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1. INTRODUCTION AND MAIN GOALS 

The main objectives of WP4 “DEMO Site 2: Algarve and Alentejo, South Portugal” are to demonstrate 

how MAR can contribute as an alternative source of water, in the context of an integrated and inter-

annual water resources management, as well as in solving groundwater quality problems caused by 

previous agricultural practices and wastewater discharges.  

Three DEMO sites (Figure 1) have been chosen for WP4: 

 PT1: Rio Seco and Campina de Faro aquifer system (Algarve) 

 PT2: Querença-Silves limestone karstic aquifer system (Algarve) 

 PT3: Melides aquifer, river and lagoon (Alentejo) 

 

 

Figure 1 – PT MARSOL DEMO sites location (the aquifers boundaries are market in grey) 

PT2_4/5: SB Messines SAT 

PT2_6: Cerro do Bardo MAR 

PT1_1/2: Campina de Faro  
MAR infiltration basins 

PT1_3: Campina de Faro large wells 

PT3: Physical (sandbox)  
SAT-MAR model 
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In PT1 – Rio Seco and Campina de Faro aquifer system (Algarve) – the main goal is to improve the 

groundwater quality heavily contaminated with nitrates (vulnerable zone), mainly due to agriculture 

bad practices. 

In PT2 – Querença-Silves limestone karstic aquifer system (Algarve) – there are two main sub-areas 

and two goals: (1) develop a soil-aquifer-treatment (SAT) system to improve the water quality of 

treated effluents from a waste water treatment plant (WWTP) (PT2_4), which discharges into Ribeiro 

Meirinho river (PT2_5) that recharges the karstic aquifer, and (2) increase groundwater storage at 

Cerro do Bardo karstic area using wet years surface water surplus to increase the water availability in 

dry years and facilitate downstream water supply. 

In PT3 – Melides aquifer, river and lagoon (Alentejo) – the main goal is to use SAT-MAR to remove 

rice field pollutants prior to their discharge in Melides lagoon. 

 

The work developed for the different DEMO sites was developed in the following tasks:  

 Task 4.1: Recharge water availability 

 Task 4.2: Developing the (MAR) infrastructures 

 Task 4.3: Investigation and monitoring 

 Task 4.4: Modelling 

 

The results are being presented in five main deliverables: 

 D4.1: Water sources and availability at the South Portugal MARSOL demonstration sites  

 D4.2: South Portugal MARSOL demonstration sites characterisation 

 D4.3: Monitoring results from the South Portugal MARSOL demonstration sites 

 D4.4: Hydrogeological modelling at the South Portugal MARSOL demonstration sites 

 D4.5: MAR to improve the groundwater status in South Portugal (Algarve and Alentejo) 

 

This report presents the results from D4.3: Monitoring results from the South Portugal MARSOL 

demonstration sites. 
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2. MARSOL DEMO SITES CHARACTERISATION IN PORTUGAL 

2.1 PT1: RIO SECO AND CAMPINA DE FARO AQUIFER SYSTEM (ALGARVE) 

2.1.1 Introduction and objective 

PT1, Rio Seco and Campina de Faro aquifer system (Algarve) aims to demonstrate that the aquifer 

water quality can be improved by means of managed aquifer recharge. For this purpose, infiltration 

basins constructed in the Rio Seco river bed are being tested and monitored, using either the basins 

constructed in 2006 during GABARDINE EU project (PT1_1), which were rehabilitated during 

MARSOL, or the new MARSOL basins (PT1_2) constructed in July/August 2014. Furthermore, 

infiltration in typical existing large-diameter wells (PT1_3) is being tested as a MAR facility to increase 

regionally the water recharge and improve the groundwater quality status, using the water collected 

in the greenhouses roofs during rain events. 

For PT1_1 and PT1_2 sites, several new infrastructures and/or the rehabilitation of existing ones 

were developed during 2014, as referred in this report under section 2.1.4. For Site PT1_3 the only 

infrastructures that are foreseen consist in the connection of the greenhouses to the large wells. This 

will be performed during 2015.  

2.1.2 Motivation for the site selection 

Campina de Faro aquifer MARSOL case-study area was selected based on the following background 

considerations and advantages: 

1. This is an area with a relevant environmental quality problem (agriculture groundwater 

nitrate contamination), requiring appropriate MAR INNO-DEMO solutions. As a matter of 

fact, a significant part of Campina de Faro aquifer system has been declared in 1997 as a 

nitrate vulnerable zone (Portaria nº 1037/97, 1st October), in the framework of the Decreto-

Lei nº 235/97 (transposes EU Directive 91/676), which aims water protection from diffuse 

pollution caused by nitrates of agricultural sources (Figure 2).  

2. A relevant amount of MAR knowledge and groundwater data is available, having been 

gathered on another EU sponsored project, the GABARDINE a 6th Framework Programme for 

Research, Technological Development and Demonstration - Specific Targeted Research or 

Innovation Project (Contract no.: 518118-1) (Lobo-Ferreira et al., 2006a e b; Diamantino et 

al., 2007; Diamantino, 2009). 

3. A MAR/groundwater thematic PhD thesis was developed at MARSOL partner institution 

LNEC, i.e. DIAMANTINO (2016, cf. http://repositorio.ul.pt/handle/10451/1627). This PhD 

dissertation was carried out in the framework of GABARDINE Project. The Project was 

developed in Núcleo de Águas Subterrâneas (NAS) of Laboratório Nacional de Engenharia 

Civil (LNEC).  

4. Several in situ MAR experiments have been applied to Campina de Faro unconfined aquifer. 

The main objective of those experiments was to estimate performances in terms of 

infiltration rates, to assess groundwater quality and quantity resulting effects, considering 

alternative sources of water (e.g. surface water surpluses), and to determine aquifer 

http://repositorio.ul.pt/handle/10451/1627


MARSOL  Deliverable D4.3  

 

 

 
14

 
 

hydraulic parameters (e.g. hydraulic conductivities and groundwater velocities). These 

infrastructures intend to demonstrate the adequacy of such facilities in contributing to 

improve the water of a contaminated aquifer, which in the case of Campina de Faro’s aquifer 

is due to agriculture diffuse water pollution. 

5. Two groundwater flow and mass transport model (for both regional and local scales) have 

been developed, allowing simulating real time aquifer responses, after the incorporation of 

different MAR scenarios.  

 

Figure 2 – Vulnerable Zone of Campina de Faro 

2.1.3 Geological/hydrogeological setting 

According to INAG (2000), Campina de Faro aquifer system has an area of around 86.4 km2, being 

limited, in the North, by the less permeable deposits of Cretaceous, in the East, by S. João da Venda – 

Quelfes aquifer system, in the West, by the Quarteira aquifer, with a probable hydraulic connection 

between them, and in the South, by the sea. Figure 3 shows the identification of the aquifer systems 

in the Algarve coastal zone by INAG (2000), including also the aquifer system of Campina de Faro.  

 

Figure 3 – Location of the aquifer systems in the Algarve region (Almeida et al., 2000) 
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Figure 4 (Stigter, 2005) presents a hydrogeological section of Campina de Faro area. The oldest 

formations belong to the Jurassic gypsiferous material that locally outcrops near Faro and is related 

to diapiric activity.  

According to Stigter (2005), the oldest aquifer system that occurs in the Campina de Faro area is the 

Cretaceous, formed by limestone layers separated by marls (Figure 4). They dip to the south (20º-

30º) and crop out in the NW part of the area. The top of the sediments is found at a depth below 200 

m, near the city of Faro (Stigter, 2000). According to Manupella (1992, in Stigter, 2005) the thickness 

of Cretaceous aquifer is larger than 1000 m. A grabben-like structure was formed at the end of the 

Cretaceous where Miocene limestones and, later, sands and marls were deposited in discordance 

(Silva, 1988, in Stigter, 2000). 

 

Figure 4 – Campina de Faro N-S hydrogeological section (Stigter, 2005)  

Miocene fossil-rich sandy-limestone deposits constitute the second aquifer. It deeps to the East but, 

because of the presence of several N-S faults, a stepwise structure is present (Silva et al., 1986 and 

Silva, 1988, in Stigter, 2000). There are few outcrops of Miocene limestones in Campina de Faro, also 

because they are covered by fine sand deposited during Miocene. The depth of the top of Miocene 

formations varies between 3 and 25 m below surface and the presence of marls seems to be very 

irregular (Silva, 1988 in Stigter, 2000). The topography of the top of the Miocene is irregular. Despite 

Miocene outcrops are very few and small, Miocene formations thickness is very large. It increases 

from north to south and exceeds 200 m near the coast. According to Antunes and Pais (1987, in 

INAG, 2000) a deformation might have affected the Miocene deposits and that could explain the 

apparent thicknesses, larger than the real ones. The carbonated fraction varies from 60% to 95% with 

a decreasing trend from the base to the top (Silva, 1988). 

Covering the Miocene deposits, sands, clayey sandstones, gravels and conglomerates of the Plio-

Quaternary are found (“Areias e Cascalheiras de Faro-Quarteira” formation), with a thickness very 

variable. They crop in the NW and also near the city of Faro. Stigter (2000) refers that its thickness 

varies between 8 and 50 m. According to Moura e Boski (1994, in INAG, 2000) this formation has a 

maximum thickness of 30 m. Silva (1998, in INAG, 2000) refers that the thickness of these deposits 

can reach, in some places, a thickness of 60 m.  

The third aquifer system is formed by the fine sand of Miocene and also the Plio-Quaternary sand 

and gravels. This aquifer presents an average thickness of 50 m (Stigter, 2005). Despite being partly 
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covered by Holocenic materials, this aquifer is still considered phreatic, because their thickness is 

often too small to give confined characteristics to the underlying aquifer. According to Silva (1988) 

the average thickness of this aquifer is 25 m, but reaching maximum values of 60 m and 65 m near 

Galvana and in Quinta do Lago, respectively. 

Some authors refer the existence of a confining layer between the second and the third aquifers. 

According to Silva et al. (1986), that separation is made by several silty-clayey-sandy layers (Figure 5) 

with variable thickness and apparently with some lateral continuity. Nevertheless, one cannot 

exclude the possibility of some hydraulic connection in sectors where that confining layers are absent 

(INAG, 2000). Furthermore, in some situations there is a hydraulic connection artificially established 

due to new wells built within old large wells with the aim of extracting water from the Miocene and 

confined aquifer. This connection facilitates the confined aquifer contamination coming from the 

overlying phreatic aquifer. 

 

Figure 5 – Campina de Faro hydrogeological model, presented in JK15 well log (Silva et al., 1986) 

According to Stigter (2005), the general direction of groundwater flow is N-S (cf. Figure 4). There are 

preferential flow paths formed by the N-S trending faults but the NW-SE trending fault acts like a 

barrier, which is indicated by the steeper hydraulic gradient of the water table in the north. 

Considering the aquifer area equal to 86 km2, the average annual precipitation equal to 550 mm and 

a recharge rate (of the phreatic aquifer) between 15 and 20% of the precipitation, direct recharge 

has an approximate value of 10 hm3/year (INAG, 2000). Oliveira and Lobo-Ferreira (1994) calculated 

the potential recharge of hydrogeological system ALG-5, that includes also Campina de Faro aquifer, 

and obtained a value of 36,3 hm3/year (143 mm/year). 
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2.1.4 Developing the infrastructures 

PT1_1: Rio Seco existing infiltration basins  

The rehabilitation of the structures inherited from the GABARDINE (2006) project in Rio Seco - 

Campina de Faro was carried out between 25 and 26 July 2014. 

The existing structures were: 

 Two infiltration basins - with approximately 20 m long, 5 m wide and 6 m deep. In the 

downstream infiltration basin (south) there is a perforated pipe with 1'' diameter and an 

effective depth of 5.50 m. 

 Two piezometers, LNEC1 and LNEC2 (cf. Figure 6, Figure 7 and Figure 8), with a depth of 

approximately 20 m both cased in 3'' PVC. The piezometer LNEC2 is located between the two 

GABARDINE infiltration basins at a distance of 2.5 m from the boundary of each basin. LNEC1 

piezometer is located approximately 2.5 m downstream of the south infiltration basin. 

 A well (LNEC3, cf. Figure 7) with a depth of 40 m and an iron casing with 140 mm in diameter 

till 20 m. From 20 to 40 m it is not cased (limestones and sandstones). This well is located 

between the two GABARDINE infiltration basins at a distance of 2.5 m of each basin’s limit. 

 

Figure 6 – LNEC1 piezometer before rehabilitation 
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Figure 7 – LNEC 2 piezometer and LNEC3 well before rehabilitation 

 

Figure 8 – LNEC2 piezometer without ladle 

The rehabilitation works were developed in three phases. 

The first phase was the creation of the access to the GABARDINE project infrastructures. The work 

consisted of cleaning the river bed and access, including the removal of vegetation, through the 

levelling of the Rio Seco bed for a distance of about 300 m, from the place where EM518 crosses the 

riverbed to the location of the existing structures (Figure 9). The Rio Seco bed was in general in 

acceptable traffic conditions, with the exception of just a few points where levelling was necessary. 

This was carried out using solely the material of the river, ensuring the conditions for the movement 

of heavy machinery. 

In a second phase, the GABARDINE basins were levelled and cleaned (Figure 10). This work was 

carried out with the minimum disturbance possible, avoiding to modify the outcome of the clogging 

test, which took place on July 1st, 2014. It included only a minor regulation, the clearing the 

vegetation and the necessary arrangements for the preparation of the downstream GABARDINE 

infiltration basin clogging test. 
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Figure 9 – Levelling of Rio Seco bed 

 

       

Figure 10 – Levelling of GABARDINE basins 

 

  
Before: April 2014 After: July 2014 

Figure 11 – Rehabilitation of the existing infiltration basins, access and piezometers at PT1_1 Campina de 

Faro  
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The third phase of the rehabilitation processes consisted in developing the piezometer LNEC2 and 

the borehole LNEC3, using a special bailer to extract the sand. LNEC1 piezometer was found 

obstructed and was leaning, having proceeded to its recovery and rehabilitation (cf. Figure 10). The 

rehabilitation work took place between July 28th and August 1st, 2014, within the scope of the 

implementation of MARSOL piezometers. 

Construction of the piezometers 

The construction work related to the implementation of three MARSOL piezometers and 

rehabilitation of GABARDINE project piezometer in Rio Seco – Campina de Faro, took place between 

July 28th and August 8th 2014. 

The location of the new boreholes was decided in the field in relation to the expected location for 

MARSOL infiltration basin. These infrastructures aim to control and monitor the planned injection 

tests later performed in Rio Seco, in MARSOL’s and GABARDINE´s infiltration basins (dug in the upper 

aquifer), and to improve the geological knowledge of the MARSOL basin area. 

      

Figure 12 – Piezometer and well development 

 

The MARSOL piezometers reached depths between 20 and 30 m, and mostly crossed the Miocene 

Superior formations (clay and sand), superficially covered by more or less consolidated gravel. Their 

coordinates are shown in Table 1, and its location is show in Figure 13. 

 

Figure 13 – Location of the piezometers and all infrastructures at Rio Seco 
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Table 1 – Coordinates of the new piezometers (EPSG: 20790; Hayford Gauss System; Lisbon Datum) 

Name M P 

LNEC1 219344 8555 

MS3 219322 8626 

MS1 219292 8691 

MS2 219315 8646 

 

The piezometers were drilled with a diameter of 8" with direct circulation method using sludges, 

until the depth of interception with the Miocene formation (lower confined aquifer) which was 

“hinted” with the presence of glauconitic minerals (see Figure 14). 

 

Figure 14 – Rotation with direct circulation 

During execution, material samples (cuttings) were collected every 2 m or whenever the crossed 

materials would significantly vary. This allowed to tune the placement of the screens, and to define 

the final depth of the piezometer (see Figure 15). A profile of these cuttings can be seen in the Figure 

16. 

 

Figure 15 – Regular sample collection of materials (“cuttings”) 
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Figure 16 – Litostatigraphic profile of the piezometers 

The piezometers were intubated with 3’’ PVC pipes. The screens (1 mm slot openings) were covered 

with a thin net to prevent the entry of silt (see Figure 17) and were installed according to the location 

of the sand strata. The space between the casing and filter bed was filled with calibrated gravel of 

size 3-5 mm (see Figure 18), up to the screen depths. The isolation layer (3 to 4 m)was filled with 

cement, with an intercalated sand layer, for total isolation. 

 

Figure 17 – Screens covered with a net 

MS1 MS2 MS3 LNEC3

Gravel

0 Coarse Sand

1 Fine Sand

2 Silt

3 Clay

4 Transition to Miocene

5

6

7

8

9

10

11

12

13

14

15

16

17

18 Sand with Glauconite

19

20

21

22

23

24

25

26

Sand and 

Yellowish Clay

Thin sand

Clay and reddish 

brown Silt 

Sand with brownish 

clay (clear color)
Coarse sand

Silt and 

yellowish clay

Sand with 

Glauconite
Fine sand

Gravel and red 

clay
Gravel and Clay

Gravel and red clay

Gravel

Sand and Gravel

Red Clay and 

Gravel
Yellow fine sand 

Fine sand of 

light color

Clay and 

yellowish Silt
Clear Coarse 

sand



MARSOL  Deliverable D4.3  

 

 

 
23

 
 

 

Figure 18 – Filter Material 

All piezometers were clean and developed with water injection and compressed air inside, with 

consecutive starts and stops, focusing on the entire screen section. This process was carried out until 

the water was clean and almost with no turbidity (Figure 19).  

At the end of the development a final drawdown was induced (with the air compressor) and the 

recovery was measured (Figure 20). Almost all piezometers seem to recover well and hence are 

monitoring accurately the aquifer characteristics; the exception is MS1, where the sand thickness 

was much thinner. The lithological and hydraulic results of the construction of the MS1 (Figure 16) 

were in fact, the main reason for the relocation of the MARSOL basin position, which was thought to 

be placed between piezometers MS1 and MS2, but due to the thick clay/silt level found, it was 

transferred downstream between piezometers MS2 and MS3. 

       

Figure 19 – Water collection and turbidity check 
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Figure 20 – Water level recovery after total drawdown 

The piezometers were then developed for several minutes and left ready to be instrumented safely, 

by welding a hook on the cover where a CTD diver can be tied even with the cover closed. The logs of 

the piezometers are presented in Figure 21. 

  

  

Figure 21 – Logs of the new piezometers 
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PT1_2: Rio Seco new MARSOL infiltration basins  

The construction works for MARSOL new infiltration basin developed in Rio Seco - Campina de Faro, 

took place between August 12th and 29th, 2014. The site of the infiltration basin is depicted in Figure 

22 and its coordinates are as follows: latitude N 37º02'35.88' and longitude 7º54'57.11 W' (WGS 84). 

In this figure, it is also possible to see GABARDINE project two basins, rehabilitated during MARSOL. 

 

Figure 22 – Location of the infiltration basins at Rio Seco 

Preliminary knowledge of existing geological conditions at the site was gathered from the available 

information of GABARDINE project (piezometers, borehole two infiltration basins (approximately 

20x5x7m), located roughly 100 m further downstream in the Rio Seco river bed. These 

infrastructures were implemented in 2006, under the EU project GABARDINE (Figure 22). This 

information was analysed and complemented with data from the execution of three geotechnical 

surveys (piezometers) implemented, both upstream and downstream of the planned site for 

construction of the MARSOL basin (see above). The geological and hydrogeological information 

obtained from these monitoring piezometers, allowed predicting and refining the ideal location and 

dimensions for the basin. For example, the stratigraphy and poor hydraulic performance of the MS1, 

called for a displacement of the basin more downstream, where the hydraulic permeability is higher.  

Geologically, the MARSOL infiltration basin’s site is composed of alluvial material comprising 

consolidated clays and gravel with very low permeability up to a depth of about 6 m. The aquifer is 

then composed by fine sands, intercalated with some clay/silt levels constituting the semi-confined 

Miocene superior aquifer. 
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The work was carried in three phases. The first phase of the construction work corresponds to dirt 

removal and excavation, and it took place between 12th and 18th August, having been excavated a 

volume of approximately 1350 m3 of material (Figure 23). Excavation was carried on until reaching 

the aquifer’s piezometric level, which was around 6.5 m deep, at the time. 

  

River basin excavation: August 2014 River basin filling: August 2014 

Figure 23 – Construction of a new infiltration basin (equivalent to 2 x old ones) and new monitoring 

piezometers at PT1_2 Campina de Faro 

 

A visual observation of the pit slopes in depth allowed identifying four major lithological levels with 

different thicknesses and lithology, as can be seen in Figure 25 diagram and in Figure 24.  

 

 

Figure 24 – Lithological levels identified during the excavation of the MARSOL basin 
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Figure 25 – Profile and location of points 1, 2, 3 and 4 in the infiltration basin. Point 1 and 4 (east and west) 

are located downstream and point 2 and 3 are located upstream (west and east) 

During the excavation, several soil samples were taken at 2 m, 4 m, and at the very bottom of the 

infiltration basin, and were sent to the lab for sieve analysis. The objective will be to have a rough 

idea about the hydraulic permeability in space (looking for possible heterogeneities), determine the 

variation in depth, and to compare with the experimental values from the infiltration experiments in 

the basin. Results are still pending and will be reported in deliverable 4.5. 

In a second phase, between 18th and 28th August, the filling of the basin was carried out, with about 

1800 tons of siliceous coarse gravel material, until reaching the river bed surface. The selection of 

siliceous over calcareous material was due to its low solvability (particularly in acid environment) and 

precipitation potential. 
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On the last day of construction work (29th August), the basin surface was levelled. Two perforated 

tubes (IB2 and IB3) with 1'' diameter were placed up to the bottom of the basin, to assess the water 

level in the basin, and another six iron bars were installed to mark the basin limits. The top of the 

basin, coincident with the height of the Rio Seco bed, was slightly lowered by approximately 20 cm in 

order to keep a height of water in the basin and to avoid losses during the infiltration tests. 

The constructed basin has an average depth of 6.7 m, a total length of 33 m and occupies the entire 

cross section of the river, with an average width of 6.1 m at the surface (cross-section of the river 

varying between 5.5 to 6.2 m). This basin has a surface area of 201 m2 (33 m x 6.1 m). Vertically it 

presents a perfectly rectangular configuration (vertical slopes) across its lateral extent. 

2.1.5 Field experiments conducted 

Introduction 

Upon the completion of the infiltration basins work, several tests were performed in order to 

evaluate the performance of the basins in terms of clogging, infiltration rates and its local influence 

in the groundwater quality. Besides, a test was conducted in a large diameter well to assess its 

infiltration rate capacity. 

 

PT1_1: Clogging test in one GABARDINE basin, 1st July 2014  

General description 

In this test, an 18 m3/h flow rate was obtained from a pump installed at about 30 m deep in the well 

(LNEC3). This pump is connected to a water supply system that has a split hydraulic "T" equipped 

with flow control valves, where three PEAD pipes come out. Two of them had the function of water 

distribution across the basin (and were therefore perforated) and the third test tube rejected the 

excess flow of the water stream, when necessary. 

After saturating the basin with water, a constant level of about 20 cm was kept using a system of 

valves which diverged the surplus water to a discharge point, where the flow was measured with a 

200 l barrel.  The inflow of the basin was calculated through the difference from the original outflow 

(18 m3/h) and the outflow during steady state conditions.  

The monitoring was performed during and after the test, using automatic multiparametric probes 

(recording water pressure, temperature and conductivity) installed in the piezometers upstream and 

downstream the basins and in the perforated tubes placed within the basin, with manual control.  

Figure 26 shows some aspects of the test layout. 

The test may be divided in the 4 stages depicted in Table 2.  
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Figure 26 – Infiltration test at Rio Seco infiltration basin (PT1_1 Campina de Faro) to access clogging from 

2007-2014 

 

Table 2 – Discharge control during the infiltration test  

Stage Time Stage 

1 9:15 – 14:28 
Water input into the infiltration basin until saturation (average water input in 

the infiltration basin = 17.98 m
3
/h) 

2 14:28 – 15:43 Raising the level from 0 cm till 20 cm above the infiltration basin surface 

3 15:43 – 19:15 
Keeping the water level at 20 cm head above the infiltration basin surface by 

controlling water leaving the basin 

4 19:15 – 21:25 No water input in the infiltration basin and measuring water level decreasing 

 

Figure 27 represents the values of depth of the water level below the infiltration basin (IB) surface 

measured during the test (in relation to the ground level that corresponds to the surface of the IB). 

The same picture depicts the calculated differences (variations) of the water level. The 1 minute 

variation is the variation from the previous measurement to the actual one. As these changes 

oscillate up to 4 cm from one measurement to the next one, a 5 minute average variation was 

calculated in order to smooth the variation curve. This curve is also represented in Figure 27. The 5 
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minutes variation curve is the average variation of the last five minutes (i.e. the difference [actual 

value of depth – the value of depth five minutes before] divided by 5 minutes). 

 

Figure 27 – Depth of the water level below the basin surface, and 1 minute and 5 minutes average variations 

of the water level 

In order to lower the level oscillations, all the curves were smoothed by considering that at each time 

the depth to the water level is the average of the level itself and of the two levels measured before 

and after the actual time. This means that at a specific time the depth to the level represents a 5 

minutes average of the depths to the levels. The 1 minute and 5 minutes level variations were again 

calculated as in Figure 27. The results are shown in Figure 28 and it can be seen that the variations 

are now much smaller. Figure 28 also represents the stages presented in Table 2.  
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Figure 28 – Average 5 minutes depth of the water level below the basin surface, and 1 minute and 5 minutes 

average variations of the water level 

Filling stage 

During the filling stage, several behaviours can be detected concerning average level variations 

(Figure 29): 

 initially during about 32 minutes from 9:41 until 10:13, there is a constant increase in the 

rate of change of the water level in the infiltration basin – each minute the level change 

increases 0.00045 m/min; this may be related with the fact that initially the water fills the 

smaller voids of the infiltration basin from top to bottom, and only when these are 

progressively filled the water fills the bottom voids of the infiltration basin and the levels 

start to increase progressively more, as all the water is used to increase the voids 

corresponding to the effective porosity of the medium; this process must be considered in 

conjunction with the preferential flow paths that may exist in the basin; 

 then, from 10:13 until 11:15 (1h02min), there is a quasi-stabilisation in the change of the 

water level, meaning that the increase in the water level is approximately constant, with a 

value of 0.021 m/min; this may be related to the balance between the input water, the raise 

in the water level and the infiltration rate of the basin; 

 a new period in which the rate of change of the water level is decreasing, from 11:15 till 

11:38 (23 minutes), in an approximately constant rate of -0.00022 m/min per minute of 

inputting water; due to the raise in the water level inside the basin, and the associated head 

increase, there is an increase of the infiltration rate in the basin and the corresponding 

reduction of the rate of change of the water level; 
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 a new break in this decreasing change to about -0.00004 m/min of inputting water, from 

11:38 until 14:02 (during 2h24min); the reason could be the same as the previous one, the 

reduction of the rate of change of the water level could be associated with higher infiltration 

conditions; 

 with the approximation of the filling of the infiltration basin, since 14:02 until 14:17 (15 

minutes), the variation on water level suddenly increases, in the order of 0.00047 m/min per 

minute; this increase may be related to the proximity of the ground surface, that can be 

slightly more compressed due to clogging (at 14:02 the water level is 33 cm below ground 

and at 14:17 is 9 cm below ground); 

 finally, in the near end of the filling period, the last 11 minutes from 14:17 until 14:28, again 

the rate of change of the water level decreases with time, at a rate of -0.00121 m/min, and 

this should be related with the transition to the open air, with the reduction of the solid 

phase, which means more empty space and less pebbles, thus inducing, for the same water 

input, a lower increase of the water level with time. 

 

Figure 29 – Indication of the change on the variation of the water level during the filling stage (Input water) 

of the infiltration basin 

 

Increasing surface storage above infiltration basin stage 

Concerning the period between saturation and the +20 cm of water, when water input was 

increasing storage above the infiltration basin or infiltrating to the aquifer, a similar analysis can be 

performed (Figure 30). Despite the fact that the level behaviour is not steady, it is possible for this 

entire period, from 14:28 until 15:43, to adjust a straight line, whose slope is almost null, which 

means (in average) a constant relation between water change and time. In this case the rate of 



MARSOL  Deliverable D4.3  

 

 

 
33

 
 

change of the level is about 0.002 m/min. This situation is quite adequate to infer the infiltration rate 

below the infiltration basin. In this period of time, infiltration may be estimated by the difference 

between water input and the variation of surface storage above the ground. Total input water is 

17.98 m3/hour, which means a total volume of input water between 14:28 and 15:43 (1h15min) of 

22.475 m3. The variation of surface storage corresponds to filling the height of water, which in fact, in 

this period was 0.163 m (instead of 0.200 m). This times 100 m2 (the surface of the area) corresponds 

to 16.3 m3 of water stored at surface. This represents an infiltration of 22.475 m3 – 16.3 m3 = 6.175 

m3 of water during 75 minutes = 0.08233 m3/min = 118.56 m3/day = 1.19 m/day.  

It can be seen in Figure 31 that the determination of the infiltration rate along time calculated by the 

difference between the input of water since the beginning of the saturation until the represented 

time and the level variation used to calculate the variation of storage in the same period, provides 

initially lower values of infiltration rate, and only around 15:04, 36 minutes after storage is 

completed, when the water level above ground is about +8 cm the infiltration rate stabilises around 

the final value of 1.19 m/d, despite at this time an oscillation of about +-20 cm is still observed.  

The same Figure 31 also depicts a complementary situation: by computing the infiltration rate along 

time by the difference between the input of water since the current time until the beginning of the 

+20 cm water height stage] and the level variation used to calculate the variation of storage in the 

same period], an opposite situation occurs. When using only the later values that correspond to 

higher water levels infiltration rates increase to more than 2 m/day (for instance after 15:35). 

This can also be observed in Figure 32 that represents the same infiltration rates but as a function of 

water level height. 

 

Figure 30 – Indication of the change on the variation of the water level during the completion of the +20 cm 

storage above the infiltration basin 
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Figure 31 – Average infiltration rate computed at each time since the beginning of saturation of the 

infiltration basin or until the beginning of the +20 cm of water stage 

 

 

Figure 32 – Average infiltration rate computed at each time since the beginning of saturation of the 

infiltration basin or until the beginning of the +20 cm of water stage as a function of water height 
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Keeping surface storage above infiltration basin stage 

At this stage the objective was to control outflow discharge to the river so that the water level above 

ground surface of the infiltration basin could be kept at an approximated value of +20 cm. Changes in 

water level can be seen in Figure 33. Figure 34 shows the variations of flow along time. It was 

decided that during the last period, from 18:20 until 19:03, equilibrium was achieved, at an average 

level of +0.189 m above ground, with the level oscillating between +0.185 m and +0.192 m. For this 

level water input to the infiltration basin was determined as 4.29 m3/h = 102.96 m3/day or 1.03 m/d 

infiltration rate.  

 

Figure 33 – Indication of the change on the variation of the water level during the period of maintaining a 

constant level above the infiltration basin 
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Figure 34 – Indication of the change on the variation of the water level and the controlled flows into the 

infiltration basin and out to the river during the period of maintaining a constant level above the infiltration 

basin 

No input water stage 

This may be the best situation to determine the infiltration rate of the infiltration basin. After water 

input is stopped the variation of the level as a function of time, while the level is above the ground 

surface is a direct estimator of the infiltration rate. Figure 35 represents the measured levels since 

19:15 until 21:23 when automatic measurements of the test stopped. It also represents the level 

variations in 1 and 5 minutes interval. Considering the measured levels a best fit line is calculated. 

The slope (or derivative) of this line is the infiltration rate, which is determined to be 0.641 m/day. 
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Figure 35 – Indication of the change on the variation of the water level during the period of no water input in 

the infiltration basin 

 

A different analysis is carried out by considering the rate of change of the water level along time 

Figure 36. It can be seen that there is a general decrease of the infiltration rate as time increases. 

This may be due to the fact that the water height is diminishing. Figure 37 shows the same 

infiltration rate data projected against the water height. Note that each point represents the relation 

between the level changes since 19:15 until the time that the point represents divided by this time 

difference. As it can be observed, for larger water heights above the ground the infiltration rate is 

quite variable, but when the levels drop to about +0.155 m above ground this relation tends to 

stabilise between 1.0 m/day and 0.73 m/day. 
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Figure 36 – Average infiltration rate since the beginning of stopping inputting water in the infiltration basin 

 

 

Figure 37 – Average infiltration rate since the beginning of stopping inputting water in the infiltration basin 

as a function of water height 
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Porosity 

Initially as the material was incorporated in a dry condition into the IB, when filling the IB with water 

the relation between water incorporated in the IB and the total volume of IB (solids+voids) 

corresponds to the porosity of the medium. This value is determined only when the IB is saturated 

(i.e., when the water level is at the surface), and not as a function of time. This single determination 

(instead of time dependent) is made because the totality of the input volume of water is not 

immediately incorporated in the bottom part of the IB but will partially fill some of the pores that will 

retain water instead of draining it into the bottom part of the IB. Another part of the input water will 

follow preferential paths and will immediately fill the bottom of the IB. 

The (total) porosity of 15.6 % is estimated by excess using the calculations depicted in Table 3. 

Table 3 – Estimation of the total porosity of the infiltration basin  

Variable Value Units 

Initial time 9:15  

Final time 14:28  

Time lapse 313 min 

Water rate input in the IB 17.98 m
3
/h 

Input volume of water until saturation 93.8 m
3
 

Depth of the infiltration basin (IB) 6 m 

Area of the IB 100 m
2
 

Volume of the IB 600 m
3
 

Total porosity (value calculated by excess) 15.6 % 

 

Infiltration rate and clogging 

Different parts of the test allow different estimates of infiltration rate. Table 4 summarises the 

results. It seems that the infiltration rate varies in relation to the water height in the infiltration 

basin. When the basin is full and the water level is more than 16 cm above the ground surface the 

infiltration rate is higher, and can go up to values of more than 1.19 m/day (as can be inferred in 

Figure 31, Figure 32, Figure 36 and Figure 37). For lower values of water height, the infiltration rate 

may be as low as 0.64 m/day and these values may become lower with decreasing water height. 

Table 4 – Infiltration rate as determined using different stages of the infiltration test in the GABARDINE basin 

Period of the test Methodology Infiltration rate 

Increasing surface storage 

above infiltration basin 
difference between water input and the variation of surface storage 
above the ground 

1.19 m/day 

Keeping surface storage above 

infiltration basin 

control outflow discharge to the river so that the water level above 
ground surface of the infiltration basin could be kept at an 
approximated value of +20 cm 

1.03 m/day 

No input water 
slope of level drawdown vs. time linear fit 0.64 m/day 

relation between long term level drawdown and time 0.78 m/day 
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The increasing rate of water level variation recorded near the end of time of the test filling stage, 

may be an indication of a clogged stratum inside the infiltration basin. This stratum (the basin 

material filled with fine particles) is located between 33 cm and 9 cm below ground. 

 

PT1_1 and PT1_2: Infiltration test in all three basins, 29-30th September, 2014  

Test description 

This infiltration test aimed to determine the infiltration potential of the whole MAR river bed 

infiltration basins system.  

The test was carried out during 38 hours using the water from a nearby well (around 130 m) with a 

flow rate of 31,3 m3/h, and distributing it in the MARSOL and GABARDINE infiltration basins. The 

water was evenly sprinkled on the basins with the help of perforated tubes. A system of valves was in 

place in order to regulate the flows (Figure 38). The control of the inflow in the basins was calculated 

through the difference from the pumped flow rate to a discharge point, where the flow was 

measured with a 200 L barrel.   

 

Figure 38 – System of valves to regulate the flow 

It took 34 hours to fill the basins and to keep the water level constant above the basin level.  

Methodology for determining the infiltration potential  

Two different methods were used to determine the infiltration potential: i) during the final stages of 

pumping the water was rising at a slower pace due to the high infiltration. Since the pumping volume 

is known as the predicted level variation in a basin with same area but no permeability, it was 

possible to calculate the infiltration rate using the volumes calculated with the measured level 

variation; ii) the calculation of the volume variation through time using the level decrease (after 

pumping has ceased) in the two basins. 
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Results 

The maximum infiltration capacity value for the three basins was estimated to be between 19.0 and 

21.6 m3/h, accordingly to the two methods above described.  

Considering that MARSOL basin could infiltrate 15.65 m3/h (as measured in the qualitative test on 

13th and 14th October, see below) and the downstream GABARDINE 4.29 m3/h (measured in the 

clogging test, see above), this could mean that the upstream GABARDINE basin has an infiltration 

capacity up to 1.66 m3/h [1.66 m3/h = 21.6 m3/h (all basins) - 15.65 m3/h (MARSOL basin) - 4.29 m3/h 

(downstream GABARDINE). However it is important to mention that this infiltration rate depends on 

the piezometric level, and can be augmented if this level is high.  

The different behaviour between the basins is clear. Figure 39 shows the water level (measured first 

with the divers, and later with manual probes) in the infiltration basin tubes. It is clear that the basins 

weren’t filled at the same pace, due to uneven water level dropping rates on the top. The IB1 (Figure 

13) in the GABARDINE basin didn’t come down to NHE as fast as the IB2 and IB3 in the MARSOL 

basin. These results could be related with the higher hydraulic conductivity of the basin filling 

material (newer), to the hydraulic conductivity of the aquifer material, or to the higher infiltration 

area due to its vertical slopes. However, the possibility that the IB1 was influenced with the water 

input upstream (from the MARSOL basin) shouldn’t be disregarded. 

 

Figure 39 – Water level in the tubes in the basins during the quantitative experiment 

PT1_2: Tracer test in MARSOL basin, 13-14th October, 2014 

Test description and methodology 

A NaCl tracer test was conducted in MARSOL basin between 13th and 14th October, 2014 in order to 

determine the infiltration capacity of this basin alone, as well as the velocity and dispersion in the 
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aquifer. The salt was inserted into the infiltrated basin at 10:30 on 13/10/2014, which coincided with 

the time the infiltration basin became saturated with the injected water. 

The infiltration rate value was calculated through the same steady-state injection/pumping method, 

i.e. the injected water into the basin is set to a value at which no water level variations are seen in 

the infiltration basin and all injected water in the basin is being infiltrated into the system. It is 

important to take into consideration the fact that the injection was ceased between 20:00 of the 13th 

and 08:25 of the 14th, for security reasons, and that during this period a heavy rainfall event 

occurred, which in total summed 19 mm. This rainfall event may have influenced somewhat the 

dispersion of conductivity. 

Results 

The infiltration rate value reached 15.65 m3/h (1.87 m/d, considering the area of 201 m2, see section 

2.1.4), after fixing the water level around 20 cm above the basin floor.  

Considering this value and the rate of the water level rise in the basin, the porosity of the basin filling 

material was calculated and should average 12,6%, a value that might change in time with the 

arrangement of the material inside the basin and fine particles potential clogging effect. It is worth 

mentioning that the top 20 cm of the basin seems to have a different porosity (slower water level 

rise) than the rest of the material (Figure 40).  This can also be due to the compression of the filling 

materials of the basin, once the lower materials are subjected to a higher compressing level as 

opposed to the top of the basin. 

 

Figure 40 – Water level rise on the 14/10/2014 (average of IB2 and IB3) 

Returning to the quantitative test (29th and 30th of September), during the drawdown, the infiltration 

volumes through time were calculated and compared to the average water level height above the 

hydrostatic level. The results were different for the GABARDINE and the MARSOL basins, and are 

shown in Figure 41 and Table 5. The scatter plot between the water level and the injection flow rate 
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shows a trend with a logarithmic fit distribution and from this distribution, it can be seen that the 

MARSOL infiltration basin has a much higher infiltration capacity than the GABARDINE infiltration 

basins in general.  

 

Figure 41 – Infiltration flows vs water height above the hydrostatic level in the MARSOL and GABARDINE 

basins in Campina de Faro 

 

Table 5 – Infiltration of the Campina de Faro basins, accordingly to the vertical gradient 

Δh (m) 

Flow (m3/h) 

MARSOL GABARDINE Total 

1 0.2 0.1 0.3 

2 0.5 0.1 0.6 

3 1.0 0.2 1.2 

4 1.9 0.4 2.4 

5 4.0 0.8 4.8 

6 8.1 1.5 9.6 

7 16.4 2.9 19.3 

 

The location of the monitoring points is presented in Figure 42. The results on the piezometers are 

presented in Figure 43 (MS3), Figure 44 (MS2), Figure 45 (MS1), Figure 46 (LNEC1), Figure 47 (LNEC2), 

Figure 48 (LNEC3), considering only the period during the experiment, with various flow rates. To 

facilitate comparison between all monitoring points and for a period of a week, a representation of 

the groundwater level at all piezometers is shown in Figure 49 and all the records for electrical 

conductivity are comprised on Figure 50. 
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Figure 42 – Schematic location of the monitoring points used during the tracer test 

 

The data show a significant positive response from most of the piezometers. MS3 is the piezometer 

with the clearest response, showing the influence of the injection immediately when the pumping 

started to fill the basin. This can also be seen with the restart of the pumping on the morning of 

14/10/2014 and with the maximum level of about 3.6 m depth to water level being achieved during 

the injection of water. Groundwater level recovery appears to be about 5 days after the test at about 

5.30 m. Also, this was the only piezometer which appeared to present a stable groundwater level, 

particularly during the first day of the test, before interrupting the injection pump. From the data is 

also clear that the rainfall on the night of the 14/10/2016 did produce a slight increase in the 

groundwater level. 

MS2 also showed a quick response to the injection test, though the maximum level (around 5.6 m) 

being achieved at approximately 4 hours after the end of the test (which occurred at 20:00 of 

14/10/2014), at midnight of the 15/10/2014. The groundwater level recovered to 6 meters 3 days 

after the injection test. 

Piezometer MS1 does appear to show a residual response, with maximum level being achieved 8 

hours after the end of the injection test (4:00 of the night of 15/10/2014). It is not clear if this 

influence is due to the injection test but the fact that the piezometer level decreases up to 10 cm in 

one day after 4:00 of the 16/10/2014 suggests the injection test influenced the levels of this 

piezometer.  

In the case of LNEC1 it is important to take into consideration the fact that, during the interruption of 

the pumping, which coincided with a heavy rainfall event, the depth to water level at LNEC1 had a 

sharp peak, increasing from 5.5 to 3.75 m in 3 hours. This peak is clearly an effect of the rainfall event 

and not of the injection test. This is confirmed by the decrease on EC value after this event (Figure 

50). Anyway, there is a clear decreasing groundwater level trend 7 hours after the end of the test, at 

3:00 of the 15/10/2014. This peak being an influence of the test suggests the maximum depth 

groundwater level was about 5.35 and during the following 4 days groundwater level returned to 

5.65 m.  

In the case of LNEC2 it is not clear if there is an injection test influence on groundwater levels. There 

is a slight peak in groundwater level at 6 am of 15/10/2014 at 6.15 m, which appears to drop 2-3 cm 

during the next 6 hours. LNEC3 as well does not show a clear response to the test, since in this case a 

peak was not detected and groundwater levels kept increasing residually during the monitoring 
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period. Considering LNEC3 is located in the confined unlike all the other piezometers, this increase in 

groundwater level could be associated to an effect of leakage recharge from the top aquifer. 

The influence of the test was felt also 50 m upstream the MARSOL basin in MS1, 30 hours after the 

end of the experiment.  

The piezometer LNEC 2 also showed a 50 cm rise, 8 hours after the end of the test. LNEC3 well, in the 

confined aquifer, didn’t react. This fact suggests there is no hydraulic connection between the upper 

unconfined aquifer and the lower confined aquifer in the area around the infiltration basins. 

 

 

 

Figure 43 – Changes in EC and piezometric level in MS3 piezometer during the tracer experiment 
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test at 20:00 h

Salt spread within the 
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Figure 44 – Changes in EC and piezometric level in MS2 piezometer during the tracer experiment 

 

 

Figure 45 – Changes in piezometric level in MS1 piezometer during the tracer experiment 
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Figure 46 – Changes in EC and piezometric level in LNEC1 piezometer during the tracer experiment 

 

 

Figure 47 – Changes in EC and piezometric level in LNEC2 piezometer during the tracer experiment. Two 

divers were installed on different levels, at approximately 8 meters (LNEC2_SUP) and 20 meters 

(LNEC2_Prof) 
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Figure 48 – Changes in EC and piezometric level in LNEC3 piezometer during the tracer experiment. Two 

divers were installed on different levels, at approximately 10 meters (LNEC3_SUP) and 35 meters 

(LNEC2_Prof) 

 

Figure 49 – Depth to water level at all monitoring wells 
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Figure 50 – Electrical conductivity at all monitoring points 

 

Regarding the effect of the salt tracer on the electrical conductivity at the monitoring points, the 

piezometer immediately downstream to the infiltration basin had a quick and clear response 

achieving the peak breakthrough 3 hours after the introduction of the salt in the basin, at 13:30 of 

the 13th, and with an increase in electrical conductivity from around 0.7 mS/cm to 6 mS/cm. The peak 

breakthrough happened before the interruption of the injection of water between the night of 13th 

and 14th. Anyway, the heavy rain episode that occurred contributed to the washout of the tracer 

even though there was no injection of water during a period of nearly 12 hours (injection stopped at 

20:15 on the 13th and restarted at 08:25 of the 14th). In fact, when the injection restarted on the 14th, 

electrical conductivity at MS3 had decreased from 6 to 4 mS/cm already. 

As for MS2, located immediately upstream the infiltration basin, a small increase in electrical 

conductivity can be noted from 0.9 to 1.2 mS/cm, with a peak occurring approximately 12 hours after 

the interruption of the injection (around 10:00 of the 15th). This shows that, at some extent, the 

infiltrated water may have created a groundwater mound effect, in which water infiltrates radially in 

the infiltration basin, therefore proportioning an increase of groundwater level all around the 

infiltration basin, but moving in the flow direction. This is the reason why the electrical conductivity 

peak is much sharper downstream, showing the main direction of the groundwater flow.  

In the remaining monitoring points, the influence of the tracer was not so easy to identify, maybe 

due to the heavy rain that occurred between the nights of 13th and 14th October. LNEC3 didn’t show 

any significant changes as expected due to its location on the lower confined aquifer. LNEC2 has 
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showed a mild increase in electrical conductivity of about 0.1 mS/cm before the interruption of the 

injection, which is then countered by the rainfall event resulting in a slight decrease. Still, after the 

restart of the injection on the morning of the 14th, this piezometer shows an increasing trend long 

after the end of the test, but it is not clear if there has been a peak breakthrough. This indicates that 

at some extent, this piezometer might be subject to some degree of confinement from the 

infiltration basin groundwater formation. In the case of LNEC1, once again there was a strong 

influence of the rainfall episode, which produced a decrease of the electrical conductivity from 0.9 to 

0.2 mS/cm. On the other hand, a peak can be observed at around 12:00 of the 16th of October, 40 

hours after the end of the injection period, and 73 hours prior to the injection of the tracer. 

Considering the peaks observed at MS3 and LNEC1, and the distance between both, it is possible to 

have a rough estimate of the tracer velocity between these two monitoring points. The necessary 

data for these calculations are presented on Table 6. 

Table 6 – Data for the calculation of the velocity of the tracer dispersion between monitoring points MS3 and 

LNEC1 

 Peak breakthrough time after injection of 

salt (hours) 

Distance from MARSOL Infiltration 

Basin (m) 

MS3 3 0.5 

LNEC1 73 82 

 

Considering the data on the previous table, the distance between monitoring points MS3 and LNEC1 

is 81.5 m and the time between peaks at both points was 70 hours, which results in tracer 

groundwater velocity of 1.16 m/h. Though there is an increase in MS2, located upstream the 

infiltration basin, this effect is due to the mound effect of the recharge in the infiltration basin and 

not due to the main flow direction of the infiltrated water. It can thus be concluded that the main 

direction of groundwater flow is south, in the river downstream direction. 

Some pictures of the tracer test are presented in Figure 51, in which it is possible to see the filling of 

the infiltration basin, the spreading of the salt and the infiltration basin filled with water. 
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Figure 51 – Tracer test at Rio Seco MARSOL infiltration basin (PT1_2 Campina de Faro)  

 

PT1_2: Small infiltration test during Mid-Term meeting, 24th June, 2015    

Test description 

On 24th June 2015 a minor infiltration test was performed on the upstream GABARDINE infiltration 

basin (20 m long, 5 m wide and 6 m deep). During this test only the infiltration basin small pipe was 

used for monitoring. Water injection started at 9:00 with a flow of 20 m3/h and water level in the 

basin was at 1.72 m (Figure 52). After 3 hours, at 12:00, water started to reach the basin surface and 

injected flow was changed to 9 m3/h and was kept like this until 18:00 in order to keep a column of 

water of about 20 cm above the infiltration basin. 

Results 

The monitoring results of this test are presented in Figure 52. 
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Figure 52 – Groundwater level and electrical conductivity measured on the infiltration basin 

 

During this test it was possible to identify a thin clogging area of about 25 cm close to the surface, 

which is expressed by a steeper groundwater level variation gradient after the injection period 

between 23:00 of 24/06/2016 and 00:00 of 25/06/2016.  

Prior to stopping the water injection, at 18:10 on 24/06/2016, groundwater took approximately 1 

day (at 17:00 on 25/06/2016) to decrease to the hydrostatic level observed at the beginning of the 

test (1.72 m). 

Regarding electrical conductivity values, these have slightly decreased from 1.10 mS/cm to 1.06-

1.08 mS/cm during the injection period, which is due to the injected water having lower electrical 

conductivity than the existing water in the infiltration basin. Anyway, after the injection period, the 

electrical conductivity of the water in the infiltration basin slowly increased to 1.10 mS/cm. 

During this test, a stable water column level above the infiltration basin wasn’t achieved; therefore it 

is not possible to estimate the infiltration capacity of the basin. This was not the purpose of this test, 

notwithstanding, it is possible to have a rough estimate of the infiltration capacity of the basin, based 

on the water level decrease since the cease of the injection until the time the water column above 

the basin infiltrates. Therefore, the maximum water level achieved was 0.26 m above the soil (at 

18:10) when the injection ceased and it took until 23:00 for the water column above the basin to 

infiltrate, resulting in an infiltration rate of 0.26 meters in 5 hours. This is equal to 0.052 m/h, which, 

considering the total area of the infiltration basin as 100 m2 returns a total infiltration capacity of 

10.4 m3/h.  
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PT1_2: Natural recharge episodes 

Between November 2015 and January 2016 strong rainfall episodes have occurred in the DEMO site 

area, which have produced visible effects in the infiltration basins and, therefore, at monitoring wells 

(Figure 53). Daily rainfall data was collected from Direção Regional de Agricultura e Pesca do Algarve 

(DRAP) Meteorological station in Faro. 

 

Figure 53 – Rainfall influence on monitoring wells around infiltration basins at Rio Seco, between September 

2015 and April 2016. 

As can be seen in the Figure 53, all of the monitoring wells respond to the major rainfall events, 

though the monitoring well MS3, the one located immediately after MARSOL basin is the one with 

the highest response to the rainfall events. Increases of groundwater level in the order of 4 to 6 

meters can be seen at monitoring well MS3. Monitoring well LNEC1, located downstream the 

GABARDINE infiltration basins also presents significant increases in the groundwater level, but not as 

frequently as it happened with MS3 and also with a lower increase. The remaining monitoring wells, 

LNEC2 and MS2 showed only minor increases when compared with the previous.  

In fact, focusing on the rainfall event in early January 2016, during which a 30 mm rainfall episode 

occurred, groundwater level at MS3 increased about 5 meters. In the same period, groundwater 

levels were measured manually twice a day at the infiltration basin and during which, a maximum 
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increase of 4.33 m inside the infiltration basin was recorded (Figure 54). It is possible that higher 

increases of groundwater level could have been achieved, but for security reasons, it was not 

possible to install a diver at the infiltration basin, so only manual measurements were performed. 

 

 

Figure 54 – Groundwater level measured manually at MARSOL basin 

 

The facts that LNEC1 and MS3 are located immediately downstream the infiltration basins, and have 

relatively higher increase in groundwater level with rainfall events when compared with the 

remaining monitoring wells, evidences the impact of the natural recharge episodes in the infiltration 

basins, and their local/regional effect. 

An overview of the conductivity at the monitoring wells also shows the effect of the rainfall events 

on the decrease of conductivity values (Figure 55). Again, the monitoring wells immediately 

downstream the infiltration basins (LNEC1 and MS3) show in general a higher influence by the 

rainfall events. 
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Figure 55 – Evolution of conductivity values at MS2 

 

From Figure 55 it is possible to identify two distinct processes of groundwater remediation as a result 

of the infiltration basins activity. During small rainfall episodes, soil pollutants are washout from the 

groundwater. As opposed, during heavy rainfall events, a process of dilutions is instead more 

dominant. This data shows that the infiltration basins can have a significant impact in the 

remediation in Campina de Faro groundwater contamination, playing an important role at a local 

scale. On top of that, this is a passive system, which basically relies on natural recharge episodes in 

order to contribute to local groundwater contaminants removal or dilution such as Nitrates. 

 

PT1_3: Infiltration in large wells, 1st October 2014  

Test description 

At Campina de Faro Demo Site PT1, one of the goals of the project consists in assessing the 

infiltration capacity of large diameter wells. 

In this context, an injection test in a large diameter well, located near the infiltration basins from 

DEMO site PT1_1 and PT1_2 (Figure 56) was performed on October 1st 2014. The injected water was 

pumped from a well located 15 m next to the large diameter well. The pumping well is abstracting 

from the lower confined aquifer, while the injection large well is only in contact with the upper 

unconfined aquifer, hence, no interferences between the injection and pumping are expected. 
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Figure 56 – Location of the injection and pumping well, as well as the infiltration, PT1 

The well used for injection, shown in Figure 57, consists of a large diameter well with a diameter of 

4.5 m and a total depth of 19 m. Depth to water level at the beginning of the test is 10.28 m. The 

well’s characteristics are synthetized in Table 7.  

Table 7 – Campina de Faro well characteristics  

Total depth (m) 19 

Diameter (m) 4.5 

Radius (m) 2.25 

Well surface area (m2) 15.90 

Depth to water level before the infiltration test (m) 10.28 

 

  

Figure 57 – Infiltration test at DEMO site PT1_3, injection test at a large diameter well. The pumping well can 

be seen on the bottom of the left picture 

Source: Esri, DigitalGlobe, GeoEye, i-cubed, Earthstar
Geographics, CNES/Airbus DS, USDA, USGS, AEX,

Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS
User Community
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The injection test consisted of a step test with three different flow rates as follows:  

 Step 1: 7.5 and 6.5 m3/h;  

 Step 2:  16 m3/h;  

 Step 3: 35 m3/h.  

For each injection step, water flow rate was measured with a 200 l container. Water displacement 

(  ), i.e. changes in the water level relative to a specific time, was recorded both manually and with 

an automatic CTD-Diver (with 1 minute interval between records). Besides the three injection steps, 

water displacement was also recorded for the recovery period, i.e. the period after the injection of 

water has ceased. The CTD-Diver was removed on October 7th 2014 (approx. 6 days after the 

injection test started). 

For all three steps, injection lasted until water level stabilization was achieved. This can be 

considered a steady head injection, i.e. water level is stabilized, meaning that all water injected in the 

well is being infiltrated by the system. The injection test characteristics are synthetized in Table 8 . In 

this table, the value Water displacement (rise of water level)    (m) stands for the observed water 

displacement with reference to the beginning of each step, and Total (Accumulated) water 

displacement         (m) stands for the observed water displacement at the end of each step with 

reference to the initial depth to the water level (hydrostatic level=10.28m) of the injection test. The 

injected volume was calculated at each step by multiplying the injection rate by the step duration. 

 

Table 8 – Injection test characteristics 

 
Step 1 Step 2 Step 3 

Injection flow rate (m3/h) 7.6 and 6.5 16 35 

Water displacement (rise of water level)    (m) 0.46 0.73 1.13 

Total (Accumulated) water displacement         (m) 0.46 1.18 2.31 

Time to reach stable water level (min) 263 262 238 

Step duration (min) 322 299 249 

Injected volume (m3) 37.47 79.73 145.25 

 

After the injection period, recovery was monitored during 7934 min (about 6 days) and a residual 

recovery of 0.02 m was determined. 

In fact, injection flow rate for step 1 was originally measured at 7.6 m3/h, but at 142 minutes there 

was a decrease in the flow rate from 7.6 to 6.5 m3/h. Hence, total injected volume for step 1 is equal 

to 7.6 X (141/60) + 6.5 X (181/60) = 37.47 m3. 

The observed water displacement for each step was 0.46 m for step 1, 0.73 m for step 2 and 1.13 m 

during step 3. During recovery period, observed water displacement was 2.29 (after approximately 6 

days, when the CTD diver was removed) resulting in a residual recovery of 0.02 m. 
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Calculation of injected and infiltration volumes and rates 

The estimation of the infiltration rates in the well was divided in three sections:  

 Transient state injection period for each step – i.e., water level was not stabilized; 

 Steady state injection period for each state – i.e. a water level stabilization was found; 

 Transient state recovery period. 

Transient state injection period 

During the transient state of the injection period, the infiltration rate was estimated based on the 

observed water displacement and a theoretical water displacement, assuming the well as an 

impervious recipient. In this case, the theoretical water level rise for a given period of time (   ) is 

calculated according with the equation (1): 

(1)     
   

 
 

Where: 

     stands for a theoretical water level displacement considering the well as an impervious 

recipient for a given time period (L); 

     stands for the injected volume of water in the well for a given time period; 

   stands for the well’s surface area (L2). 

Based on the observed water displacement (   ) for a given time period and the well’s area, the 

injected volume of water which didn’t infiltrate and is stored in the well (   ) is calculated, as in 

equation (2). 

(2)     
   

 
 

Where: 

     stands for the non-infiltrated injected volume producing a water displacement in the 

well for a given period of time (L3); 

     stands for the observed water displacement in the well for a given period of time (L). 

From this, infiltrated volume at a given period of time (   ) is calculated by subtracting stored 

volume (   ) from the injected volume (   ) for the same period of time. Hence, infiltration rate for 

a given time period is estimated by dividing infiltrated volume with the given time period and the 

well’s area (equation (3)): 

(3)    
   

    
 

Where: 

    stands for the infiltration rate at a given time period (L . T-1); 
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    stands for the time interval of a given time period (T); 

     stands for the infiltrated volume of water for a given period of time (L3). 

Steady state injection period 

During steady state, once no water level change is observed, it is assumed that all injected water is 

infiltrated by the system so     = 0 and infiltrated volume (   ) is equal to injected volume (   ). For 

a given time period, the injected volume in the well is calculated by multiplying the injection flow 

rate by the time interval. 

As for the infiltration rate, it is calculated by dividing the injection flow rate by the well’s surface 

area. Alternatively, infiltration rate can be calculated likewise in transient state, by dividing the 

infiltrated volume by a given time period and area. In both cases, the calculated infiltration rate 

should be the same. 

Recovery period 

For the recovery period, no water is injected in the system (     ), therefore, infiltrated volume 

and rate are calculated based on the observed water level decrease for a given period of time, after 

injection has ceased. So being, infiltrated volume is calculated by multiplying the observed water 

displacement by the well’s area (Equation (4)): 

(4)           

Where: 

     stands for the infiltrated volume of water for a given time period (L3); 

     stands for the observed water displacement in the well for a given period of time (L); 

   stands for the well’s surface area (L2). 

Infiltration rate is then calculated by dividing the infiltrated volume of water in a given time period, 

by the interval of time for the same time period and the well’s surface area (equation (5)): 

 

(5)    
   

    
 

where:  

    stands infiltration rate for a given time interval     in the recovery period (L/T); 

    stands for the time interval for which infiltration is to be calculated (T). 

Alternatively, infiltration rate can also be calculated by dividing water level displacement (       ) 

with the time interval (  ) for a given time period. The area considered for the test was the surface 

well area (Table 7) which is 15.90 m2. 
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Results 

Infiltration rates were estimated for the steady state and transient state of the injection period and 

for the recovery period (transient state). As mentioned before, transient state is a period during 

which water level in the well is not stable, as opposed, steady state happens when the water level  in 

the well is stable, meaning that all injected water is being infiltrated by the system (or, when there is 

no injection, no infiltration is occurring). Therefore, water level displacement is the base on which 

infiltration was estimated. Figure 58 shows the manual and automatic records of the water 

displacement in the well in function of time and the injection flow rate to the well. 

 

Figure 58 – Injection flow rate (right axis), manual and CTD records (left axis) for water displacement in the 

well as a function of time, for all the injection steps and recovery period 

 

In Figure 59 a higher detail of the water displacement produced at each step of the injection and the 

recovery period is shown. Water displacements produced at each step were 0.46, 1.19 and 2.32 m 

respectively (Figure 58). These values are referenced with water level at the beginning of the test. 

The water level displacement produced at each step, with reference to the water level at the 

beginning of each step, were 0.46 , 0.73 and 1.13 m respectively for steps 1, 2 and 3 (Figure 59). 

From Figure 58 and Figure 59 it is clear that higher injection flow rate produce a higher water 

displacement (check Table 8 for injection step times and characteristics).  
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Figure 59 – Top: Water displacement in detail for each of the injection steps with the reference to the initial 

water level at the beginning of each step. Bottom: Water displacement in detail for the recovery period with 

reference to the initial head in the well at the beginning of the injection 

 

Based in the equations mentioned before, infiltration rates were estimated for several time periods: 

 a1) Step 1 transient state injection flow period (flow varying from 7.5 to 6.5 m3/h); 

 a2) Step 1 steady state injection flow period (flow at 6.5 m3/h); 

 b1) Step 2 transient state injection flow period (flow at 16 m3/h); 

 b2) Step 2 steady state injection flow period (flow at 16 m3/h); 

 c1) Step 3 transient state injection flow period (flow at 35 m3/h); 

 c2) Step 3 steady state injection flow period (flow at 35 m3/h); 

 d1) Transient state recovery period (no flow); 

 d2) Transient state recovery period decomposed over 1 hour increment for the first 24 hours 

(no flow); 
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 d3) Transient state recovery period decomposed over 1 day increment for the first 5 days (no 

flow). 

The results of the above mentioned time periods are synthetized in Table 9. 

Table 9 – Synthetized measured parameters during the injection and recovery period. Calculated infiltration 

volumes and rates from the infiltration test 

Test step State 
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a1) Injection Transient 0 0.00 0.46 0.46 263 7.6 to 6.5 30.97 7.32 23.65 8.14 

a2) Injection Steady 263 0.46 0.46 0.00 59 6.5 6.39 0 6.39 9.81 

b1) Injection Transient 323 0.46 1.19 0.73 262 16 69.87 11.61 58.26 20.13 

b2) Injection Steady 585 1.19 1.19 0.00 37 16 9.87 0 9.87 24.14 

c1) Injection Transient 623 1.19 2.32 1.13 238 35 138.83 17.97 120.86 45.98 

c2) Injection Steady 861 2.32 2.32 0.00 11 35 6.42 0 6.42 52.82 

d1) Recovery Transient 873 2.32 0.03 2.29 7934 0 0.00 0 36.45 0.42 

d2) Recovery 
decomposed 
over 1 hour 
increment for 
the first 24 
hours 

Transient 

873 2.31 1.14 1.18 60 0 0.00 0.00 18.70 28.22 

933 1.14 0.67 0.46 60 0 0.00 0.00 7.33 11.06 

993 0.67 0.48 0.20 60 0 0.00 0.00 3.13 4.73 

1053 0.48 0.39 0.09 60 0 0.00 0.00 1.43 2.16 

1113 0.39 0.34 0.05 60 0 0.00 0.00 0.73 1.10 

1173 0.34 0.31 0.03 60 0 0.00 0.00 0.52 0.79 

1233 0.31 0.29 0.02 60 0 0.00 0.00 0.32 0.48 

1293 0.29 0.27 0.02 60 0 0.00 0.00 0.37 0.55 

1353 0.27 0.25 0.02 60 0 0.00 0.00 0.25 0.38 

1413 0.25 0.23 0.02 60 0 0.00 0.00 0.27 0.41 

1473 0.23 0.22 0.02 60 0 0.00 0.00 0.25 0.38 

1533 0.22 0.21 0.01 60 0 0.00 0.00 0.14 0.22 

1593 0.21 0.20 0.01 60 0 0.00 0.00 0.17 0.26 

1653 0.20 0.19 0.00 60 0 0.00 0.00 0.05 0.07 

1713 0.19 0.19 0.01 60 0 0.00 0.00 0.08 0.12 

1773 0.19 0.18 0.01 60 0 0.00 0.00 0.11 0.17 

1833 0.18 0.18 0.00 60 0 0.00 0.00 0.03 0.05 

1893 0.18 0.17 0.01 60 0 0.00 0.00 0.08 0.12 

1953 0.17 0.16 0.01 60 0 0.00 0.00 0.17 0.26 

2013 0.16 0.16 0.00 60 0 0.00 0.00 0.02 0.02 

2073 0.16 0.16 0.00 60 0 0.00 0.00 0.02 0.02 

2133 0.16 0.15 0.01 60 0 0.00 0.00 0.11 0.17 

2193 0.15 0.15 0.00 60 0 0.00 0.00 0.03 0.05 

2253 0.15 0.14 0.01 60 0 0.00 0.00 0.13 0.19 

d3) Recovery 
decomposed 
over 1 day 
increments 
for 5 days 

Transient 

873 2.31 0.14 2.17 1440 0 0.00 0.00 34.46 2.17 

2313 0.14 0.10 0.05 1440 0 0.00 0.00 0.75 0.05 

3753 0.10 0.07 0.03 1440 0 0.00 0.00 0.46 0.03 

5193 0.07 0.06 0.01 1440 0 0.00 0.00 0.21 0.01 

6633 0.06 0.04 0.02 1440 0 0.00 0.00 0.33 0.02 

- t0 (min) – Initial time for a given time period; 

- h0 and hf (m) – initial and final water level displacement respectively for a given time period; 
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- Δh (m) – Difference between initial and final water level displacement for a given time period; 

- Δt (min) – time interval for a given period; 

- Q (m
3
/h) – injected flow rate manually measured.  

- Va (m
3
) – Injected volume of water in the well for a given time period; 

- Vs (m
3
) – injected volume of water in the well non-infiltrated, which is stored  at the well  for a given time 

period; 

- Vi (m
3
) – Infiltrated volume of water tha has infiltrated for a given time period (Vi = Va – Vs); 

- I – Infiltration rate calculated for a given time period; 

Estimated infiltration rate for step 1 were 8.14 m/d during transient state (a1) and 9.81 m/d in 

steady state conditions (a2). For step 2, transient (b1) and steady state (b2) infiltration rates were 

calculated as 20.13 and 24.14 m/d respectively. Infiltration rates during step 3 were estimated as 

45.98 m/d for transient state (c1) and 52.82 m/d for steady state conditions (c2). 

For all the records of the recovery period (approx. 6 days), total infiltration rate was estimated as 

0.42 m/d (d1). Nonetheless, the decomposed data by 1 hour increments (d2) indicates a maximum of 

28.22 m/d and a minimum of 0.19 m/d which coincide with the first and last of the 24 hour time 

period of the recovery period respectively. The data decomposition by 1 day increments of the 

recovery period (d3) indicates a maximum infiltration rate of 2.17 m/d for the first day and 0.02 m/d 

for the last day of the recovery period.  

In Figure 60 it can be seen that infiltration rate increases positively until stabilizing as the injected 

flow rate increases and decreases exponentially with time in the recovery period (after injection has 

ceased). These data suggests a clear relation and dependency between the infiltration rate and the 

hydraulic load in the well, i.e. the water level elevation in relation with the hydrostatic water level at 

the beginning of the injection test (10.28 m).  

 

 

Figure 60 – Estimated infiltration rate for the three steps of injection period and recovery period for a 5-

minute increment time 
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The scatter plot between the hydraulic head and the infiltration rate shown in Figure 61 indicates the 

positive correlation between the hydraulic load and injection rate for the three steps of the injection 

period and the recovery period, as mentioned before. For the injection period (Figure 61 A), a linear 

fit was found with a squared R (or coefficient of determination) of 0.9812, with the equation y = 

22.236x + 0.1162. It can be seen that for the highest hydraulic load found, 2.30 m, the infiltration 

rate was 52.82 m/d (which was achieved during the 3rd step steady state period).  

For the recovery period (Figure 61B), a 3rd degree polynomial function fit was found with a squared R 

value of 0.9366, which, for the observed hydraulic load presents an acceptable fit with the estimated 

infiltration rate. 3 distinct sections can be identified in this fit. The first section consists of hydraulic 

loads varying from 0 to 0.5 m, for which infiltration rate is almost irrelevant. The second section 

includes hydraulic load values between 0.5 and 1.75 m, for which infiltration rate apparently 

increases linearly as hydraulic load increases. The third section consists of hydraulic load values 

higher than 1.75 at which infiltration rate appears to stabilize near 40 m/d, although there is not 

enough data available to verify this assumption. This stabilization can also be related with the time 

lag between the ceasing of pumping and injection and the wellbore water storage in the well. 

 

Figure 61 – Scatter plot between the hydraulic load and infiltration rate. A: injection period (with a linear 

function fit). B: Recovery period (with 3
rd

 degree polynomial function fit) 

The presented fits can be used to estimate infiltration rates as a function of the hydraulic load in the 

well for upcoming injection tests in the same conditions as the one presented in this report and 

assuming no clogging effect is occurring. 

 

PT1: Variation of regional groundwater content in nitrates, May 2014, 2015 and 2016 

To determine the variation in the water quality of Campina de Faro aquifer before starting the MAR 

in the PT1 DEMO site, a campaign was held in May 2014. Nitrate samples were analysed for two 
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more years, May 2015 and May 2016. 72 wells were monitored, using the same wells monitored in 

2008, during GABARDINE project (Figure 62). 

 

 

 

 

Figure 62 – Nitrate concentration in the groundwater of Campina de Faro aquifer (PT1_3 Campina de Faro) in 

April 2008 

The results for 2014, 2015 and 2016 are shown in Figure 63, for the same locations shown in Figure 

62. The comparison of these results allowed identifying the influence of the MAR experiments 

developed at Campina de Faro aquifer. The data was interpolated using Inverse Distance Weighted 

with 12 points. 
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Figure 63 – Evolution of nitrate concentration in groundwater. Interpolated values from sampling points 

   

In general, nitrate concentration does not appear to have relevant changes, though at a local scale, 

the quality seems to have been improving since 2014 close to the location of the infiltration basins.  

In order to have a better perception of the groundwater content in nitrate evolution, a raster 

operation was performed, subtracting the interpolated values in May 2014 and May 2015 with the 

values interpolated in May 2016, which is shown in Figure 64. 
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Figure 64 – Raster operation between interpolated values showing, in green, the areas were groundwater 

quality improved and, in red, the areas that have worsen quality. Left: difference between May 2014 and 

May 2016. Right: difference between May 2015 and May 2016 

From Figure 64 in can be easily seen that the groundwater content in nitrate has been improving 

significantly around the area of the infiltration basins. This improvement can be associated with the 

increased groundwater infiltration produced by the infiltration basins. 

The evolution of nitrate concentration at the monitoring points since the GABARDINE project Nitrate 

campaigns is presented at Table 10.  

 

Table 10 – Nitrate concentration evolution at monitoring points 

   GABARDINE Project NO3 (mg/l) MARSOL Project NO3 (mg/l) 

Point Coord X coord y Oct-06 Apr-07 Oct-07 Apr-08 May-14 May-15 May-16 

P1 220756 7604 94 115 108 90 109 121 110 

P2 220953 7502 24 37 30 28 - - - 

P3 221030 7510 136 - - - - - - 

P4 220375 7427 102 140 102 104 119 - - 

P5 219204 8350 106 102 119 95 84 - - 

P6 219193 8332 107 106 98 81 88 82 83 

P7 219463 8748 87 95 84 73 79 88 80 

P8 219447 8544 191 265 227 179 186 189 145 
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   GABARDINE Project NO3 (mg/l) MARSOL Project NO3 (mg/l) 

Point Coord X coord y Oct-06 Apr-07 Oct-07 Apr-08 May-14 May-15 May-16 

P9 219470 8153 135 116 128 135 - - - 

p10 219397 9593 - - - - - - - 

p11 219302 9634 24 28 0 10 29 16 4 

p12 219373 9996 24 - - - 33 33 37 

p13 218754 10546 - - - - 14 4 527 

p14 218705 10115 189 - - - 136 178 148 

p15 219725 7017 190 167 0 119 136 120 129 

p16A 219851 7041 133 138 147 118 113 112 108 

p17 220839 6682 135 172 165 163 204 203 115 

p18 218862 8648 191 211 153 173 179 171 174 

p19 219218 8537 69 77 70 50 98 134 101 

p20 219238 9271 12 - 99 66 56 - - 

p21 219234 9274 126 112 101 85 59 55 141 

p22 219824 8682 143 - 146 111 144 147 141 

p23 219714 8275 278 283 232 203 108 198 210 

p24 220117 8040 144 132 156 139 158 177 154 

p25 220112 7930 76 164 165 143 159 161 166 

p26 220178 7717 216 196 147 139 111 112 150 

p27 220093 7758 186 134 180 147 102 172 202 

p28 220420 8274 113 104 109 95 112 109 110 

p29 220686 8566 112 100 104 90 107 123 107 

p30 220651 8389 109 91 111 94 - 129 105 

p31 220384 8440 56 62 63 58 180 115 104 

p32 219305 8976 55 - - - 85 82 92 

p33 219183 7761 240 - - - 223 271 227 

p34 220848 8851 130 - 140 91 33 152 156 

p34A 220848 8851 32 - - - - - - 

p35 220483 8000 15 53 4 10 35 4 4 

p36 220728 7123 47 44 52 50 89 90 81 

p37 220802 7217 69 74 - 82 82 - - 

p37A 220802 7217 75 75 71 - 86 71 85 

p38 221310 7154 18 21 8 21 31 24 84 

p39 220828 6813 185 234 223 192 259 277 268 

p40 219813 7183 264 246 237 188 224 - - 

p41 219417 6969 440 421 330 380 294 341 290 

p42 219481 6723 330 361 348 302 358 366 371 

p43 220141 6480 15 13 15 187 136 171 193 

p44 219936 6471 88 89 76 82 138 146 154 

p45 218960 7518 208 - 171 126 231 234 201 

p46 219043 7615 292 309 231 284 251 179 157 

p47 220739 7683 - 137 127 119 - - - 

p48 221037 7187 - 70 107 53 2 3 5 
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   GABARDINE Project NO3 (mg/l) MARSOL Project NO3 (mg/l) 

Point Coord X coord y Oct-06 Apr-07 Oct-07 Apr-08 May-14 May-15 May-16 

p48A 221037 7187 - - - - 3 - - 

p49 221007 7315 - 124 99 111 139 170 151 

p50 220925 7216 - 33 21 30 36 4 4 

p51 220894 7277 - 20 9 22 36 13 18 

p52 220616 6997 - 145 123 122 - - - 

p53 220050 6170 - 75 78 84 74 83 87 

p54 219632 6711 - - - - 347 331 390 

p55 219820 6436 - - - - 170 173 176 

p56 219560 6881 - 232 203 205 338 345 352 

p57 220330 6900 - 185 154 142 169 161 188 

p58 220834 6737 - - - - - - - 

p59 221349 7207 - - - - 90 160 284 

p60 219182 7656 - 280 205 336 271 259 259 

P61 218764 10532 - - - - 20 - - 

P63 220685 7127 - - - - 52 54 62 

P64 220558 7148 - - - - 109 112 100 

LNEC1 219348 8549 36 11 15 10 - 5 4 

LNEC2 219343 8579 23 25 54 17 20 35 10 

LNEC3 219342 8579 16 3 5 10 2 4 - 

LNEC4 220506 7589 - 90 81 85 - - - 

LNEC5 220462 8010 - 39 139 33 28 4 4 

LNEC6 220465 7972 - - - - - 40 126 

MS1 219292 8691 - - - - - 5 16 

MS2 219315 8646 - - - - - 12 5 

MS3 219322 8626 - - - - - 4 4 

P65 219789 7273 - - - - - 259 209 

P66 219556 7855 - - - - - 150 165 

P67 219705 7734 - - - - - 13 160 

P70 219834 8672 - - - - - 18 16 
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2.2 PT2: QUERENÇA-SILVES LIMESTONE KARSTIC AQUIFER SYSTEM (ALGARVE) 

2.2.1 Introduction and objective 

PT2 Querença-Silves limestone karstic aquifer system (Algarve) has two main DEMO sites (Figure 1), 

each one with a different goal:  

 PT2_4 – S. Bartolomeu de Messines two SAT basins. The two basins have been constructed 

under MARSOL project. Their aim is to improve the waste water treatment plant (WWTP) 

effluent quality, prior to its discharge into Ribeiro Meirinho (PT2_5), a stream which naturally 

recharges the karstic aquifer in part of its river bed. 

 PT2_6 – Cerro do Bardo MAR area. In this area, a set of infrastructures were rebuilt aiming to 

facilitate and increase the overall infiltration capacity of this karstic area. The aim is to 

enhance the groundwater availability using wet year’s surface water surplus to augment the 

groundwater storage through MAR techniques. This will contribute to increase the water 

availability in dry years, possibly enhancing the downgradient water supply wells productivity 

(Águas do Algarve, AdA, water supply wells in Figure 1).  

2.2.2 Motivation for the site selection 

The Querença-Silves aquifer is the largest and most important groundwater body in the Algarve 

region. Protecting its water quality and ensuring the water availability are crucial steps for a good 

regional water management.  

PT2_4 S. Bartolomeu de Messines area was selected for the construction of SAT basins based on the 

following background considerations and advantages: 

1. This area was studied under PROWATERMAN project where an interpretation of the possible 

interconnections between pollutant sources, their pathways and local surface-groundwater 

connections was made, based on data obtained from field campaigns using water quality and 

quantity data, and electrical resistivity tomography methods (Leitão et al., 2014). 

2. S. Bartolomeu de Messines WWTP, belonging to a MARSOL project actor Águas do Algarve 

(AdA), was discharging its secondary treated effluent in Ribeiro Meirinho, and was identified 

as possibly affecting the surface water quality of this stream and, indirectly, via the 

Querença-Silves karst aquifer infiltration in the karsified river bed. 

3. A SAT facility has been proposed to AdA to minimise the environmental impact created by 

the discharges. Besides, emerging contaminants that were not accounted for could also be 

treated prior to the discharge. 

PT2_6 Cerro do Bardo MAR area was selected based on the following background considerations and 

advantages: 

1. This is an area with a relevant water availability problem (severe droughts are recurrent in 

this Mediterranean climate area, although followed by wet years). The drought that occurred 

during 2004 and 2005 had an estimated water supply deficit of about 50 hm3. 

2. As in most Mediterranean climate area, on the other hand, wet years do occur, with surplus 

of the same order of magnitude, e.g. during the hydrologic 2000-2001 year, with an 



MARSOL  Deliverable D4.3  

 

 

 
71

 
 

estimated surplus of 52 hm3, discharged directly to the Arade estuary area sea as Funcho and 

Arade dam were at maximum capacity.  

3. Besides, the new Odelouca dam is now in full operation, allowing a connection by tunnel 

directly towards Funcho dam downstream and from there by cannel to Alcantarilha Water 

Treatment Plan (WTP). An estimated extra capacity of 70 hm3 is now available in wet years 

that could be injected upstream of the groundwater pumping wells of Alcantarilha WTP. 

4. A relevant amount of MAR knowledge and groundwater data is available, having been 

gathered on another EU sponsored project, the ASEMWaterNet Multi-Stakeholder Platform 

for ASEM S&T Cooperation on Sustainable Water Use (FP6 INCO-CT2005-510897, cf. 

http://www.asemwaternet.org.pt/). 

5. A relevant amount of surface and groundwater data, including climate change, water budget 

and groundwater recharge estimations is available, having been gathered on the Portuguese 

FCT sponsored PROWATERMAN project 

(http://www.lnec.pt/organizacao/dha/organizacao/dha/nre/estudos_id/PROWATERMAN). 

6. A MAR/groundwater thematic MSc, Thesis was developed at MARSOL partner institution 

LNEC, i.e. OLIVEIRA (2007, cf. 

https://fenix.tecnico.ulisboa.pt/publico/showDegreeTheses.do;jsessionid=1356B310179B83

14542B7F08C276D20A.as2?method=showThesisDetails&degreeID=2761663971343&thesisI

D=2353642094013).  

7. Very useful MAR infiltration facilities (large well and potential river bed experimental area) 

have been made available by MARSOL project actor APA Ambiente at Cerro do Bardo. 

8. Very useful and not yet in use new groundwater pumping well have been made available by 

MARSOL project actor Águas do Algarve near Cerro do Bardo case study site. 

9. A regional groundwater flow model has been developed, allowing simulating real time 

aquifer responses, by MARSOL partner Universidade do Algarve, for Querença-Silves aquifer. 

2.2.3 Geological/hydrogeological setting 

 

PT2, Querença-Silves DEMO site is located northeast of Silves, Algarve region, Portugal (Figure 68).  

The Querença-Silves aquifer system (Figure 65) is the largest aquifer in Algarve, located in the center 

of the Algarve region, in south Portugal, a region characterized by a Mediterranean climate with dry 

and warm summers and cool wet winters. It is considered a karst aquifer formed by Jurassic (Lias-

Dogger) carbonate sedimentary rocks covering an irregular area of 324 km2 from the Arade River (at 

the west) to the village of Querença (at the East) (Monteiro et al., 2006 and Monteiro et al., 2007). 

The system is delimited south by the Algibre thrust, which is the main onshore thrust in the Algarve 

Basin, separating the Lower/Early and the Upper/Late Jurassic and to the north by the Triassic-

Hettangian rocks (Terrinha, 1998) (Figure 66). The main outlets of the aquifer are springs located at 

the aquifer boundaries, particularly the Estômbar springs, in the west, where the aquifer borders the 

Arade River, which forms an estuary (Hugman et al., 2013) and supports several important 

groundwater dependent ecosystems. 

http://www.asemwaternet.org.pt/
http://www.lnec.pt/organizacao/dha/organizacao/dha/nre/estudos_id/PROWATERMAN
https://fenix.tecnico.ulisboa.pt/publico/showDegreeTheses.do;jsessionid=1356B310179B8314542B7F08C276D20A.as2?method=showThesisDetails&degreeID=2761663971343&thesisID=2353642094013
https://fenix.tecnico.ulisboa.pt/publico/showDegreeTheses.do;jsessionid=1356B310179B8314542B7F08C276D20A.as2?method=showThesisDetails&degreeID=2761663971343&thesisID=2353642094013
https://fenix.tecnico.ulisboa.pt/publico/showDegreeTheses.do;jsessionid=1356B310179B8314542B7F08C276D20A.as2?method=showThesisDetails&degreeID=2761663971343&thesisID=2353642094013
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Adapted from Almeida et al. (2000) 

Figure 65 – Detailed lithostratigraphic map (with locally known names) of the Querença-Silves aquifer and its 

surrounding. The underlined formations are in the legend consist of the main formations of the QS Aquifer 

Querença-Silves aquifer system lies in a region strongly affected by tectonic accidents. As stated 

before, Algibre thrust, which constitutes the south limit of the QS, is a boundary that divides the 

Algarve Basin in two distinct morphological domains: the northern domain with large outcrops of 

lower Jurassic rocks and the south domain with highly fractured upper and middle Jurassic 

formations. Another important fault in this system visible in the geologic map (Manuppella, 1992) is 

the NW-SE S. Marcos da Serra – Quarteira fault, which crosses the QS system diagonally from S. 

Bartolomeu de Messines to the village of Paderne. This fault divides de QS aquifer system in two 

domains, the eastern domain, with a steep piezometric gradient and the western domain, with 

smoother piezometric gradient. 
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Adapted from Lopes (2006); Manuppella (1992) and Terrinha (1998) 

Figure 66 - Simplified geologic map of the Algarve  

Manuppella et al. (1993) present a cross-section of the central Algarve region (Figure 67). This cross-

section allows a synthetized visualization of the geometric relations of the Early/Lower Jurassic 

lithology which support the Querença-Silves aquifer system Identified in blue, in Figure 67. 

 

Adapted from Manuppella et al. (1993) 

Figure 67 – Geometry of the carbonated rocks of early Jurassic which constitute the most important support 

of the aquifer system Querença-Silves (dark blue colour, to the left of the Algibre thrust) 

According to previous studies, the hydrogeological setting of the Querença-Silves karstic aquifer has 

a complex compartmented structure, with, as stated before, two distinct domains separated by a 

fault: a western domain and an eastern domain. Its western domain has a well-developed karst, 

westward flow direction, with the main discharge areas along the Arade river, with particular 
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relevance to Estômbar springs (westernmost point). Its eastern domain has a more random flow 

directions, less regular piezometric surfaces (Figure 68) and a lower karst development. The tectonic 

activity of this region results in its widespread fracturing, defining a significant number of semi-

independent aquifer blocks, with more or less constrained and restricted hydraulic links between 

them. Such hydraulic restrictions are more expressive in the eastern domain, because in the western 

domain the pervasive karstic network largely obliterates such tectonic setting (Mendonça and 

Almeida, 2003; Monteiro et al., 2006). 

 

 

 

 

Adapted from Monteiro et al., 2006 

Figure 68 – Site location along Ribeiro Meirinho stream and central-western area of Querença-Silves aquifer 

and its piezometry (upper right: modelled; lower right: measured) (Leitão et al., 2014) 

The Ribeiro Meirinho stream is located in the central-western area of Querença-Silves aquifer and its 

upper reaches are located outside the aquifer, in Serra Algarvia. The latter are Palaeozoic terrains, 

composed mainly of schist and graywakes, essentially impervious lithologies, being therefore, the 

main source of water for this stream until it reaches the Jurassic limestones, dolomites, dolomitic 

limestones and other, less important, calcareous formations composing the karst aquifer of 

Querença-Silves. 

An extensive literature review allowed the identification of “three generations” for the estimation of 

the water balance of the QS nowadays available as follows: 

 Almeida (1985) and Almeida et al. (2000) estimated a total balance of 70 +- 17 hm3/year, 

using the Kessler method (1965) in the areas where carbonated rocks outcrops are present 

(in which the average recharge varies between 40 and 60% of precipitation) and a sequential 

water balance in the soil in the areas where carbonate rocks are covered by soils or 

sedimentary deposits (in which recharge varies between 5 and 18% with an average of 10%). 

 Vieira and Monteiro (2003) refined the previous balance with the infiltration values 

determined for the covered and outcropping areas of the carbonate rocks proposed by 

Almeida (1985) and Almeida et al., (2000). However in this case it was possible to use a new 

generation of geological maps in which the percentage of covered and uncovered areas of 

the aquifer were much more reliable. The diminution of that source of uncertainty allowed 
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to estimate a value in the range of the highest values proposed in the previously mentioned 

balance. In that case a total annual average recharge of 93.4 hm3/year was estimated. 

 Oliveira et al. (2008) estimated a 100 hm3/year balance with a sequential daily water balance 

model, later updated by Oliveira et al. (2011) to 94 hm3/year. 

Due to its karstic properties, there is a strong relationship between the aquifer and the streams with 

some influent sections that can significantly contribute to its recharge (Monteiro et al., 2006; Reis et 

al., 2007, Salvador et al., 2012). This is the case of Ribeiro Meirinho, which undergoes a sharp 

reduction of the flow rate when it reaches the calcareous formations, having several sinks in its bed. 

It is estimated that besides direct recharge, an extra amount of 62 x 106 m3/year, originating from 

surface flow produced on the drainage area outside the aquifer, infiltrates when the rivers reach the 

aquifer system (Oliveira and Oliveira, 2012). 

Regarding aquifer abstractions, Nunes et al. (2006) estimated a mean annual withdrawal for 

irrigation of 31 hm3, and Stigter et al. (2009) estimated a 10% of mean aquifer recharge is abstracted 

for urban water supply. These values are expected to drop, now that the surface reservoir of 

Odelouca is operational.  

Almeida et al. (2000) and Andrade (1989) present transmissivity values calculated from pumping 

tests. Estimated values were 1006 m2/day to South of Silves city, 727 and 83 m2/day to North of 

Paderne village, 155 m2/day to West of Querença and values of 1200 and 1700 m2/day to North of 

Purgatório. According to Almeida et al. (2000), storage coefficient values vary between 5x10-3 and 

3x10-2. 

2.2.4 Developing the infrastructures 

PT2_4: S. Bartolomeu de Messines SAT basins  

Laboratory soil-column apparatus  

Before building the SAT basin infrastructures at S. Bartolomeu de Messines, a laboratory soil-column 

facility was designed at LNEC (Figure 69) to simulate the performance of different soil mixtures in SAT 

conditions, in terms of the soil infiltration properties and soil retention capacity through adsorption 

and biodegradation (see also WP14).  

The laboratory setup consisted of a PEAD column with 50 cm height and 5 cm diameter.  During the 

experiments the tested soil occupied 30 cm of the column height, and the empty space above 

allowed the existence of a controlled height of water on the top of the soil, simulating the SAT basin 

real conditions. The soil-column was attached to a compaction system composed of a standardized 

weight disk for soil compaction and a ruler for dropping height determination (Figure 69, left). The 

soil-column has a tight lid base with an outlet port which is connected to a sample tube where the 

outflow water is collected. An inert Teflon membrane filter is added to the soil-column bottom for 

fine particles retention. 
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Figure 69 – Soil-column apparatus and diagram of operation 

For continuous water injection, a volumetric peristaltic pump was used. For pulse injection, the 

water was directly poured from a container to the column. Outflow samples were collected at 

defined periods. 

S. Bartolomeu de Messines SAT Basins 

This SAT system aims to improve the water quality of the treated effluents from a waste water 

treatment plant (WWTP) at S. Bartolomeu de Messines prior to its discharge in Ribeiro Meirinho, a 

river that recharges the Querença-Silves karstic aquifer (Figure 1). Figure 70 presents an approximate 

layout of the SAT scheme. 

 

Figure 70 – MARSOL SAT basins (in orange) at S. Bartolomeu de Messines waste water treatment plant 
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The design of S. Bartolomeu de Messines SAT Basins was carried out in a joint collaboration between 

LNEC and TARH in order to assure the system optimal operation capacity and versatility. The SAT 

system design, built in June 2016, consists of two SAT basins 15x7 m designed to work continuously 

with gravitational water flow, without any pumping requirements and to work either in parallel 

(simultaneously) or in series, in case a second round in the treatment is proved to be necessary. 

Considering the soil-columns experiments results, using wastewater and soil from the DEMO site, it 

was estimated that for both basins with the referred dimensions, the flow would round 3.5 L/s, i.e. 

1/3 of the daily effluent. All hydraulic and monitoring structures necessary for the SAT system 

operation were dimensioned based on this figure. However, this flow rate might be reduced in the 

future due to clogging. To avoid this, the following preventing measures were conducted: 

 Construction of a large derivation box for sedimentation with an escape valve; 

 Construction of a connection channel between the derivation box and the first basin; 

 Digging of several small furrows in the basins soil top can also be considered a possibility.  

Furthermore, the channel and the two basins were designed to be equipped with a flood control 

discharger that will divert any extra flow to Ribeiro Meirinho. Figure 71 shows a schematic design of 

the SAT basins. 

 
Figure 71 – Schematic design of S. Bartolomeu de Messines MARSOL SAT basins  

 

The basins and the connection between them were design to receive the WWTP effluent that will 

percolate through a strata sequence (composed of 40% local soil, 40% coarse sand and 20% organic 

soil) with about 60 cm thick. This composed soil was specially designed and proved to optimize the 

remaining contaminants retention while still ensuring the infiltration of appreciable flows. The 

treated effluent will be drained through a PVC screened pipe to the river, where the WWTP 

conventional treatment is usually discharged. Furthermore, the basins will allow a complete drainage 

of the soil, in order to improve the treatment with aerobic/anaerobic cycles.  

Figure 72 shows the details of the longitudinal profile of the SAT basins. 
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Figure 72 – Detail of the longitudinal profile of MARSOL SAT basins 

Flow control will be manually operated through a system of six valves and manually monitored in the 

five circuit outputs. As for the water quality control, three monitoring boxes were built, one after the 

derivation box outlet and two after each SAT basin. The monitoring boxes were built so that in each 

of the sensors of EC, temperature, pH, redox, dissolved oxygen can be placed and water samples 

collected, before and after the treatment (Figure 73). The vadose zone will also be monitored thanks 

to two suction capsule structures (Figure 74) that will be placed in two points at each basin, in a total 

of four capsules per basin. 

 

Figure 73 - Detail of monitoring box cross section 

 

Figure 74 – Detail of the vadose zone sampling devices in the MARSOL SAT basins 
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PT2_6: Cerro do Bardo MAR area  

Cerro do Bardo karstic area (Figure 1) main goal is to increase groundwater storage using wet years 

surface water surplus (from three dams, cf. Figure 75 ) to augment the water availability in dry years 

and facilitate downstream water supply. 

 

Figure 75 – Location of Cerro do Bardo area and infrastructures with interest to the DEMO site PT2_6. ETA 

stands for Water Treatment Plant 

For this purpose, an area close to the existing pipeline, which connects the three dams to the water 

treatment plant, is and has been studied in several previous works (Oliveira, 2007; Leitão et al., 

2014). Previous data shows that this was probably an adequate site for infiltration, but tests were 

needed to assess the infiltration capacity and the main flow direction. 

The infrastructures and monitoring facilities developed at Cerro do Bardo are: (1) a 2 m diameter and 

34 m depth infiltration dug well (Cerro do Bardo well, CB), (2) a weir (or Aivados small dam) with 

approximately 26 m long, graved 70 cm deep in the soil and 40 cm thick, and (3) two piezometers 

constructed in February 2016 (CB1 and CB2). The well and the weir already existed before MARSOL 

and were rehabilitated during this project, in November 2014 (Figure 76). A more detailed 

description of the construction works done can be encountered in deliverable D4.2. 
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Figure 76 – Cerro do Bardo large well and weir (Aivados dam) rehabilitation 

 

CB well’s characteristics are synthetized in Table 11.  

Table 11 – Cerro do Bardo well characteristics  

Parameter Value 

Total depth before works (m)  32 

Total depth after works (m), considering a 1 m mouth 33 

Diameter (m) 2 

Depth to water level at beginning of injection test (m) 29.6 

Well’s surface area (m
2
) 3.14 

Well’s total floodable volume (Area x depth to water level)
1
 (m

3
) 93 

1 
Considering the current water level and that no infiltration would occur, this would be the total amount of water needed 

for the water level to reach the well’s top casing 

The piezometers were drilled in January/February 2016. The first piezometer (CB1) was drilled 15 

meters E-SE away from CB well (Figure 77), and was designed with the following objectives: i) 

collecting local stratigraphic information and therefore reduce the uncertainty related to CB’s 

behaviour during infiltration; ii) water level monitoring; iii) water quality monitoring; and iv) 

infiltration and tracer test observation well. This piezometer was screened just below the water level, 

at the depth of the first observed flow during drilling.  

As for CB2, it was drilled immediately upstream the weir (Figure 77), 160 m E-SE from CB dug well 

with the main objective of: i) water level monitoring in the limit of CB MAR system; ii) assess the 

hydraulic characteristics of the local upper section of Querença-Silves Aquifer System through the 

realization of a pumping test; iii) assess and outline the water flow direction and storage time during 

a trace and infiltration test. Due to the need to perform a pumping test (predicted flow of 35 m3/h) 

this piezometer was designed for a diameter of 180 mm. The screens were placed at the most 

productive depths observed during the drilling. 
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Figure 77 – New piezometers at Cerro do Bardo. CB1 in the left and CB2 in the right 

The lithological formations intercepted by both piezometers were, especially in the presence of 

water (found typically at depths of 38 meters, but with a hydrostatic level of 30 m), unstable and 

forced the use of a steel casing in CB1, instead of the designed PVC. 

Table 12 summarizes the main characteristics of both piezometers. 

Table 12 – Main characteristics of Cerro do Bardo MARSOL piezometers 

 CB1 CB2 

Drilling depth (m) 52 72 

Cased depth (m) 46 70 

Casing (type) Steel PVC 

Casing diameter (mm) 152.4 180 

Screens (type) Slotted pipe, 2 mm aperture Hand-made slotted pipe 

Screening position (m) 36 - 41 57 - 68 

Main geological   

formations 

Limestone, partially weathered 

and karstified 

Limestone, partially weathered 

and karstified 

 

In both piezometers the lithologic observation of the drilled cuttings allowed the identification of a 

first formation, of about 15 to 20 meters thick, composed of yellow limestone, clay, silt and sand 

filling dissolution cavities and open fractures. Deeper, the yellow limestone becomes a grey 

limestone, being dominant at least up to 70 meters depth. The occurrence of clay, silt and sand 

associated to the grey limestone weathering was also observed. In both piezometers formations 

revealed to be fractured and karstified with the occurrence of dissolution cavities spotted during the 

drilling. 

Figure 78 illustrates the hydrogeological conceptual model possible to outline from the drilling data. 
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Figure 78 – Hydrogeological conceptual model at Cerro do Bardo  

Besides the constructed piezometers, the monitoring network was increased by carrying out a 

hydrogeological inventory, where several wells, suitable for monitoring purposes, were identified in 

the surrounding area. Information about its constructive aspects is limited but total depth varies 

between 70 - 120 m. Most of them are equipped with a pump and used for irrigation purposes, 

mostly during the dry season. Most of the wells presented closed wellheads and therefore it was not 

possible to measure the water level.  

A total of four private wells (Figure 79) were selected for monitoring purposes which proved to be 

very useful for regional water quality control. During the construction of CB1 and CB2 no significant 

interference was noticed in any of these neighbour boreholes. As for the infiltration and trace test 

results they will be discussed later in the test interpretation. 
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Figure 79 – Monitoring network and location of SJS2 well, as well as the approximate tracing of the pipeline 

installed to derive water up to CB well 

The characteristics of the monitored wells are shown in Table 13 and their location in Figure 79. 

 

Table 13 – Main characteristics of the wells in Cerro do Bardo area 

 Well owner 

 Mr. Caetano Mr. Fernando Mr. Luís Mr. Lídio 

M 182801 183176 183216 182200 

P 25697 25506 25469 25513 

Level ~63 ~65 - ~50 

Total Depth (m) 124 100 120 70 

Pump depth (m) 80 60 65 50 

Q (L/s) 4.5 5 5 4.5 

Screened zone - 60-70 - 30-50 

Water level (m) 50 47 - 36.6 

 

Figure 80 presents the measurements of the depth to the water table taken in the wells located in 

the area. The only clear interference is observed in CB well during the development of the 

piezometer CB1, located 15 meters E-SE away from CB well (Figure 77). 

610 m 
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Figure 80 – Depth to the water table measured during the new piezometer drilling and development at Cerro 

do Bardo  

 

The extent of the monitoring network is adapted to the test regime that is presently being followed 

in the MARSOL project. As the Cerro do Bardo MAR field can develop towards a situation of 

continuous operations the monitoring network might have to be enlarged and densified, depending 

on the infiltration flows and potential influenced area. 

 

2.2.5 Investigation experiments and monitoring results 

PT2_4: S. Bartolomeu de Messines SAT basins  

Assessment of the WWTP quality 

WWTP was sampled and analysed by LNEC (May 2014) at São Bartolomeu de Messines DEMO area. 

This water corresponds to the recharge water intended to be used in the SAT basins as well as in the 

soil-column previous tests. This wastewater originates from a semi-urban area with an aged 

population, where consumption of pharmaceuticals is relatively high. Thus, the concentration of a 

predefined set of drugs typically consumed was measured. Furthermore, three component markers 

where chosen: boron, copper and zinc. These markers correspond to some of the higher 

concentrations in heavy metals found in the wastewater, where boron is a typical tracer for these 

waters. In Table 14 a list of the parameters analysed as well as the results obtained are presented. 

Furthermore, for this type of water at least monthly data of the chemical composition (i.e. pH, TSS, 

COD, BOD5, N total, P total, N-NH4, N-NO3, faecal coli, EC, all N forms, phosphates and sulphates) 

has been acquired by Águas do Algarve water supply and waste water company.  
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Figure 81 – Sampling the WWTP for water collection WP14 at PT2_4 – WWTP SB Messines  

Later in September 2014, IWW has made new analysis of the same WWTP effluent, at the entrance 

(effluent in) and outflow (effluent out) of the SB Messines WWTP, to analyse other pharmaceuticals. 

Table 14 presents a summary of the results, in the case of pharmaceuticals only for the cases where 

the concentrations were above the quantification limit in one of the analysis.  
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Table 14 – Results of the quality of WWTP in different campaigns 

 

Besides, soil samples were collected at the site from a depth of 5 to 20 cm. These samples allowed 

classifying SB Messines soil is a clay-rich soil with a large fraction of pebbles.  

 

Parameter LNEC (AmbiPar Control) Info

Effluent out Effluent in Effluent out

Date Unit 23-05-2014 26-09-2014 26-09-2014

Ammonium mg/l 17,3 26 23

Arsenic mg/l - <0,0010 <0,0010

Biological Oxygen Demand mg/l - 100 36

Boron mg/l 0,059 - -

Cadmium mg/l - <0,0020 <0,0020

Calcium mg/l - 24 31

Chemical oxygen demand mg/l - 320 150

Chloride mg/l - 113 99,8

Copper mg/l 0,0072 <0,010 <0,010

DOC mg/l - 49 19

Electric conductiviy µS/cm - 969 979

Iron mg/l - 0,12 <0,100

Lead mg/l - <0,001 <0,001

Magnesium mg/l - 17 18

Manganese mg/l - 0,03 0,04

Nickel mg/l - <0,020 <0,020

Nitrate mg/l <0,27 <1,00 <1,00

Nitrite mg/l 0,0269 0,2 0,16

Potassium mg/l - 15 17

Sodium mg/l - 75 86

Sulfate mg/l 35,4 63 11,3

Suspended solids mg/l - 148 58

Total alkaline earths mmol/l - 1,3 1,51

Total hardness °dH - 7,28 8,49

Total phosphates mg/l - 15 10

Total phosphorous mg/l - 4,8 3,3

Zinc mg/l 0,055 - -

4-tert-Octylphenol µg/l - - 0,04 Endocrine disruptor

Acesulfam µg/l - - 18,3 Artificial sweetener

Amidotrizoat µg/l - - 0,52 Contrast medium

Atenolol µg/l - - 0,09 β-blocker

Beta-Sitosterol µg/l - - 10,6 Steroid

Bisoprolol µg/l - - 0,04 β-blocker

Bisphenol A µg/l - - 0,09 Endocrine disruptor

Carbamazepin µg/l 0,33 - 0,51 Anticonvulsant

Coffein µg/l 0,14 - 0,1 Stimulant

DEET µg/l - - 0,08 Repellent

Diclofenac µg/l - - 0,24 Anti-inflammatory

EDTA µg/l - - 6,6 Ligand/chelant

Iomeprol acid µg/l - - 0,07 Contrast medium

Iopromid µg/l - - 7 Contrast medium

Ioxithalamin acid µg/l - - 0,06 Contrast medium

Metoprolol µg/l <0,06 - 0,04 β-blocker

Naproxen µg/l - - 0,4 Anti-inflammatory

Propanolol µg/l <0,01 - 0,03 β-blocker

Sotalol µg/l - - 0,07 β-blocker

Sulfamethoxazol µg/l - - 0,02 Antibiotic

Trimethoprim µg/l <0,02 - 0,01 Antibiotic

Tris(1,3-dichlor-2-propyl)phosphat µg/l - - 0,5 Flame retardant / Pesticide / Plasticizer

Tris(1-chlor-2-propyl)phosphat µg/l - - 1,5 Flame retardant / Pesticide / Plasticizer

Tris(2-chloroethyl)phosphat µg/l - - 0,52 Flame retardant / Plasticizer

Pharmaceuticals*

*Only those with concentrations above the detection limit

IWW analysis

- Not analysed
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Laboratory soil-column experiments and results 

A set of soil-column experiments were conducted to analyse the natural soil ability to retain 

contaminants, as well as its hydraulic behaviour under different conditions. Results were compared 

to those obtained in soil-column experiments conducted with a soil mixture that aimed to increase 

the natural soil capabilities as a reactive layer to be installed in SAT basins. The removal of 

contaminants in the wastewater of SBM was analysed aiming to understand the best conditions for 

improving the water quality for the following main group of contaminants: metals, nitrogen, major 

ions and pharmaceuticals. Both natural soil and different soil mixtures were studied using cycles of 

saturation and non-saturation, the latter allowing the oxygenation of the soil column. 

The natural soil of the DEMO area used in experiments is a loamy sand (81.91% sand, 15.95% silt and 

2.14% clay), having quartz, calcite, montmorillonite and anorthite as major mineral constituents and 

traces of dolomite, illite, kaolinite and hematite. It has 24.02% of carbonates percentage, low organic 

matter (OM) content (2.66%), average bulk density of 1.44 g/cm3 and average porosity of 43.6%. Soil 

samples were collected at the approximate location of the infiltration site in the outskirts of SBM 

wastewater treatment plant, from a depth of 5 to 20 cm. 

For the soil mixture different components were considered. An increment of OM percentage, 

particularly in this natural soil which has low OM content, can greatly contribute to the increase of 

biological activity and therefore the chances of biodegradation processes to occur, as it represents a 

supply of dissolved organic carbon. A commercial organic soil was acquired to be used in the mixture. 

Another factor to be taken into account is the reactive layer hydraulic behaviour. In fact, although 

time of contact is essential for contaminant retention, it is also important that this reactive layer 

does not behave as a cap layer. This would result in long ponding periods in the area of infiltration. 

To increase the soil mixture permeability, an “artificial sand” was selected. This component results 

from the industrial extraction of inert materials, more specifically limestone, common in Algarve, 

which is crushed into specified particle sizes. The crushing process allowed for a larger reactive 

surface to be available which facilitates surface retention and cationic exchange processes. Also, the 

increment of calcium (Ca) and magnesium (Mg) concentration can enhance cationic exchange and 

retention processes by the displacement in rock matrix which ultimately can result in fixation of 

other elements such as heavy metals. The soil mixture was previously tested in soil-column pre-

experiments, and a final composition for the reactive layer was selected: 40 weight% of natural soil, 

40 weight% of artificial sand and 20 weight% of organic matter. Other soil mixture compositions 

tested, with larger percentages of OM, resulted in macropores and compaction due to fine particle 

washing out. 

Table 15 synthetises the procedures adopted in the main soil-column experiments conducted, from 

different experiment time to the type of injection method. This is the result of a continuous learning 

process to achieve the more representative methodology of the real scale infrastructures. Initially 

water injection was continuous (C3 and C4), but throughout the experiments it was decided that the 

conditions should replicate those in the real scale basins. This was achieved by saturation/non-

saturation cycles, where water is inserted in controlled volumes on the top section of the column. 

This created a 20 cm pond above the soil which slowly infiltrated. Experiment time varied and in 
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some cases (C4 and C5) the experiment was stopped as result of clogging which blocked water 

passage in the column. 

Table 15 - Synthesis of the operating details of the soil-column experiments conducted 

Soil-column 
experiment 

C3 C4 C5 C8 

Soil thickness (cm) 20 30 30 30 
Type of soil Natural Natural Natural Mixture 

Saturation conditions Always saturated 
Unsat./ saturated 

cycles 
Unsat./ saturated 

cycles 
Unsat./saturated 

cycles 

Injection method Continuous 
Continuous/ 

pulse 
Pulse Pulse 

Water matrix 
Deionized/Waste

water 
Wastewater 

Deionized/Waste
water 

Wastewater 

Experiment time length 
(days) 

5 33 16 46 

 

Although special attention was given to inflow/outflow contaminant concentration comparison, the 

soil hydraulic behaviour was carefully observed as it is fundamental to define the real scale basins 

functioning schedules. Considering hydraulic behaviour for natural soil, and taking as reference the 

first day of experiment, C5 showed highest flow rate (1.504 cm3/min) and permeability (2.536 m/d) 

while C4 showed the worst results (0.363 cm3/min and 0.589 m/d). For soil mixture behaviour, C8 

had higher flow rate and permeability (3.340 cm3/min, 3.278 m/d) when compared to the natural soil 

behaviour. 

Concerning inflow water quality, from 32 parameters analysed, C3 had 17 values above the limit of 

recovery (LOR), C4 and C5 had 17 and C8 had 26. Comparing the outflow in terms of quality, and 

more precisely average concentration of metals, from 11 parameters considered, C3 had 7 

parameters where outflow concentration is higher than inflow, while C4 had 6 and C5 had 9. C8 had 

only 3 parameters in which outflow average concentration surpasses the inflow, although inflow 

sample presents a slight enrichment in certain metals when compared to other columns inflow 

water. Phosphorus shows the highest reduction in all columns. Results are synthetized in Table 16. 

Table 16 - Metals and metalloids results comparison (mg/L) 

 

Parameter 
C3 C4 C5 C8 

 IN OUT IN OUT IN OUT IN OUT 

M
et

al
s 

Aluminium 0.0140 0.0287 0.0110 0.0110 0.0110 0.0149 0.0570 0.0179 

Antimony - - - - - - 0.0830 0.0194 

Barium 0.0673 0.2431 0.0523 0.4855 0.0523 0.4420 0.1800 0.3753 

Boron 0.2360 0.2802 0.2350 0.7805 0.2350 0.7579 0.7230 0.4392 

Chromium - - - - - - 0.0022 0.0014 

Copper 0.0055 0.0075 0.0020 0.0034 0.0020 0.0108 0.0033 0.0022 

Iron 0.0362 0.0241 0.0408 0.0034 0.0408 0.0066 0.0634 0.0559 

Lithium - - - - - - 0.0167 0.0152 

Manganese 0.0627 0.0578 0.0387 0.4285 0.0387 0.0547 0.0572 0.5567 
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Molybdenum 0.0020 0.0025 - - 0.0020 0.0048 0.0024 0.0054 

Nickel 0.0020 0.0052 0.0021 0.0094 0.0021 0.0081 0.0069 0.0036 

Phosphorus 4.7300 0.4173 2.7900 0.0555 2.7900 0.1023 5.5200 1.2654 

Selenium - - - - - - 0.0270 0.0166 

Thallium - - - - - - 0.0740 0.0145 

Vanadium 0.0010 0.0070 0.0010 0.0025 0.0010 0.0048 0.0055 0.0011 

Zinc 0.0350 0.0031 0.0027 0.0021 0.0027 0.0060 0.0049 0.0039 

Note: red values represent higher outflow concentrations compared to inflow 

 

For nitrogen cycle components, ammonia showed high concentration at inflow and a reduction at 

outflow for all columns, while nitrites present low concentration at inflow and high concentration at 

outflow. C3, C5 and C8 show higher average concentration of nitrates at outflow when compared to 

inflow. Concentration at outflow in C8 reaches 140.46 mg/L, a very high value when compared to C3 

(0.86 mg/L) and C5 (6.51 mg/L) - Table 17. This is probably due to the existence of N in the organic 

soil added. 

Table 17 - Nitrogen components results comparison (mg/L) 

 

Parameter 
C3 C4 C5 C8 

 IN OUT IN OUT IN OUT IN OUT 

N
it

ro
ge

n
 

cy
cl

e 

Ammonia 32.80 1.36 34.20 1.45 34.20 0.65 48.90 1.99 

Nitrites 0.02 1.10 0.005 5.08 0.005 3.51 0.01 2.10 

Nitrates 0.27 0.86 2.00 2.00 2.00 6.51 2.00 140.45* 

Note: red values represent higher outflow concentrations compared to inflow 

*This very high value probably comes from the organic compost used, but no analysis was performed  

 

Concerning major ions, for the 7 parameters considered, 4 were above inflow concentration C4, C5 

and C8. C8 experiment shows a worse overall behaviour for these parameters than that with higher 

average concentrations - Table 18. 

Table 18 - Major ions results comparison (mg/L) 

 

Parameter 
C3 C4 C5 C8 

 IN OUT IN OUT IN OUT IN OUT 

M
aj

o
r 

io
n

s 

Calcium 29.4 76.5 43.6 95.30 43.6 103.39 37.8 132.2 

Chloride - 97.7 91.1 111.85 91.1 97.99 118 116.5 

Magnesium 17.4 31.0 29 47.80 29 45.80 28.4 40.6 

Phosphate 6.3 0.2 7.68 0.10 7.68 0.09 15.2 4.0 

Potassium 16.7 10.6 14.8 7.11 14.8 15.84 23.6 29.9 

Sodium 58.0 39.0 71.6 56.80 71.6 22.53 92.5 83.3 

Sulphate 88.0 8.9 64.7 82.45 64.7 52.63 70.9 77.3 

Note: red values represent higher outflow concentrations compared to inflow 
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Saturation and non-saturation cycles showed that after a long non-saturation period some 

contaminants concentration at outflow show an increasing trend. This was detected in C8 and may 

have resulted in a significant alteration in the column conditions, where pH values show a temporary 

decrease (Figure 82) which ultimately resulted in the temporary release of some previously retained 

metals (Figure 83 and Figure 84) and major ions (Figure 85). 

 

Figure 82 - pH vs time 

 

Figure 83 – Metals inflow/outflow concentration in Column 8 (1
st

 set) 
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Figure 84 – Metals inflow/outflow concentration in Column 8 (2
nd

 set) 

 

 

Figure 85 – Column 8 major ions inflow/outflow concentrations 
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In the pharmaceuticals analysis, C8 showed the best results, where none of the commonly persistent 

compounds were found in the outflow, although atenolol, bisoprolol, metoprolol, propranolol, 

sotalol, diclofenac, gemfibrozil, naproxen and carbamazepine were detected in the inflow. In C3, 

outflow analysis showed carbamazepine, diclofenac, gemfibrozil, hydrochlorothiazide, ibuprofen, 

levetiracetam, naproxen and primidone above LOR. C4 showed bezafibrate, carbamazepine 

diclofenac, gemfibrozil and naproxen concentrations above LOR at outflow, while in C5 presented 

concentration above LOR of bezafibrate, carbamazepine diclofenac, gemfibrozil, ibuprofen and 

naproxen. 

To also understand how concentrations of possible retained contaminants vary along column, soil 

samples were collected and analysed after C3 and C5 experiments stopped. C3 shows almost equal 

concentration of boron, copper and zinc in top and bottom sections, but boron concentrations were 

lower. Ammonia showed higher concentrations when compared with nitrates and nitrites, being 

heavily retained in the soil top section, while nitrates where not detected in both sections and 

nitrites showed very small concentration. Phosphorous and phosphates showed higher 

concentrations in the soil top section. For C5, boron and copper showed slightly lower 

concentrations to those detected in C3, and ammonia shows a high concentration on the top section. 

Nitrates and nitrites were also detected in higher concentration on column top section. Phosphorous 

and phosphates showed lower concentrations in both sections when compared to C3 and sulphates 

where not detected in both sections. 

Batch experiments were also conducted in natural soil and soil mixture to understand the maximum 

contaminant retention capacity for the same parameters. Obtained results show similar results for 

soil-column experiments. 

From the both batch experiments results comparison soil mixture shows better effects on supressing 

recalcitrant pharmaceuticals, where one out of 14 above LOR1 in inflow was detected in outflow, 

namely carbamazepine. This element also occurs in the outflow of the batch conducted in natural 

soil, where seven out of 14 above LOR show persistent behaviour. 

Other parameters also show better results for the soil mixture where average of percentage of 

removal is 63.7% vs 56.9% of natural soil. Also, the number of compounds that showed 

concentration increase at outflow is higher in natural soil than in soil mixture. 

The main conclusions that can be drawn are: (1) the presence of a soil mixture with OM layer favours 

the retention/degradation, mainly through sorption and biotransformation processes, primarily for 

metals (retained both in clay fraction and OM); (2) the sequence of oxic/anoxic conditions is the best 

approach to ensure maximum attenuation efficiency, since some elements degrade better in oxic 

conditions (such as the biological oxidation of ammonia into nitrite, nitrate and nitrogen gas), while 

others are degraded under anaerobic conditions; and (3) the existence of high pH favours the 

retention of heavy metals attached to soils. 

                                                           

 

1
 LOR - Limit of recovery 
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Given the results obtained, concerning both hydraulic and quality aspects, a set of recommendations 

can be made. 

The increase in the organic matter content in the soil used for SAT-MAR has shown general 

improvement of the outflow water quality when compared with the inflow. Thus, if the natural soil to 

be used as reactive layer has low concentration of organic matter (which is the case of the DEMO site 

natural soil), it should be artificially integrated in a soil mixture.  

The increase of organic matter can result in lowering the soil resistance, due to the increase in 

porosity resultant from the washing out processes; the latter creates preferential flow paths, cavities 

and air pockets that led to the thickness decrease of the reactive layer. Consequently, the addition of 

a skeleton component can be useful to avoid these phenomena. “Artificial sand”, which is an 

inexpensive material produced from limestone crushing, was a good example to increase 

permeability and also to give structure to the soil, without any relevant impact in terms of quality at 

outflows as the matrix of this component is the same as the natural soil (limestone). 

Also, the implementation of saturation/unsaturation cycles allows the soil to oxygenate, enabling the 

degradation/retention of compounds under oxidation reactions, as well as periods of oxygen 

depleted environment that enhance anaerobic degradation. This will also reduce biological clogging 

effects, as the small turbulence of inflow water and air exposure can hinder biofilm production on 

the soil top. It’s recommended that basins function, if possible, in a regular schedule, as the 

implementation of large periods of non-saturation conditions can ultimately result in the 

remobilization of contaminants and they should be avoided to prevent drastic changes in the 

reactive layer conditions. 

Water influx should be relatively low. This allows avoiding turbulence and the creation of suspended 

solids as well as the remobilization of contaminants retained in the soil matrix. 

It is also important to keep in mind that the experimental results obtained in laboratory, both for 

permeability and recharge water quality, are expected to be different from those obtained in basin 

scale experiments. This fact can result from scaling factors and natural soil heterogeneity, together 

with local differences resulting from changes in vegetation, topography or man activity. The exposure 

to field conditions that can vary widely, and are not possible to control as in soil-column 

experiments. At infiltration basin scale other processes, such as root growth in the reactive layer, 

could benefit the long-time hydraulic behaviour by smoothing the clogging effects, but on the other 

hand uncontrolled effluent – with the natural variations that a wastewater can experience – can have 

adverse results in the basin operational status. 

 

S. Bartolomeu de Messines SAT Basins experiments  

The SAT basins construction has finished in June 2016. Results will be presented in a next deliverable. 
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PT2_6: Cerro do Bardo Infiltration test, April 1st, 2014 

Test description 

In order to obtain early estimates for the well infiltration rates capacity, an infiltration test with 

40,000 L of water was performed on the large diameter well at Cerro do Bardo. The well’s 

characteristics are synthetized in Table 11.  

The water for injection was provided by the Municipal Fire-fighters from the city of Silves - Bombeiros 

Voluntários de Silves - with two fire trucks containers of 20,000 L each (Figure 86). The injection rate 

was 125.20 m3/h (40 m3 water injection during a period of approximately 19 minutes) and the 

groundwater level displacement reached a maximum of 6.38 m in CB well. Water displacement was 

recorded both manually and with a CTD-Diver (with 5 seconds interval between records) for both the 

injection and recovery period. Besides the automatic divers, manual records of the water level were 

taken during injection and recovery period. 

  

Figure 86 – Infiltration test at PT2_6 Cerro do Bardo large well with the support of Silves fire-fighters 

Table 19 presents the synthetized characteristics of the injection test. 

Table 19 – Injection characteristics 

Injected volume (m3) 40.00 

Time of injection (min) 19.26 

Injection flow rate (m3/min) 2.09 

Injection flow rate (m3/h) 125.20 

Maximum water displacement (m) 6.38 

 

Methodology for determining injection period volumes and rates 

In order to calculate the injection volume and rates the problem was divided in two sections, the 

injection period and the recovery (or falling-head) period. The injection period consists of the time 
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interval during which water was injected into the well, hence, verifying a water level rate rise in the 

well, which depends on the infiltration and injection rate. The recovery period consists of the time 

after the interruption of the injection flow, in which a water level drop in the well occurs as a 

consequence of the infiltration.  

During the injection period, infiltration rate was calculated based on the observed water 

displacement and the theoretical water displacement. Considering the well as an impervious volume, 

and the hydrostatic level at the beginning of the injection period, the total theoretical water level rise 

for a given time period is calculated according to the following equation (Equation (6)): 

(6)     
   

 
 

Where: 

     stands for a theoretical water level displacement considering the well as an impervious 

recipient for a given time period (L); 

     stands for the injected volume of water in the well for a given time period (L3); 

   stands for the well’s surface area (L2). 

In other words, this would be the total water level displacement, in case no infiltration would occur 

and the well would behave as an impervious recipient. For a given period of time, the observed 

water level rise in the well multiplied by the area of the well would consist of the well bore storage, 

and the difference between the theoretical and observed water level provides the infiltrated column 

of water         . Hence, during the injection period, the volume of water infiltrated for a given 

time period (     is calculated by multiplying the area of the well by the difference of the injected 

column of water between the considered time period (Equation (7)).  

(7)     [           (        )]    

where: 

     stands for infiltrated volume of water during the injection period for a given time period 

(L3); 

      and       stands for the theoretical water level at the beginning and ending of the time 

period considered (calculated assuming a constant injection flow of 125.20 m3/h, multiplied 

by the time interval and divided by the well’s area) (L); 

      and     stands for the observed water level for at the beginning and ending of the time 

period considered (L); 

   stands for the well’s area (L2). 

According to the previous considerations, the infiltration rate at a given time for the injection period 

can be estimated as in equation (8): 

(8)     
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where:  

     stands for infiltration rate for a given time interval    in the injection period (L/T); 

     stands for infiltrated volume of water during the injection period for a given time period 

(L3); 

    stands for the time interval for which infiltration is to be calculated (T); 

   stands for the well’s area (L2). 

Methodology for determining recovery period volumes and rates 

During the recovery period, infiltration volume is estimated based solely on the observed 

piezometric level decrease for a given period of time (after injection was interrupted) multiplied by 

the well’s surface area as can be seen on equation (9): 

(9)                 

where: 

     stands for infiltrated volume of water during the recovery period for a given time period 

(L3); 

     and     stands for the observed water level for at the beginning and ending of the time 

period considered(L); 

   stands for Area (L2). 

As for infiltration rate, it is calculated by dividing the observed water level decrease in a given time 

period, by the time period (equation (10)): 

(10)     
   

    
 

where:  

     stands infiltration rate for a given time interval     in the recovery period (L . T-1); 

     stands for infiltrated volume of water during the recovery period for a given time period 

(L3); 

    stands for the time interval for which infiltration is to be calculated (T); 

   stands for the well’s surface Area (L2). 

In this case, the well’s surface area is 3.14 m2. 

Results 

Infiltration rates were estimated based on the water level displacement records in the well, 

considering both the injection and the recovery periods. Figure 87 shows the water displacement 

measured manually and with the automatic diver in function of time for the injection and recovery 

periods. Also, the beginning of the injection period and recovery periods are indicated in the same 
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figure. Time 0 matches the 40 m3 water injection period, which lasted for 19.26 minutes, 

corresponding to a flow rate of 125.20 m3/h or 34.8 L/s. The automatic diver was withdrawn from 

the well at 441.92 minutes (approx. 7 hours) after the beginning of the injection. 

 

Figure 87 – Manual and CTD records for water displacement in the well as a function of time, since the 

beginning of the injection test. Top: Water displacement time for both the injection and recovery period. 

Bottom: infiltration curve for the recovery period in detail 

The infiltration rate was estimated based on the water displacement verified in both the injection 

and recovery periods.  

Based on the above mentioned equations, infiltration rates and volumes were estimated for several 

time periods, in particular for: a) the entire injection period; b) the entire recovery period; c1) for the 

first 30 minutes of the recovery period decomposed over a 1 minute increment discretization; c2) for 

the last 10 minutes of the recovery period decomposed over a 1 minute increment discretization; 

and d) for the first 7 hours of the recovery period (until the diver was withdrawn from the well) 

decomposed over a 1 hour increment discretization. These results are synthetized in Table 20. 
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Table 20 – Synthesis of the parameters measured and calculated during the injection and recovery period of 

the infiltration test  

Infiltration Test 
stage 
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a) Injection 0 19.17 0 6.38 6.38 19.17 40 20.04 19.96 477.33 

b) Recovery 19.25 441.83 6.38 0.77 5.61 422.6 0 0 17.63 19.12 

c1) Recovery 
period 

decomposed over 
1 minute 

increment for the 
first  30 minutes 

0 1 6.38 6.29 0.09 1 0 0 0.29 131.04 

1 2 6.29 6.14 0.15 1 0 0 0.46 211.68 

2 3 6.14 6.00 0.14 1 0 0 0.45 204.48 

3 4 6.00 5.86 0.13 1 0 0 0.42 192.96 

4 5 5.86 5.73 0.14 1 0 0 0.42 194.40 

5 6 5.73 5.60 0.13 1 0 0 0.41 187.20 

6 7 5.60 5.47 0.13 1 0 0 0.40 181.44 

7 8 5.47 5.35 0.12 1 0 0 0.38 175.68 

8 9 5.35 5.25 0.10 1 0 0 0.33 149.76 

9 10 5.25 5.15 0.10 1 0 0 0.31 141.12 

10 11 5.15 5.06 0.09 1 0 0 0.29 132.48 

11 12 5.06 4.97 0.09 1 0 0 0.29 132.48 

12 13 4.97 4.88 0.09 1 0 0 0.27 125.28 

13 14 4.88 4.79 0.09 1 0 0 0.27 125.28 

14 15 4.79 4.71 0.08 1 0 0 0.25 115.20 

15 16 4.71 4.63 0.08 1 0 0 0.25 112.32 

16 17 4.63 4.56 0.07 1 0 0 0.23 103.68 

17 18 4.56 4.49 0.07 1 0 0 0.22 102.24 

18 19 4.49 4.42 0.07 1 0 0 0.22 99.36 

19 20 4.42 4.36 0.07 1 0 0 0.21 95.04 

20 21 4.36 4.29 0.06 1 0 0 0.19 87.84 

21 22 4.29 4.24 0.06 1 0 0 0.18 80.64 

22 23 4.24 4.18 0.06 1 0 0 0.18 80.64 

23 24 4.18 4.13 0.05 1 0 0 0.16 74.88 

24 25 4.13 4.08 0.05 1 0 0 0.15 69.12 

25 26 4.08 4.04 0.05 1 0 0 0.15 67.68 

26 27 4.04 4.00 0.04 1 0 0 0.12 56.16 

27 28 4.00 3.96 0.03 1 0 0 0.11 48.96 

28 29 3.96 3.92 0.04 1 0 0 0.12 54.72 

29 30 3.92 3.89 0.03 1 0 0 0.11 48.96 

c2) Recovery 
period 

decomposed over 
1 minute 

increment for  the 
last 10 minutes 

412 413 0.788 0.786 0.002 1 0 0 0.006 2.88 

413 414 0.786 0.783 0.003 1 0 0 0.009 4.32 

414 415 0.783 0.782 0.001 1 0 0 0.003 1.44 

415 416 0.782 0.781 0.001 1 0 0 0.003 1.44 

416 417 0.781 0.78 0.001 1 0 0 0.003 1.44 

417 418 0.78 0.777 0.003 1 0 0 0.009 4.32 

418 419 0.777 0.773 0.004 1 0 0 0.013 5.76 

419 420 0.773 0.772 0.001 1 0 0 0.003 1.44 

420 421 0.772 0.769 0.003 1 0 0 0.009 4.32 

421 422 0.769 0.768 0.001 1 0 0 0.003 1.44 

d) Recovery period 
decomposed over 
1 hour increments 

for 7 hours 

0 60 6.38 3.09 3.28 60 0 0 10.32 78.82 

60 120 3.09 2.21 0.88 60 0 0 2.77 21.17 

120 180 2.21 1.70 0.51 60 0 0 1.60 12.22 

180 240 1.70 1.35 0.36 60 0 0 1.12 8.52 

240 300 1.35 1.09 0.26 60 0 0 0.82 6.26 

300 360 1.09 0.91 0.18 60 0 0 0.56 4.30 

360 420 0.91 0.77 0.14 60 0 0 0.43 3.26 
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- t0 and  tf  (min) – Initial and final time respectively for a given time period; 

- h0 and hf (m) – initial and final water level displacement respectively for a given time period; 

- Δh (m) – Difference between initial and final water level displacement for a given time period; 

- Δt (min) – time interval for a given period; 

- Va (m
3
) – Injected volume of water in the well for a given time period; 

- Vs (m
3
) – injected volume of water to fill the well, which is stored  at the well  for a given time period; 

- Vi (m
3
) – Infiltrated volume of water that has infiltrated for a given time period (Vi = Va – Vs); 

- I – Infiltration rate calculated for a given time period. 

Estimated infiltration rates for the injection (after the well is filled) and the recovery period are 

477.33 and 19.12 m/d. The values indicated for the injection period need to be analysed with 

caution, since, not only a high flow rate of injection was used, but also a steady state of the injection 

(i.e. stabilization of the water level displacement) was not achieved. In this case, the infiltration 

during this period is a rough estimate that may indicate misleading information on the wells 

infiltration capacity.  

The recovery period, or falling-head period, infiltration rate estimates provides an average value of 

19.12 m/d, which is indicative of a high infiltration capacity in this system. The decomposition of the 

recovery period into smaller time period increments (1 minute and 1 hour increment), visible in 

Figure 88, shows an accentuate decrease on the infiltration rate with time, with higher values in the 

early stage of the recovery period (211.68 m/d) exponentially decreasing to 1.44 m/d in the last 

measurements (see Table 20). 

The above mentioned exponential decay on the infiltration rate observed in the recovery period 

could be related with the hydraulic load in the well (i.e. the water level elevation compared to the 

hydrostatic water level in the beginning of the injection test).  

 

Figure 88 – Estimated infiltration rate during the recovery period for a 1-minute increment step time and the 

calculated power function fit 
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The scatter plot between the hydraulic head and the infiltration rate, shown in Figure 89, indicates a 

positive correlation between the hydraulic load and the injection rate, as expected. Two different 

stages can be evidenced in this relation, the first one, by lower hydraulic load and the second, for 

higher hydraulic loads. In Figure 89a, a polynomial 5th degree fit is found with a squared R value of 

0.9913, which, for the observed hydraulic load, presents a good fit with the estimated infiltration 

rate. 

 

Figure 89 – Scatter plot between hydraulic load and infiltration rate and A: 5th degree polynomial fit; B: 

Linear fits A and B 

The presented equation on the polynomial fit may be used to estimate the infiltration rate as a 

function of the hydraulic load in the well for future injection tests, assuming there is no clogging 

effect. Figure 89 b divides the two stages in two linear fits, A and B. The first stage represented by 

linear fit A, covers hydraulic loads up 3.25 m and the second stage, represented by linear fit B, covers 

hydraulic loads higher than 3.25 m. These stages can be associated to a double porosity system, 

wellbore storage or even well skin effects. 

In this case, estimating infiltration rate based on a specific hydraulic load in the well would be a more 

suitable approach. Being so, for hydraulic loads up to 3 m, infiltration rates are expected to be lower 

than 25 m/d (linear fit A). For loads higher than 3 m, there is a much higher increase on the 

infiltration rate, with a maximum of 211 m/d, for a hydraulic load of 6.29 m.  

 

PT2_6: Cerro do Bardo tracer test, December 15-16th, 2014 

Test description 

Based on the results of the previous test, the adequacy of Cerro do Bardo area for MAR was 

evidenced and a big MAR test was envisaged. To perform this large scale test new monitoring devices 
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(piezometers) had to be constructed. However, a major unknown had to be removed:  the 

groundwater flow direction in the test site. 

To answer to this question, a water recharge test was performed with the injection of 250 kg of NaCl 

salt tracer (in the second day) in CB well, and a time-lapse resistivity survey was performed on three 

alignments crossing each other’s. Salt was selected as a tracer due to his capability to reduce water 

resistivity and to enhance the possibility of identifying the water circulation with the geophysical 

electrical resistivity method.  

Methodology for determining the groundwater flowpath 

A set of 3 resistivity profiles were performed using the dipole-dipole array before the water injection 

in the well, to have the resistivity reference pattern. After the end of water injection they were 

repeated in the 4 subsequent days. The objective was to have more information regarding the water 

pathways in the area with the time-lapse evolution of the resistivity. Due to a low variation of 

resistivity with time, data are being reprocessed to have a more accurate input to the outflow 

modelling of the injected water. 

Results 

Figure 90 presents a synthesis of the results obtained. Detailed information can be obtained in WP12 

deliverables. 

 

 

Figure 90 – Geophysical survey in Querença-Silves aquifer at Cerro do Bardo 
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The results obtained have shown that the natural groundwater flow path would more likely be 

towards east-southeaster direction. Based on this, two monitoring piezometers were built for the 

final MARSOL experiment at this DEMO site. 

 

PT2_6: Cerro do Bardo tracer and infiltration large test, April 20-24th, 2016 

Preparatory work: pumping test 

The preparatory tasks for the development of the large scale infiltration test in Cerro do Bardo 

included the pumping test performed in CB2 (Figure 91). The test was performed during 24 hours, 

plus 8 hours of recovery, in February 2016. This test allowed the assessment of the hydraulic 

characteristics of the local upper unit of Querença-Silves aquifer system. The pump test was 

performed with an average pumping flow of about 7 m3/h.  

The results of the pumping test clearly showed that the piezometers diameter was overestimated, as 

the hydraulic permeability and flows are much lower than those found in the main Querença-Silves 

aquifer, at higher depths. The local hydrogeologic charateristics, transmissivities where calculated 

with the Cooper and Jacob approach (1946), using the data from the pumping test.  

Results show that, locally, the upper unit can be divided in an upper subsystem with transmisivity (T) 

around 7 m2/d and a lower subsystem with transmissivities around 3 m2/d. Considering a saturated 

thickness of 40 m, the subsystems permeability ranges from 0.2 m/d, in the upper subsystem, to 

0.1 m/d in the lower one. These results should, however consider other interpretations, such as 

lateral anisotropy, the presence of a boundary condition or to the reduction of the saturated 

thickness, rather than vertical anisotropy. 

Neverthless these permeability results  are much inferior to those found in the lower unit, in which 

the “Águas do Algarve”, the biggest water user, relies for public water supply. 

Figure 91 shows the results of CB2 during the pumping test from which the local transmissivity was 

estimated. 
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Figure 91 – Interpretation of the pumping period recorded in CB2  

 

Table 21 summarizes the parameters used in the calculation of T and the results of the calculated 

permeability. 

Table 21 – Parameters used in the calculation of T and the results of the calculated permeability 

Recovery 

Slope 1  
(upper subsystem) 

Slope 2  
(lower subsystem) 

∆s (m) 4.5 ∆s (m) 9 

Q (m
3
/d) 166.7 Q (m

3
/d) 166.7 

T (m
2
/d) 6.8 T (m

2
/d) 3.4 

b (m) 40.0 b (m) 40.0 

K (m/d) 0.2 K (m/d) 0.1 

 

These results are extremely relevant in terms of the MAR concept as:  

 Most of the private water wells (100 meters depth) in the study area are draining the upper 

unit of Querença-Silves aquifer, which presents much lower permeabilities than those of the 

main Querença-Silves aquifer and main regional groundwater supplier at 200 to 300 meters 

dept. 

 The lower permeability of the upper sector, where the recharge is to be carried out 

represents a higher residence time, greatly needed for seasonal storage. 

 

Test description 
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Once the piezometers were built, and thus the monitoring net completed, a large infiltration and 

tracer test was carried out in CB well. The experiment goal was to assess the overall Cerro do Bardo 

MAR site infiltration capacity and confirm the main groundwater flow path.  

The experiment consisted in inserting water (with a tracer) in CB well, allowing the water to overflow 

to the stream (through a by-pass existing inside the well at a depth of 1.95 m), until it eventually 

reached the weir. 

The experiment per si took place from the 20th to the 24th of April in a total of 90 hours, plus the 

recovery time (1 week). The infiltration test had a flow rate of approximately 47 L/s, corresponding 

to a total water amount of 15228 m3 for the whole period or 4060 m3/day. Immediately before the 

start of the recharge in CB well, 1000 kg of NaCl were poured into the well. This tracer corresponds 

to a concentration of 10256 mg/L if divided by the volume occupied by water in the well: 

(Equation (11)): 

(11)             

Where: 

      stands for the well volume (L3); 

 r stands for the well radius (L); 

   stands for the well’s maximum water high (L). 

Considering that the 1 m radius well has a total depth of 33 m and that the water level reached a 

maximum value of 1.95 m (the depth of the by-pass inside the well), the volume occupied by water 

was 97.5 m3, i.e. 3.14 x (33 m – 1.95 m). 

If divided by all the experiment water volume (15228 m3 = 47 L/s x 90 hours), the tracer 

concentration would be 65.7 mg/L. 

The water for the experiment was abstracted from a local water supply well (SJS2) belonging to 

Águas do Algarve SA (AdA). This well, built in 2006, was designed to support a continuous flow up to 

65 L/s, with just two meters of water level drawdown. Water was thus pumped and then forwarded 

to CB well through a PVC pipeline along 1360 m distance with a diameter of 200 mm (Figure 92).  
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Figure 92 – Illustration of the work to install the 1.4 km pipeline from SJS2 well to CB well 

 

Figure 79 shows the relative position of the monitoring net and the SJS2 well, as well as the 

approximate tracing of the pipeline installed to derive water up to CB well. 

 

Table 22 summarizes the main characteristics of SJS2 and infiltration and tracer test.  

Table 22 – Main characteristics of SJS2 and characteristics during the infiltration test 

Well characteristics SJS2 

Total Depth (m) 250 

Casing diameter (m) 0-96 m- 356 mm; 96 - 252 - 250 mm 

Infiltration test pump depth (m) 80 

Q (L/s) 46 to 47 

Water level (m) 45 

 

The pumping system was equipped with a flowmeter at the head of the pumped well, in order to 

control pumped water flow. The distance between the infiltration point (CB) and the extraction point 

(SJS2) was sufficient to guarantee possible cross interference and therefore unreliable results. 

Furthermore, the water extraction was pumped from the deeper Querença-Silves aquifer, while 

infiltration took place in the upper unit which guarantees a supplementary security for the feasibility 

of the infiltration test.  

Methodology for determining the groundwater flowpath 

The experiment results were analysed using: (1) the data retrieved for the water level and electrical 

conductivity in the monitoring net (see below) and (2) the geophysical profiles with electrical 

resistance tomography. 

The monitoring net consisted in: 

 CDT divers (pressure, electrical conductivity, temperature) in CB well, CB1, CB2 and Mr. 

Lídio’s well. 
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 Water level manual measurements whenever possible at: CB well, CB1, CB2 and Mr. 

Fernando’s well. 

 Manual control of water temperature, electrical conductivity and pH in CB well, CB1, CB2, 

Mr. Fernando’s well, Mr. Luis’s well and Mr. Caetano’s well (3 times a day). 

 Measurement of electrical conductivity at different depths in CB1 and CB2 (once a day). 

 The four wells in the surrounding area previously referred, were used as control points, 

mainly to understand the natural variations of the system during the infiltration test, in order 

to isolate the infiltration effect in the CB well, CB1 and CB2. 

The geophysical profiles were analysed using the same procedure above described for the tracer test 

of December 2015. 

Results 

The infiltration and tracer experiment has lasted 90 h plus recovery time, with a flow rate of 47 L/s. 

The water started to fill the well during the first 3.5 hours (April 20, from 14:07 to 17:35) and then it 

has overflowed to the stream, through the well by-pass.  

The water has never reached the weir since it has infiltrated in the stream bed and into several 

sinkholes that were identified (Figure 93). Thus, this test allowed having a minimum infiltration value, 

but much higher infiltration capacity can be expected for this area.  

  

Figure 93 – Sinkholes identified at Cerro do Bardo during the MAR experiment  

Before finishing the experiment, the flow rate was diminished until it allowed stabilizing the 

piezometric level in the well (below the by-pass in order to ensure that the water only entered the 

CB well), and determining the maximum well infiltration capacity. This happened for 14 L/s flow rate, 

corresponding to a maximum infiltration rate in the well of about 385 m/d (considering the well area 

of 3.14 m2). This value is about six times higher than the ones found at Campina de Faro aquifer, but 

the latter did not reach the maximum value since the injected volume was lower than the infiltration 

capacity. 

The remaining 33 L/s (47 L/s – 14 L/s) have left the well through the by-pass and have been disposed 

in the initially dry stream. This value is in accordance with the average flow rate measurements made 

in the stream and presented in Table 23. 
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Table 23 – Flow rate measured in the initial part of the stream formed by the injection water overflow 

Date Hour Stream section (L/s) 

23-04-2016 

10:00 

 10:30 36 

18:30 34.8 

24-04-2016 07:45 31.9 

 

The water in the stream has further infiltrated into several sink-holes located in the stream floor of 

this karstic aquifer. Table 24 presents the measurements done in some major sinkholes at different 

periods.  

Table 24 – Infiltration rates measured in the main sinkholes identified 

Date Hour Sinkhole 1 (L/s) Sinkhole 2 (L/s) 

20-04-2016 17:30 
 

3.20 - 3.32 

21-04-2016 10:30 
 

3.4 

22-04-2016 11:30 4.60 - 4.68 
 

22-04-2016 11:40 
 

4.95 - 5.30 

23-04-2016 16:30 7.18 - 7.66 8.71 - 9.69 

24-04-2016 07:30 5.9 15.26 

 

Several other minor sink-holes are responsible for the infiltration of the remaining water. 

Concerning the experiment results obtained from the monitoring piezometers, Figure 94 presents 

the depth to the water table for CB well, CB1 and CB2. 
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Figure 94 – Depth to the water table in CB well, CB1 and CB2 during the MAR experiment 

 

It is possible to observe the similar response between CB well and CB1, both for the injection and the 

recovery period. Besides, CB2 also presents an increase of the piezometric level of about 0.8 m.  

Figure 95 presents the results obtained for the electrical conductivity (EC) in the same points. It is 

possible to see that the EC reached a very high value in CB well (also because the probes might have 

been inside the salt, while it was dissolving) and this values rapidly decreased in CB1. CB2 has 

showed a very slight increase in its values (starting 10 hours after the beginning of the experiment) 

from 0.712 mS/cm to 0.752 mS/cm. The tracer has increased the regional level 40 µS/cm during 

approximately 3 days. 
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Figure 95 – Water electrical conductivity in CB well, CB1 and CB2 during the MAR experiment 

 

These results, together with the geophysics, allow concluding that the flow direction is towards the 

weir, i.e. to the E. 

The measurements done is the remaining monitoring wells have shown no clear effect on the well’s 

EC, temperature or pH (Figure 96). 
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Figure 96 – Variation of EC, T and pH in three wells located in the vicinity of the Cerro do Bardo MAR 

experiment 

In conclusion, this MAR infiltration and tracer test allowed confirming that the Cerro do Bardo DEMO 

Site: 

 Is an adequate area to infiltrate surplus water coming from the three dams, when there is 

too much of it (wet years) and store it for dry times in Querença-Silves aquifer. 

 The DEMO area has an infiltration capacity of at least 4060 m3/d.  

 The flow seems to have an east-southeaster direction. 

 

The results from geophysics, which complement and validate the data from monitoring, are 

presented in D12.4 and D4.4 within the conceptual model of this site. 
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2.3 PT3: MELIDES AQUIFER, RIVER AND LAGOON (ALENTEJO) 

2.3.1 Introduction and objective 

PT3 – Melides aquifer, river and lagoon (Alentejo) aim is to use soil-aquifer-treatment (SAT-MAR) to 

remove rice field pollutants prior to their discharge in Melides lagoon. Aiming to contribute to solve 

this problem, and increasing aquifer recharge (MAR), a physical (sandbox) model was built in LNEC 

pavilions during MARSOL project. The results obtained in these tests have given the necessary 

knowledge to build in the future an in situ SAT-MAR facility. 

2.3.2 Motivation for the site selection 

Melides watershed and lagoon MARSOL case-study area was selected based on the following 

background considerations and advantages: 

1. This is an area where relevant environmental quality problem (agriculture groundwater 

contamination), occurs during the Summer period due to the rejection of paddy (rice) field 

contaminating nitrate and pesticide towards Melides coastal lagoon (Leitão et al., 2012).  

2. Via infiltrating some of the rejections from the paddy fields waste water in a new MARSOL 

facility site with appropriate MAR INNO-DEMO solutions an environmental water quality 

increase is expected. 

3. A relevant amount of surface and groundwater data, including climate change water budget 

and groundwater recharge estimations is available, having been gathered on the Portuguese 

FCT sponsored PROWATERMAN project 

(http://www.lnec.pt/organizacao/dha/organizacao/dha/nre/estudos_id/PROWATERMAN). 

4. A regional groundwater flow model has been developed by LNEC during PROWATERMAN 

project, allowing simulating real time aquifer responses, by MARSOL partner LNEC for the 

Melides aquifer. 

5. Following the PROWATERMAN Final Workshop, organized by LNEC in Alentejo both at the 

University of Évora and in Grândola Municipality, MARSOL project actor APA Ambiente is 

supporting Melides MARSOL research and case-study objectives.  

2.3.3 Geological/hydrogeological setting 

The 60.84 km2 Melides hydrographic basin is located in the coastal region of Alentejo. It may be 

divided in two different sectors (Monteiro et al., 2008; Novo and Oliveira, 2014): the upstream 

sector, of accidental relief, is developed on low permeability formations of Palaeozoic schists and 

greywackes; and the downstream sector, of plain relief inducing low to moderate drainage density, 

which is developed in Cenozoic sandy formations that overlay Jurassic carbonate units, belonging to 

the Sines aquifer system. The two sectors are separated by the Santo André’s fault.  

Surface flow dominates in the upstream sector, being reduced in the downstream sector to only a 

few streams that mainly transport surface flow generated in the upstream sector. Groundwater 

recharge predominates in the downstream sector. In the downstream sector the connection 

between the drainage network and the deep carbonate aquifer is made solely by the Fonte dos Olhos 

http://www.lnec.pt/organizacao/dha/organizacao/dha/nre/estudos_id/PROWATERMAN
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spring; in the rest of the sector only the upper aquifer is in direct connection with the drainage 

network that receives the discharge water of the aquifer. 

Melides lagoon, located downstream in the hydrographic basin, constitutes a coastal ecosystem 

partially dependent on groundwater (Lobo Ferreira et al., 2013). It is a receptor of the total amount 

of pollutant load of surface origin collected by the drainage network of the Ribeira de Melides 

stream, as it is situated in the downstream part of this hydrographic basin, and also of the pollutant 

load of groundwater flow that discharges to the surface water network or directly to the lagoon.  

2.3.4 Developing the infrastructures 

In PT3 it was decided that the planned water quality control would be made using a SAT-MAR 

prototype basin not placed in situ but at a large laboratory scale on a physical (sandbox) model at 

LNEC (Figure 97). 

  

Figure 97 – LNEC Physical (sandbox) model construction 

 

This sandbox model was divided into three sections (Figure 98) to test the adsorption and 

degradation capacity of three different soil mixtures. Figure 99 presents a schematic diagram of the 

sandbox model dimensions. 
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Figure 98 – LNEC physical (sandbox) model sections, A, B and C 

 
 

 

Figure 99 – Schematic diagram of the physical (sandbox) model dimensions 
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2.3.5 Investigation experiments and monitoring 

Considering the results from the soil-column experiments conducted at LNEC LASUB facilities in May 

and June 2014 to determine the hydraulic characteristics of the Melides soils (from a depth of 5 to 20 

and 20 to 30 cm layers at the approximate location of the infiltration site), it was concluded that the 

soil has a permeability value adequate for SAT, with an average Darcy permeability ranging from 0,9 

to 4,8 m/d at Melides, the latter for a 20-30 cm layer where permeability increase significantly.  

Melides soil was acquired and used to fill the sandbox model, accordingly to the scheme presented in 

Figure 99. 

Two spiked tracer experiments, with fertilizers and hydrocarbons, were done in May/June 2016. In 

those experiments it was assessed the: 

 Water infiltration capacity. 

 Water quality in the vadose zone, at two depths, 30 cm and 60 cm, using capsules (from 

PRENART Equipment ApS) to access SAT treatment (Table 25). 

 Water quality in the saturated zone (in situ: T, EC, pH, redox; chemical parameters: see Table 

25). 

 Soil at 30 cm and 60 cm (Table 25). 

These results will be further developed under WP12, Task 12.5 and will be reported in D12.5. 
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Table 25 – Sampling protocol for the physical (sandbox) model 

 

 

 

 

 

NO3
- NO2

- NH4
+ Ca, Na, Mg, K SO4

2- Cl HCO3 TH NO3
- NO2

- NH4
+ PO4

3+ SO4
2- TH

Vadose - basin

Wells 3 x x x x x x x

Infiltration water 1 x x x x x x x x

Soil

NO3
-

NO2
-

NH4
+ Ca, Na, Mg, K SO4

2- Cl HCO3 TH NO3
-

NO2
-

NH4
+

PO4
3+

SO4
2- TH

Vadose - basin

Wells 3 x x x x x x x

Infiltration water

Soil

NO3
- NO2

- NH4
+ Ca, Na, Mg, K SO4

2- Cl HCO3 TH NO3
- NO2

- NH4
+ PO4

3+ SO4
2- TH

Vadose - basin 6 x x x x x x x

Wells 3 x x x x x x x

Infiltration water

Soil

NO3
-

NO2
-

NH4
+ Ca, Na, Mg, K SO4

2- Cl HCO3 TH NO3
-

NO2
-

NH4
+

PO4
3+

SO4
2- TH

Vadose - basin

Wells 3 x x x x x x x

Infiltration water

Soil

NO3
- NO2

- NH4
+ Ca, Na, Mg, K SO4

2- Cl HCO3 TH NO3
- NO2

- NH4
+ PO4

3+ SO4
2- TH

Vadose - basin 6 x x x x x x x x

Wells 3 x x x x x x x x

Infiltration water

Soil 6 o o o o o x

NO3
-

NO2
-

NH4
+ Ca, Na, Mg, K SO4

2- Cl HCO3 TH NO3
-

NO2
-

NH4
+

PO4
3+

SO4
2- TH

Vadose - basin 6 x x x x x x x

Wells 3 x x x x x x x

Infiltration water

Soil

Legend: x - samples to IST

o - samples to AmbiPar Control

Sample #2 to sample 

#7
# Sampling devices

Water Soil

Water

# Sampling devices

Sampling protocol for the physical (sandbox) model

Sample #18 # Sampling devices

Sample #19 to 20 

2016/06/02 and 03
# Sampling devices

Water Soil

Sample #8 # Sampling devices

Sample #9 to 17 # Sampling devices

Sample #1 2016/05/30

Soil

Water Soil

Water Soil

Water Soil
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3. FINAL REMARKS 

 

The development of all three DEMO sites was performed accordingly to the Description of Work. 

Table 26 presents a synthesis of all experiments done and their timings.  

In synthesis, see also Table 27: 

In PT1 – Rio Seco and Campina de Faro aquifer system (Algarve) – the main goal is improve the 

groundwater quality heavily contaminated with nitrates (vulnerable zone), mainly due to agriculture 

bad practices. For this purpose, surface water surplus generated during strong rain events is being 

used in several infiltration basins, existing (PT1_1) and constructed during MARSOL (PT1_2), in the 

Rio Seco river bed to push the nitrate plume towards the see. Furthermore, to access the potential 

impact of water recharge at a regional scale, and its improvement in the groundwater quality status, 

typical large-diameter wells have been tested as a potential MAR facility (PT1_3). In the future, the 

water to be used would be collected in the greenhouses roofs during rain events. PT1_1 and PT1_2 

sites are built, tested and are functioning. PT1_3 was tested but needs definitive water supply 

infrastructure, which can be done by the Portuguese Water Authority. 

In PT2 – Querença-Silves limestone karstic aquifer system (Algarve) – there are two main sub-areas 

and two goals: (1) develop a MAR-SAT (managed aquifer recharge – soil aquifer treatment) system to 

improve the water quality of treated effluents from São Bartolomeu de Messines waste water 

treatment plant (WWTP) (PT2_4), which discharges into Ribeiro Meirinho river (PT2_5) that 

recharges the karstic aquifer, and (2) increase groundwater storage at Cerro do Bardo karstic area 

using wet years surface water surplus stored in Águas do Algarve water supply Odelouca and Funcho 

reservoirs to increase the water availability in dry years and facilitate downstream water supply. 

PT2_4 infrastructures are being concluded July 2016, and experiments will start the same month. 

PT2_6 Cerro do Bardo infrastructures are built and tested. Permanent water supply pipe (circa 2 km) 

can now be done by Águas do Algarve, the water supply company that manages water in the area. 

In PT3 – Melides aquifer, river and lagoon (Alentejo) – the main goal is to use soil-aquifer-treatment 

(SAT-MAR) to remove rice field contaminants prior to their discharge in Melides lagoon. Aiming to 

contribute to solve this problem, and increasing aquifer recharge (MAR), a physical (sandbox) model 

was built in LNEC pavilions during MARSOL project. PT3 sandbox model is functional and the results 

obtained in these tests have given the necessary knowledge to build and in situ SAT-MAR facility. 
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Table 26 – Gannt chart with all the PT experiments performed during MARSOL project 

 

 

Table 27 – Synthesis of all the PT experiments performed during MARSOL project, their purposes and details 

 

Aim MAR facility type Infiltration

Type  Area Volume Period

m
2

m
3

m
3
/d L/s m/d

Assess the MAR river infiltration basin clogging effect after 7 years River infiltration basin Basin 100 5 h 103 1,19 1,03

Assess the infiltration potential of the whole MAR river bed infiltration basins system River infiltration basin Basin 301 1189,4 38 h 456-518 5,3-6 1,51-1,72

Assess the infiltration capacity of MARSol basin; dispersion, velocity River infiltration basin Basin 201 10 h 375 4,3 1,87

Assess the infiltration capacity of MARSol basin River infiltration basin Basin 100 9 h 250 2,89 2,5

Assess large well's infiltration capacity Wells Well 15,9 145,3 249 min 840 9,72 52,8

Improve the water quality of treated effluents from a WWTP SAT-MAR basins SAT basin 210 on going on going 300 3,47 on going

Assess CB well infiltration capacity Well Well 3,14 40 19:26 min 3004,8 34 477,3

Assess main flow direction Well Well 3,14 90 3,48 h 561 6,5 178,7

Assess all area infiltration capacity and main flow direction Well and karstic pervious site Well and area 2000 15228 90 h 4060 47 385

Assess Melides soil permeability and the soil's contaminants retention and/or degradation capacity SAT physical sandbox model SAT sandbox model 3,15 on going on going on going on going on going

Improve the water quality using SAT to remove rice field contaminants

Infraestructure Test Injection

Improve the water quality of treated effluents and increase groundwater storage 

Improve the groundwater quality heavily contaminated with nitrates

Flow rate
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