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Abstract  

Water scarcity is a pressing issue in many regions of the globe, present across all five 

populated continents.  Predictions state that there will be a rise in the number of people 

afflicted by water scarcity, and the degree to which it is suffered will also worsen. In the 

face of this, efforts are being devoted to creating solutions which can help guarantee uni-

versal access to safe drinking water and sanitation. 

A proposed solution is water reclamation, which involves treating wastewater to the ex-

tent that it can once more be used without prejudice. There are many ways that water 

reclamation can be achieved, but currently the most commonly employed methods are 

costly and energy-intensive. An alternative is Managed Aquifer Recharge coupled to Soil-

Aquifer Treatment (MAR -SAT), which combines the innate capability of soil to remove 

pollutants with its capacity to store water for considerable lengths of time , making it  ac-

cessible when needed. 

To investigate this solution, a pilot -scale test facility has been constructed in the 

wastewater treatment plant (WWTP) of Palamós (Catalonia, Spain). The work presented 

here was centred on characterising the hydraulics of one of the artificial aquifer systems 

via a hydraulic tomography. It was determined that the hydraulic conductivity across the 

system was uniform, in the range of 100-101 m dī1, which is in line with the va lue pre-

dicted through its empirical relationship with grain -size, and classifies it as somewhat 

permeable. It was also possible to map the relative hydraulic connectivity, determining 

that it was generally good longitudinally, and relatively poor in the transverse  direction . 

Additionally, one of the key mechanisms behind pollutant attenuation in aquifers is deg-

radation of organic matter via redox reactions. Dissolved oxygen (DO) is the strongest 

oxidising agent typically available in this context, therefore the DO concentration was 

monitored at four sites in the aquifer before and during the hydraulic tomography. An-

aerobic conditions ([DO] < 1 ppm) were observed across all probed sites, and no clear 

relationship  between hydraulic connectivity and DO behaviour could be elucidated. 
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1. Introduction  

1.1 Water scarcity  

Water is one of the fundamental components necessary for all life on Earth, without which it 

cannot sustain itself. Humans are no exception to this, and as such, in 2010 the UN General 

Assembly declared access to clean water and sanitation a basic human right (UN News, 2010). 

This access must be sufficient (50-100 L per day), safe (free from microorganisms, chemical 

and radiological hazards), accessible (within 1,000 m of the home and collection time must 

only take up to 30 min), and affordable (cost less than 3% of household income).  

The official figures for that same year, 2010, showed that 884 million people did not have this 

right guaranteed to them (OHCHR, 2010), though the report acknowledged that the real num-

ber was, in fact, significantly higher due to those living in informal settlements that were un-

accounted for.  

In order to address this, ñaccess to water and sanitation for allò is stated as one of the Sustain-

able Development Goals (SDGs), also designed and promoted by the UN (A/RES/70/1, 2015) . 

A host of targets have been created to achieve this overarching goal, which range from guar-

anteeing safe drinking water, to providing access to sanitation and hygiene, to protecting and 

restoring water -related ecosystems. The targets most relevant to the work presented here are 

the following:  

6.3: Improve water quality, wastewater t reatment  and safe reuse , halving the pro-

portion of untreated wastewater and substantially increasing recycling and safe reuse 

globally by 2030. 

6.4: Increase water use efficiency and ensure freshwater supplies, ensure sustainable 

withdrawals and supply of freshwater to  address water scarcity  and substan-

tially reduce the number of people suffering from water scarcity.  

It is estimated that 80% of our global wastewater flows back to the natural water systems with-

out any treatment, compromising the drinking wat er of millions with faecal matter and the 

infectious diseases it causes, such as polio, typhoid, cholera, and dysentery (UN-Water, 2017). 

The consequences are dire: 1.32 million people died prematurely in 2017 alone due to the con-

sumption of unsafe water (Jeffrey D. Stanaway et al., 2018), almost all of which occurred in 

sub-Saharan Africa, South and South-East Asia.  
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Moreover, global freshwater use increased dramatically during the 20 th century, from 671 bil-

lion m 3 in 1901 to 3.86 trillion m 3 in 2001, i.e. a factor of almost 6 (Ritchie and Roser, 2017). 

This is primarily associated with population growth, which created a rise in demand  for do-

mestic and agricultural uses, and the development of industry, which is also heavily dependent 

on water. The rise in freshwater use is one of the causes behind the steady decrease in volume 

of renewable freshwater resources, that is, river flows and groundwater from rainfall (Figure 

1).  

 

Figure 1.  Renewable freshwater resources per capita, 1962-2018 (Ritchie and Roser, 2017).  

The higher levels of freshwater withdrawal and lower levels of freshwater resources combine 

to produce greater water stress, itself defined as a ratio of the two. While high water stress 

does not necessarily imply immediate water scarcity, it does indicate that the use of freshwater 

is not sustainable, which if not addressed will ultimately lead to scarcity. Water stress and 

scarcity do not currently affect everyone across the globe equally, but they are present across 

all continents, and certain countries and regions are deeply afflicted by them (Figure 2).  
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Figure 2.  Freshwater withdrawals as a share of internal resources in 2017. The water stress categories are defined 

as follows: if withdrawals are < 10% of resources, the stress is low; 10-20% is low-to-medium stress; 20-40% is 

medium-to-high stress; 40-80% high stress; and > 80% is extremely high stress (Ritchie and Roser, 2017). 

The number of people and regions suffering from water stress and scarcity is predicted to in-

crease, and the degree to which it is suffered to worsen. The major reasons behind this are 

well-known: a growing populat ion, particularly in urban areas of low -income countries, and 

climate change. The urban centres of low-income countries are the most rapidly growing pop-

ulations in the world (UN-Habitat, 2022) , which is placing a sudden and unprecedented pres-

sure on the water bodies surrounding them, both for domestic consumption and for agricul-

ture. In addition, the latest IPCC report states that the warmer climate is changing the water 

cycle across the globe (Gulev et al., 2022). Higher surface temperatures will drive up evapo-

transpiration over land, worsening drought events. Some of the regions projected to experi-

ence more severe and frequent drought episodes are South-Western South America, Western 

North America, and th e Mediterranean Basin. Rainfall patterns are also changing, becoming 

less predictable: the interannual variability in precipitation will become greater than the sea-

sonal variability, complicating the tasks of forecasting and planning.  

Catalonia, where the study presented in this work was carried out, lies on the north -western 

shore of the Mediterranean Sea. As such, one does not need to look far in space or time to 

perceive the effects described above. The territory experienced a significant drought event this 

past summer, despite receiving relatively normal levels of precipitation in comparison to re-

cent years (Bernis, 2022) . The very high temperatures during May, June, July, and August 
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(over 8 °C higher than the reference period of 2009-2020 in June, and over 6 °C  higher in 

July and August), caused both greater water consumption and higher levels of evapotranspi-

ration, leading to critically low levels of water stored in the reservoirs scattered across the ter-

ritory. This crisis has left powerful images of parch ed ground where normally sizeable water 

bodies host many aquatic activities (Figure 3). 

 

Figure 3.  Image of the reservoir la Llosa Del Cavall , in Solsonès county, at 30% capacity. Taken in August of 2022 

(Rabad )̈. 

Confronted with this reality, it is clear action must be taken to preserve this most precious of 

resources and maintain sustainable levels of it . There are many open fronts dealing with the 

issue, but the one which will be the subject of the present work is water reclamation, specifi-

cally in the form of managed aquifer recharge coupled to soil-aquifer treatment.  
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1.2 Water reclamation  

Water reclamation, also known as water reuse and water recycling, is the practice of treating 

water obtained from various sources, often wastewater or stormwater, to a sufficient quality 

to meet the standards required for use. Depending on said use, the standards are more or less 

stringent, and consequently the treatment more or less intensive.  

Reclaimed water can have a variety of uses, from agricultural irrigation, to cooling towers in 

industry, to irrigation of golf courses. Some even consider that the water sourced downstream 

for potable usage is an indirect form of water reclamation, since a significant portion of that 

water is comprised of treated effluent from upstream wastewater treatment plants.  

One noteworthy use for reclaimed water is managed aquifer recharge (MAR). MAR has been 

defined as ñthe intentional recharge of water to aquifers for subsequent recovery or environ-

mental benefité both quantity and quality [must be] managed effectivelyò (Dillon et al., 2019), 

with an aquifer being a geological formation through which water can travel due to its pores  

or fractures. Such an operation can be especially valuable in the Mediterranean region, which 

is densely populated and has a considerable demand for water, and more so given the current 

and foreseen water scarcity context described in section 1.1.  

Since it is vital to ensure that the water used to recharge aquifers is not harmful to the under-

ground environment, or to possible end -users after the water has been recovered, this proce-

dure comes with the drawbacks of being expensive and requiring large amounts of energy. 

Various instances of MAR can be found in Catalonia, such as the use of effluent from the Prat 

de Llobregat WWTP to manage and prevent seawater intrusion (AMB, no date). However, the 

water used for recharge is first treated with reverse osmosis or ultrafiltration in order to guar-

antee its quality (ACA, no date). This is the only reclaimed water to undergo such advanced 

treatment, the rest does not go beyond the disinfection step. Therefore, this also makes it the 

costliest and most energy intensive form of reclaimed water.  

Nevertheless, the ground itself as a porous medium is a natural filter of water, a quality that 

has led to the development of soil-aquifer treatment (SAT). Partially treated wastewater is 

used to recharge aquifers, whereupon the levels of pathogens, chemical contaminants, nutri-

ents, and organic matter are substantially attenuated through biodegradation and sorption 

processes (Maliva, 2020) . The degree of pre-treatment will vary depending on the ñsources of 

reclaimed wastewater, recharge methods, location, and, more importantly, public acceptanceò 

(Asano and Cotruvo, 2004). A combination of MAR -SAT could be an interesting solution 

which addresses both Target 6.3 and 6.4 of the SDG 2030 Agenda.  
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1.3 MAR -SAT test facilities  

A major issue for modern wastewater treatment is the host of recalcitrant components present 

in wastewater, such as pharmaceutical and hygiene products, microplastics, antibiotic -re-

sistant bacteria and genes. All these compounds are known collectively as contaminants of 

emerging concern (CECs). Since current treatments are not capable of degrading them, they 

are released into the environment as part of wastewater treatment plant (WWTP) effluent. The 

relative novelty of the problem entails that much information on the effects, extent, threshold 

values, even basic regulation, is still lacking  (Trager, 2021). When it comes to MAR-SAT sys-

tems, there is a fear that these pollutants could contaminate previously clean groundwater and 

compromise important drinking water sources. It is therefore vital that techniques be devel-

oped and proven which effectively degrade these pollutants, producing clean water that can be 

safely stored in aquifers without risking contamination.  

In view of this, a MAR-SAT test facility was constructed in the Llobregat Basin (Catalonia, 

Spain), in which a permeable reactive layer was placed on the bottom of an infiltration basin 

(Valhondo et al., 2014, 2015). This installation has produced largely favourable results, with 

significant reduction in levels of multiple CECs, however, the authors have noted that the pro-

cesses that cause this reduction are limited by poor mixing between the recharged water and 

the native groundwater, as it precludes their respective solutes coming into contact. Indeed, 

in porous media, mixing is mainly driven by mechanical dispersion and molecular diffusion 

(Tartakovsky, 2010), both of which are too slow for the purpose of timely pollutant attenua-

tion.  

To enhance mixing, some in the field have proposed using engineered injection-extraction 

(EIE) to induce so-called chaotic advection. The concept involves performing a series of injec-

tions and extractions from piezometres to generate transient velocity fields characterised by 

highly complicated particle trajectories (Bagtzoglou and Oates, 2007), effectively stretching 

and folding the solute plume, in other words, to increase the volume occupied by the fluid. 

Theoretical work based on numerical modelling shows promising results (Lester et al., 2010; 

Piscopo et al., 2013; Rodríguez-Escales et al., 2017), but demonstration through field work is 

scarce (Cho et al., 2019). 

Given this gap in knowledge, another pilot project was established in the WWTP of Palamós 

(Catalonia, Spain). Six independent recharge systems were built, each coupled to a reactive 

barrier intended to improve the attenuation of recalcitrant pollutant s in WWTP effluent via a 

MAR-SAT system (Valhondo et al., 2020; Valhondo, Mart & Wang, 2020). Furthermore, two 

of the tanks were designed specifically for performing chaotic flow experiments. The rationale 
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behind the project is to study the effectiveness of the barriers, the porous media of the aquifer 

itself, and of induced chaotic advection, in the fate of CECs.  

1.4 Hydraulic tomography  

In order to accomplish the goals just described, it is paramount to first understand the hy-

draulic behaviour of the system being tested. Hydraulic tomography is a technique employed 

to characterise the hydraulic parameters of aquifers, namely transmissivity, T, hydraulic con-

ductivity, K, and storativity, S, and this is done by performing cross-hole pumping tests 

(Neuman, 1987; Gottlieb and Dietrich, 1995; Butler Jr. et al., 1999; Yeh and Liu, 2000). Cross-

hole refers to the fact that a series of pumping tests are carried out in several piezometres, and 

the hydraulic head is simultaneously monitored across various observation piezometres. The 

advantage of this technique is that it produces reliable estimates of the spatial variation in 

hydraulic conductivity across the section of aquifer that is studied, in contrast to older tech-

niques, which only provide point measurements (Butler Jr., 2005) . 

Hydraulic conductivity is the ease with which a fluid can move through a medium (m d ī1), 

which, in the case of unconsolidated sediment, occurs through its pores. Transmissivity de-

scribes the overall fluid transmission capacity of an aquifer, expressed in units of m2 dī1, and 

is also defined as the product of hydraulic conductivity and saturated aquifer thickness, b: 

T = KĀb      (1) 

Given a confined, homogeneous aquifer (constant K) and uniform saturated thickness (con-

stant b), transmissivity will be the same throughout the aquifer. However, if either of these 

properties change, the capacity of the aquifer to transmit fluid will be affected. For example, if 

conductivity decreases there will be more resistance to water flow, or if the aquifer thickness 

shrinks there will be a smaller volume of permeable ground for the water to travel through, 

both cases cause transmission of water to decline.  

The origin behind the hydraulic conductivity of a porous medium is the presence and inter-

connectivity  of pores, or interstitial sites , between the grains that constitute the aquifer. The 

total porosity, ūt, of a given volume of aquifer is defined as the volume taken up by the pores 

divided by the total volume:  

ūt = 
Vp

V
      (2) 
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This parameter, however, is not what determines the hydraulic conductivity ; for that , one 

needs the effective porosity, ūe. It differs from the total porosity in that it only takes into ac-

count the so-called ñeffective volumeò, that is, the volume of pores that are interconnected and 

therefore allow fluid to flow. Media such as clay have high total porosity because they contain 

many small interstitial sites and can therefore hold significant volumes of water. However, 

they have low effective porosity because the connections between these sites are exceedingly 

small and exhibit tremendous degrees of tortuosity, whi ch strongly impedes the flow of fluid , 

and causes clay media to be labelled aquitards rather than aquifers. 

The quantity which is actually determined in a hydraulic test is the effective transmissivity, 

Teff, which is the integrated value of all local transmissivities in the section of aquifer that is 

probed. Consequently, for a given aquifer, a pumping test carried out with multiple observa-

tion piezometres will all yield drawdown curves with roughly the same gradient, reflecting the 

fact that the quantity being estimated is the effective transmissivity. It also bears mentioning 

that, even in homogeneous aquifers, the exact conductivity of water is variable to a significant 

degree even within a small space, and therefore it is not sensible to assign too high a degree of 

precision (Sánchez-Vila and Batista, 2009) .  

The coefficient of storativity is a dimensionless parameter which describes the capacity of an 

aquifer to store or release water, formally defined as the volume of water stored or released 

per unit change in hydraulic head, over a unit area of the aquifer: 

S  = 
æVw

Aæh
     (3) 

Conversely to transmissivity, the estimated value of storativity ( Sest) for each observation pie-

zometre, given the same pumping test, will tend to vary greatly. The physical information it 

provides is the degree of connectivity between the pumping and observation piezometres: the 

lower the value, the greater the connectivity. 

Ascertaining these parameters allows one to predict the behaviour of the groundwater flow, 

and consequently the advective transport of dissolved species in the groundwater. 

1.5 The role of dissolved oxygen  

The biodegradation of CECs is highly dependent on reduction-oxidation (redox) conditions, 

quantified as the redox potential, Eh. In the context of wastewater, the organic contaminants 

are electron donors (reducing agents), which is why the presence of electron acceptors, i.e., a 

positive potential, is crucial. The spatial transition between oxic (> 400 mV), sub -oxic (100-
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400 mV), and anoxic (< 100 mV) conditions in the vadose zone depends on the availability 

and relative concentrations of these electron acceptors (Reddy et al., 1998). Furthermore, 

there exists a well-established hierarchy in the preferred electron acceptor based on the ener-

getic yield of its redox reaction with the organic contaminant, which is: O 2, NO3
ī, Mn(IV), 

Fe(III), SO4
2ī, HCO3

ī, and N2 (Champ et al., 1979). This confirms the  particular  importance of  

dissolved oxygen in soil and groundwater, and is corroborated by multiple studies on micro-

bially -mediated oxidation of organic matter (Bauer et al., 2009; Rolle and Le Borgne, 2019). 

The latter is precisely one of the key processes involved in SAT, hence expanding our 

knowledge on the fluctuations of dissolved oxygen concentration in groundwater will aid in 

understanding the performance of SAT systems.  

Elucidating  the behaviour of oxygen in soil and groundwater is complex as it is influenced by 

several processes. Depending on the conditions, diffusion can cause the atmosphere to be ei-

ther source or sink of soil and groundwater oxygen (Haberer et al., 2012; Borer et al., 2020; 

Ahmadi et al., 2022). Precipitation brings oxygen-enriched water, and microbial respiration 

consumes oxygen and therefore depletes it; colder temperatures raise concentrations due to 

greater oxygen solubility (Massmann et al., 2006)  whereas warmer temperatures cause both 

greater evaporation and favour microbial respiration (Greskowiak et al., 2006) .  

1.6 Thesis objectives  

Given the relevance of aquifer hydraulics and dissolved oxygen in the effectiveness of soil aq-

uifer treatment of wastewater, the goal of this masterôs thesis is to characterise an artificial 

aquifer which simulates a MAR-SAT system and evaluate the evolution of the dissolved oxygen 

concentrations during a set of pumping  tests. To achieve this goal, a hydraulic tomography 

was performed in the pilot system in Palamós, while simultaneously monitoring the levels of 

dissolved oxygen. The specific objectives are defined as follows:  

1. Determine the hydraulic characteristics of the pilot MAR-SAT system and obtain in-

formation regarding the hydraulic connectivity between different points.  

2. Ascertain what effect, if any, the pumping tests have on the levels of dissolved oxygen 

in the groundwater.  

3. Establish if there are any correlations between the levels of dissolved oxygen, including 

any changes produced by pumping, and the hydraulic connectivity determined via the 

first objective.  
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The execution of this study aims to be a small contribution towards the timely achievement of 

targets 6.3 and 6.4 of the SDGs, described in section 1.1, and through them the 2030 Agenda 

as a whole.  
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2. Methodology  

2.1 Site description  

The experiments described in this work were conducted on one of the pilot-scale artificial aq-

uifer systems located in the WWTP of Palamós, a town on the north-eastern coast of Catalonia 

(Figure 4).  

 

 

 

 

 

 

 

 

Figure 4. Map of Catalonia with the location of Palamós indicated (left), and close-up of the placement of the 

WWTP within the area it is responsible for (right).  

The wastewater undergoes pre-treatment, primary treatment (sedimentation), and biological 

secondary treatment (activated sludge), then is released as effluent into the Mediterranean 

Sea via a marine outfall (ACA, 2022).  

The system used for the experiments is one of six situated adjacent to one another, designated 

Tank 1. It is 15 m long, 2.38 m wide, and excavated 1.5 m into the ground (Figure 5) and com-

posed of fine sand (0.1-0.2 mm grain size). Given this characteristic granulometry, one can 

estimate a total porosity å 40-50% and effective porosity å 20-30%, which predicts that the 

hydraulic conductivity will be on the order of 1 m d ī1 (Custodio and Llamas, 1983), on the 

threshold between poor and good aquifer. 
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Figure 5. View of the artificial aquifer systems (Valhondo et al., 2020) . 

At the top end of the aquifer, a 1.5 x 2.38 x 1.15 m3 structure sits above it and mimics an infil-

tration basin. This basin constitutes a reactive barrier composed of plant-based compost 

blended with sand (49% each), with the remainder made up of clay. The role of the reactive 

barrier is to enhance the degradation of pollutants contained in the wastewater through dif-

ferent mechanisms; the plant-based compost provides sorption sites for uncharged particles 

and releases dissolved organic carbon (DOC), whereas the clay offers sorption sites for charged 

particles due to its high ion exchange capacity. The sand provides structural integrity and high 

hydraulic conductivity.  

The discharge point is situated at the opposite end of the artificial aquifer. The space has been 

excavated to simplify operations such as sampling and manipulation of the hydraulic head. 

The latter is done by setting the elevation of the discharge pipe through which all of the water 

exits the aquifer: the lower it is set, the greater the hydraulic gradient.  

The hydraulic head was monitored in seven locations across the tank using screened piezome-

tres (PVC 2ź) designated as follows: A3, B1, and C1; and BCP1, BCP2, DCP1, and DCP2 (figures 

6 and 7). The letters refer to the section of the aquifer in relation to its distance from the edge 

of the tank:  A, B, C, and D are 3, 8, 14, and 11 m away, respectively (note that section D is closer 

than section C). The óCPô suffixed in the designation of the second group refers to the fact that 

those piezometres are intended for upcoming chaotic flow experiments (chaotic point ), and 

have screen lengths of 0.4 m. The ordinary piezometres, on the other hand, have screen lengths 

of 0.1 m. Finally, the numbers designate the distance from the base of the tank at which the 

piezometres are placed. In the case of the ordinary piezometres, 1, 2, and 3 are placed 0.1-0.2, 



T. B. Lock i Feixas 
Environmental Engineering  

 

 

13 

0.6-0.7, and 1.1-1.2 m above the base, respectively, while the chaotic point  piezometres, 1 and 

2 are placed 0.1-0.5 and 0.7-1.1 m above the base, respectively. In other words, piezometres 

named 1 are placed deepest within the aquifer, and those named 3 are placed shallowest.  

 

 

Figure 6. Plan view of the artificial aquifer system, Tank 1. The piezometres used as pumping and/or observation 

wells are highlighted in green, and all values are expressed in units of metres.
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Figure 7. Oblique projection of the artificial aquifer system, Tank 1. The piezometres used as pumping and/or observation wells are highlighted in green, and all values are 

expressed in units of metres. 
































































































