3. Piezometric map calculated for December 2001 together with the heads mean error and
the calculated versus measured hydraulic heads at four observation points. Calculated heads are
plotted as a gray line, measured data used for calibration are plotted as dots, and data used for model
validation are shown as crosses

Figure 2.4. Chloride concentration map corresponding to December 2001, together with the
concentration mean error and the calculated versus measured heads in six observation points.
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Several conclusions were extracted from the model in terms of management of water
resources in the study area:
1. The area is in clear deficit of groundwater. Extractions exceed natural
recharge, and thus there is a need for artificial (and/or induced) aquifer recharge
practices. Deficit happens both in the lower valley and in the delta, thus giving the
need for actions to get distributed all along the study area.
2. The aquifers under stress are the single one in the lower valley, and the main
(deep) aquifer in the delta. Corrective actions to be taken should therefore be in
accordance with the hydrogeological setting. Thus, in the lower valley there is a need
for activities carried out at the surface, while in the delta they should consist of deep
injections.
3. One way to study the efficiency of corrective actions is to incorporate the
concept of shadow prices borrowed from economics, and derived by means of linear
programming. Shadow prices translated to a hydrogeological context represent a
measure of the hydraulic efficiency of recharge corrective measures (i.e., the net
increase in total pumping that can be extracted in a sustainable way per unit increase
in recharge). The average hydraulic efficiency calculated for recharge ponds located
in the lower valley has been estimated of around 0.7, indicating that up to 70% of the
injected water could be later extracted in downgradient locations without perturbing
the system.
4. However, efficiency based on shadow prices has been estimated to exceed
1.0 for recharge activities taking place in the deep main aquifer in areas currently
affected by saline intrusion. This finding would contradict the widely held belief that
coastal injection is inefficient because it loses water to the sea. While this is true, the
net gain obtained from protection of inland pumping more than compensates for this
loss.
5. The model allows for a quantification of the optimal injection rate to be
implemented in the different recharge activities considered (surface and deep). The
approach adopted consisted on evaluating the injection rate that would guarantee the
recovery of the aquifer quality without modifying the current pumping regime. This
result was obtained through the nonlinear optimization problem.
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6. The model also allows quantifying the sustainable yield. Linear optimization of
pumping and injection rates where applied to the aquifer under freshwater initial
condition to estimate the extractions in the main aquifer that could be sustained while
preventing seawater intrusion from reoccurring.
The combined use of linear and nonlinear optimization approaches to the Llobregat
case allowed to (1) test the suitability of optimization methodologies for the design of
corrective measures in aquifers suffering from problems of scarcity combined with
seawater intrusion, and (2) improve our understanding of the system. It is this
understanding, rather than the actual results themselves, that helped increasing the
confidence of decision makers and prompt them to act by increasing the number of
the already existing MAR activities in the area. In the next chapter we present a
historical summary of those activities, past and present.
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3. MAR activities in the Llobregat area
From the previous chapter we picture that groundwater is a very relevant and key
component in the water supply system to the Great Barcelona region. Yet, natural
recharge is clearly insufficient to guarantee a sustainable exploitation of the system,
in particular during long stress periods such as droughts. This situation was already
recognized by the catalan water administration back in the 1950’s, and because of
this, aquifer recharge activities started taking place.
As a consequence, nowadays a number of different recharge activities are being
simultaneously conducted in different locations within the lower valley and delta
areas. The diversification in activities allows finding the best alternatives as a function
of location and purpose, always adopting the best methodologies. Furthermore, while
over 50 years ago initiatives were only based on a good knowledge of the system
and best practices, translated and adapted from other parts in the world, nowadays
any MAR system involves a combination of strategic activities such as: planning,
design, modeling, construction, and monitoring.
For all these reasons, the local administration (Water Catalan Agency – ACA) and
the water supply operator (Aigües de Barcelona – Agbar) have been active in
producing actions to recover the aquifer. These can be classified (see Figure 3.1) in:
-

Scarification activities at the river bed in Lower Valley

-

Deep injection from drinking water quality excess in Llobregat delta

-

Seawater positive barrier in Llobregat delta

-

Surface ponds in Castellbisbal,

-

Surface ponds in Sant Vicenç dels Horts

-

Surface ponds in Santa Coloma de Cervelló

Figure 3.1 displays the yearly recharged volumes (in MCM) as compared to the
extractions for the period 1989-2010. At that time only the first two in the previous list
were active. But the long drought that took place in 2004-2007 raised into attention
the need to increase water resources in the area, and decision makers understood
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the need for increasing managed recharge activities, so that MAR activities took a
step forward after 2010 and up to now. Unfortunately the strong economic crisis that
hit Spain right after decisions were taken has led to only a partial development of the
planned activities.

Figure 3.1. Location of the different MAR activities in the lower valley and delta of the Llobregat river.

Figure 3.2. Evolution of the total extracted groundwater yearly volumes (in green), expressed in MCM
per year, as compared to the total infiltrated volumes (yellow) separated into deep (in red) and surface
(in blue) practices. The period 2004-2007 corresponds to a very large and intense drought.
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River bed scarification
Scarification activity consists of removing by means of a scrapper machine the silty
materials deposited on the riverbed (Figure 3.3). This material progressively clogs
the surface, reducing the infiltration capacity with time. Scarification results, then, in a
recovery of the original infiltration capacity, as the coarser material is again put in
contact with the river water. All removed material is put back into suspension in the
river and carried downgradient by the flowing water.

Figure 3.3. Scrapper working in the process of river scarification

In the upper part of the lower valley, these activities have been carried out since
1950’s. It is usually done in spring and fall, and is considered an opportunity method,
taking place only when the river carries water of sufficient quality. Thus, a number of
restrictions exist regarding water quantity and water to allow scarification. For
example, it carried out only when the river flow ranges between 10 and 35 m3/s.
These are practical restrictions that have never been challenged. The lower value
was established to avoid the impact on river flow; the upper one avoids risk for
machinery and operators working in a river carrying high energy.
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Quality restrictions are also based on empirical values. For example, to allow
operation, three thresholds are imposed: (1) turbidity in the river is fixed to 100
N.T.U. (Nephelometric Turbidity Units), (2) ammonia concentration must not exceed
1 mg/L, and (3) chloride concentrations must be below 350 mg/L.
Recharge capacity was estimated in 40000 m3/day, taking into account the difference
between natural and total recharge after scarification. The cost of the method has
been estimated in 0.03 €/m3 of infiltrated water. Recent reevaluation has largely
increased this last figure as it has been found that the estimate of the recharge
capacity is quite optimistic.

Deep injection of drinking water surpluses
As far as injection wells is concerned, these activities are possible due to water
excess from Water Purification Plant located in Sant Joan Despí since 1969, right
after the water transfer from river Ter to the Barcelona area was put into operation.
As the purification system worked best at full capacity, surpluses of water of drinking
quality standard were produced, and deep wells were drilled in the delta area to
become the first system of deep aquifer recharge that was built in Spain.
The system includes 12 wells. The area where recharge takes place corresponds to
that where the two aquifers existing in the delta are unified into a single unconfined
one. The disposition of the wells causes an extended decrease in the head gradient
in the Pallejà/Cornellà area. The quality restrictions in the injected water are quite
high, limiting both turbidity (< 0.2 NTU) and pH (must range 6.5 – 8). Some major
ions are also controlled, such as Sulphate, Magnesium, Sodium, Aluminum, Nitrate,
and Ammonium. Finally, additional restrictions are fixed on TOC (< 3 mg/L), total
detergents (< 0.1 mg/L), and total trihalomethanes (< 0.035 mg/L).
In general terms, the recharge capacity of this technique has been calculated in
75000 m3/day and the average cost is 0.25 €/m3. From Figure 3.2 it can be seen that
this activity took place mainly in 1989-1996, and that since then injections have been
largely discontinued. This effect is associated to the increase in water demand and
the average decrease of river flow observed since the last years of the XXth century.
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Seawater barrier
Because of the thrust of the saltwater wedge into the mainland since the 1960s, the
groundwater quality in the main aquifer in the delta zone had been progressively
deteriorating. In particular, two main seawater intrusion fronts were detected, one
located in the central coastal area and the other in the eastern part. To fight this
intrusion a seawater positive barrier was put into operation in 2007.
The injection water comes from The Baix Llobregat Waste Water Treatment Plant
where is subjected to primary and secondary treatment (including denitrification), and
then followed by tertiary treatment (flocculation, decantation, filtration and
disinfection), and an additional treatment that includes ultrafiltration, reverse osmosis
and UV disinfection, but avoiding chlorination due to the potential appearance of
trihalomethanes in the aquifer.
The barrier was implemented in two phases: phase 1 started March 2007, with an
injection flow of 2400 m3/day in four wells; phase 2, started April 2010, consisted of
11 additional injection wells, resulting in a total injection flow of 15000 m3/day. Wells
are located 1 km inland from the shore, along a 6 km line (Figure 3.4). The wells are
70 m deep and penetrate the 6 to 10 m thickness of the main confined aquifer along
the barrier. Wells are equipped with flowmeters, automated electrovalves to maintain
constant flow, and downhole sensors to control injection rates.

Figure 3.4. Location of the seawater hydraulic barrier, parallel to the sea shore at about 1 km inland.
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Since starting of operations, a progressive decrease in the concentrations of chloride,
sodium, calcium, magnesium, iron and ammonium was observed. Furthermore, an
oxidizing effect of the injected water has been observed. However, this redox
perturbation is only observed near the injection wells.
The total operation costs (fixed and variable) are estimated in 0.15 and 0.18 €/m3
depending on total injection flow. The injection barrier was discontinued in 2011, not
for technical reasons, but rather for economic reasons.

Recharge from infiltration ponds
There are three surface infiltration basin systems in Llobregat delta and Lower Valley
Zone: Castellbisbal, Sant Vicenç dels Horts and Santa Coloma de Cervelló ponds.
The Castellbisbal infiltration ponds are located in the Cubeta de Sant Andreu’s local
aquifer. This aquifer has been historically heavily exploited since the 1960's mainly
due to industrial activity, but also as some villages (Castellbisbal, Corbera and Sant
Andreu de la Barca) were historically supplied from water extracted through wells. To
solve the drop in groundwater levels observed during the 1980’s, the construction of
a set of infiltration ponds in the area of Can Albareda was envisioned.
The facility has gone through a series of changes. Initially, it consisted of a settling
reservoir, and a water channel leading to four infiltration basins (Figure 3.5). Each
pond was separated from the next one by a bar of clay materials 1.5 to 2 m wide.
The initial recharge area was some 7000 m2 in extension. Activities ran for a very
short time, until the occurrence of an extreme flood event destroyed some of the
walls.
The ponds were reopened in April 2010, with a new design, consisting of a wetland
extending some 14000 m2 and an infiltration pond over 6000 m2. The maximum
expected infiltration flowrate is 1.8 MCM/year, if very favorable conditions regarding
river flow and quality water were met. Quality is controlled automatically, and the
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thresholds to allow operation are set at 2 mS/cm for electrical conductivity, 1.5 mg/L
for ammonium, and 100 NTU for turbidity.

Figure 3.5. Initial design of the Castellbisbal infiltration ponds site.

The recharge ponds in Santa Coloma de Cervelló (Figure 3.6) were projected to be
constructed in 2012. The project never started due to economic reasons. However,
preliminary infiltration tests indicate that a total of over 8 MCM/year could be
expected from the site once in operation.

Figure 3.6. View of the site for the Santa Coloma de Cervelló infiltration ponds. The coarse material
displayed in the surface allows high infiltration rates.
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Finally, the Sant Vicenç dels Horts site is the Demo site within project MARSOL. The
site includes the presence of a sedimentation pond and an infiltration pond. Water is
diverted from the Llobregat River. Recovery is not done at the same site, but a
number of extraction wells are located down-gradient. Outside the area there are
several piezometers (some of them multilevel) and a pumping well. Within the
infiltration pond some instrumentation has been placed in order to analyze the
infiltrating water; these include temperature sensors, suction caps and a lysimeter.

Figure 3.7. View of the Sant Vicenç dels Horts infiltration pond during operation.
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4. The Sant Vicenç dels Horts Inno-Demo site
The Sant Vicenç dels Horts system is located 20 Km inland. It is composed of two
interconnected ponds. The sedimentation pond is upstream with a surface of 4.000
m2 and the infiltration pond, of 5.000 m2, is downstream. There are three potential
sources for the recharged water: directly from the river, from the Reversible
Electrodialysis Plant located in Sant Boi, or else from the WWTP located in El Prat.
At the present time only the first option (river water) has been implemented.
Water is diverted from the Llobregat river by means of a subsidiary channel with a
manually operated gate. The water is first conducted to the settling pond, where fine
materials can deposit. This pond acts as a wetland, meaning that apart from the
reduction in turbidity caused by deposition, a reduction in the organic matter content
is observed. A pipe connects this pond with a second one, where the infiltration
process is carried out.
A simple preliminary groundwater flow model of the aquifer underlying the pond, built
in 2012, estimated the transit time through the 10m thickness (on average) nonsaturated zone in about 4 days. With regards to the saturated zone, flow is mostly
horizontal, with an estimated flow velocity of 8.5 m/d characterized by the large
transmissivity. Thus, the total arrival time to the closest capture wells, located 110 m
downgradient, was estimated in 17 days.
The original aim of the facility was to increase the groundwater resources, being the
smallest of the three surface recharge facilities explained in the previous chapter.
Later this main objective was somehow changed, as the facility was considered
optimal to test quality evolution of the infiltrated water under different conditions.
Following this idea, in 2011, a reactive layer was constructed to test the impact of
degradation reactions occurring in the soil and the vadose zone. The organic reactive
layer is formed by autochthonous material mixed with vegetal compost. Small
proportions of clay and iron oxides were added to promote ionic exchange and
adsorption of different species, including metals. The aim of the organic layer is to
promote the presence of a redox profile across the infiltration zone. Each zonation
enhances degradation of different molecules; therefore, the succession of layers
should potentially result in the degradation of a wide range of contaminants, including
emergent pollutants.
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The site is instrumented by a network of piezometers, including individual fully
penetrated ones, as well as arrays of three piezometers penetrating at different
depths. Their location is displayed in Figure 4.1, together with the flow net drawn
from the groundwater flow local model. Instrumentation in the site is quite complete,
including temperature sensors, suction cups at different depths, and a lysimeter.

Figure 4.1. Superposition of the flow net corresponding to the aquifer over the plan view of the site
including the location of the existing piezometers.

The facility is not continuously operated due to the strong requests in water quality.
Actually, in order to prevent groundwater contamination and pond clogging, the
managers of the facility stop water supply to the system whenever conditions at the
river water or of that reaching the infiltration pond exceed some predefined
thresholds summarized in Table 4.1.
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Table 4.1. Thresholds values for different physico-chemical properties to keep the recharge system in
operation.

Starting March 2009, the system was put into operation for three months. This can
also be seen as a three-month infiltration test at the full pond scale (see Figure 4.2).
The volume supplied to the system was 0.42 MCM in 78 days, resulting in an
average estimated infiltration rate of 1.08 m/day.

Figure 4.2. Water levels recorded at the pond (in red) during the first days of operation of the recharge
facility (March-May 2009). In blue the head levels recording during the same time.

In the figure, the infiltrated flow rate is displayed as a function of time and compared
with the pond water levels recorded during the first operating days of the facility. Red
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line shows the infiltrated flowrate in the pond. This is calculated by performing a
balance between the water supplied to the pond coming from the sedimentation one
and the water level accumulating in the system; balance associates the difference to
infiltration. Losses caused by evaporation were estimated in less than 1% of the
volume supplied.
In contrast to this behavior, recently we repeated the analysis for a similar period of
time. The test ran now from January to March 2014. Notice that despite water levels
recorded are comparable to those in Figure 4.2, the actual infiltration rates are much
lower (notice the scales in the two plots). We associate this reduction in infiltration
rates, going now below 0.3 m/day, to the presence of the reactive organic layer that
happened in March 2011.

Figure 4.3. Water levels recorded at the pond (in red) during the period January-March 2014. In blue
the head levels recording during the same time.

In Figure 4.3 we clearly observe the impact of clogging. We have developed some
studies trying to identify the causes and the magnitude of this clogging process.
Extreme rainfalls events are correlated to peaks of turbidity that can cause physical
clogging in MAR facilities. Thus, we performed some studies to check the
contribution of turbidity to the reduction of infiltration capacity of the system. First, it is
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important to state that there are a number of times where the turbidity entering the
infiltration pond exceeds the threshold value of 5 NTU (see Figure 4.4).

Figure 4.4. records of turbidity of the water entering the infiltration pond. The values sometimes
exceed the threshold one of 5 NTU.

Actually, most of the turbidity of the water is actually removed before reaching the
sedimentation pond due to deposition occurring in the inlet pipeline. When supply is
discontinued and the system is back to operation we might expect remobilization of
this fine material and a peak in turbidity at the pond.
A pilot-scale column was designed to test the hydraulic and chemical impacts
affected by changing turbidity in recharge water. The filling material was chosen with
the same granulometry as the soil in the MAR facility. The column was fed with
Llobregat river water. In Figure 4.5 we represent the turbidity of the input water (in
black). Evolution of hydraulic conductivity was calculated according Darcy’s law, and
represented as orange spots. It can be observed from the figure that hydraulic
conductivity decreases after turbidity peaks (notably B and C, not quite after A).
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Figure 4.5. Evolution of hydraulic conductivity in a column with time (orange) as compared with
turbidity of the supply water (in black). Hydraulic conductivity seems to be quite sensible to peaks in
turbidity.

To analyze in detail changes occurring with depth along the column, the calculations
of hydraulic permeability were applied to divided zones. Results (not shown) indicate
that the upper zone undergoes a fast decrease in conductivity after the first week of
operation. After a month, the middle zone also suffers a sudden large decrease in
hydraulic conductivity of about one order of magnitude. Finally, the deeper zone
experienced a very similar effect after 3 months of experiment. We associate this
behavior to the gradual migration of suspended solids downwards along the column.
We note that the potential presence of deep clogging in infiltration ponds is
traditionally neglected. Our experiments indicate that this could be a very significant
process for the long-term behavior of a MAR system.
Other aspect that was studied in the column was the evolution of porosity obtained
due a tracer test. Results show that effective porosity was around 10% at the
beginning of the experiment. After more than 7 months of operation about 6 cm
thickness black sediment was formed in the top of the column. This sludge contained
was formed by retained particles and biofilm formation.
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Infiltration studies were performed also in the field. For this purpose four settling
boxes (Figure 4.6) were installed aiming at evaluating the sedimentation process.

	
  
Figure 4.6. Settling boxes installed in the surface of the infiltration pond to estimate the sedimentation
process leading to surface clogging.

After one year the boxes were examined. The organic matter contained in the
sediments averaged 15% (w/w), while the remaining 85% accounted for the inorganic
fraction. It should be noted after a warm period, an algae bloom in the infiltration
pond occurred. In the future, more studies will be carried out to characterize better
the biofilm causing bioccloging phenomena and consequent long-term infiltration
rates.
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