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Abstract  
 

Managed aquifer recharge (MAR) is known to increase available 

water quantity and to improve water quality. However, its 

implementation is hindered by the concern of polluting aquifers, 

which might lead to onerous treatment and regulatory 

requirements for the source water. These requirements might 

make MAR unsustainable both economically and energetically. 

To address these concerns, we tested reactive barriers laid at the 

bottom of infiltration basins to enhance water quality 

improvement during soil passage. The goal of the barriers was to 

(1) provide a range of sorption sites to favor the retention of 

chemical contaminants and pathogens; (2) favor the development 

of a sequence of redox states to promote the degradation of the 

most recalcitrant chemical contaminants; and (3) promote the 

growth of plants both to reduce clogging, and to supply organic 

carbon and sorption sites. We summarized our experience to 

show that the barriers did enhance the removal of organic 

pollutants of concern (e.g., pharmaceuticals and personal care 

products). However, the barriers did not increase the removal of 
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pathogens beyond traditional MAR systems. We reviewed the 

literature to suggest improvements on the design of the system to 

improve pathogen attenuation and to address antibiotic resistance 

gene transfer. 
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Introduction  

 
Climate change and the expansion of urban areas is a major 

worldwide threat to sustainable and safe drinking water supplies 

[1]. Managed aquifer recharge (MAR) is a technique that allows 

groundwater-dependent ecosystems, including rivers, to be 

maintained, enhanced, and/or protected with limited 

consumption of energy and chemicals [2,3]. MAR systems based 

on water filtration during soil passage have been proven to retain 

suspended particles and colloids, including microorganisms [4], 

and to favor biodegradation of chemical contaminants, resulting 

in significant water quality improvement [5–7]. The processes 

affecting pathogen transport in these aquifers are retention and 

inactivation, and an extensive number of factors influence them 

[8]. However, periodic detection of pathogens in groundwater, 

some with severe human health impacts [9–13], has led to strict 

quality requirements that effectively impede the use of lesser 

quality water for MAR. For instance, rainfall fails to meet 

Spanish regulations for reuse (too low pH and too high 

suspended solids), which are the regulations adopted in practice 

for MAR [14]. This is paradoxical because potable water 

treatment during the 19th century simply consisted of sand 

filtering to remove pathogens and resulted in a life expectancy 

increase of some 20 years [15,16]. This paradox is well reflected 

in the ongoing debate about quality requirements for artificial 

recharge. Health protection authorities recommend strict controls 

on the water used for MAR but, at the same time, several major 

cities have shown that recharge using wastewater can be safe 
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[17]. As a result, the European Commission’s Joint Research 

Center (JRC) failed to reach a consensus on MAR water quality 

recommendations [18]. The situation is inadequate. Prudence 

demands regulation, while fear hinders the actual 

implementation of MAR, which impedes the restoration of 

ecosystem services of groundwater-dependent water bodies. 

 

Overcoming resistance requires the addressing of not only old 

problems (e.g., water scarcity, recovery of groundwater-

dependent water bodies), but also emerging concerns [19]. 

Among these, we include chemicals of emerging concern 

(CECs), antibiotic-resistant bacteria (ARBs), and antibiotic 

resistance genes (ARGs). The term CECs encompasses a wide 

range of substances, including pharmaceuticals, personal care 

products, and nano- and micro-plastics, among others, which are 

characterized by their continuous release into the environment 

and their potential to impact aquatic ecosystems and eventually 

human health [20]. Several studies have demonstrated that even 

after extensive treatment, such as advanced oxidation processes 

and reverse osmosis, some recalcitrant CECs are still detectable 

in reclaimed water [21–23]. Until the turn of the millennium, it 

was unknown that these chemicals presented a hazard to the 

environment, as they generally occur at trace levels, and 

pharmaceuticals in particular were always found at 

concentrations far below the therapeutic doses prescribed for 

humans [24,25]. However, studies carried out since then have 

provided evidence that even sub-therapeutic concentrations of 

certain pharmaceuticals affect microbes, plants, fishes, and 

insects [26–28]. Consequently, the concentrations of CECs 

measured in reclaimed water can be biologically relevant or can 

increase to such levels in the unavoidable co-occurrence with 

other chemicals that may increase their biological activity [29]. 

Under the certainty that the reclaimed waters still contain CEC 

residues, the use of these waters as source waters in MAR may 

pose a risk to human and environmental health. 

 

Biodegradation and sorption appear to be the main processes 

involved in water quality improvement during MAR, especially 

regarding CECs’ behavior [30–32]. The biomass and 

biodiversity of the microbial community is relevant for CEC 
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degradation [33,34] Therefore, parameters controlling microbial 

community such as temperature, and the amount of organic 

substrate available and its quality (which controls the redox 

conditions), have a direct effect on biodegradation rates 

[4,35,36]. Changing parameters within an aquifer could lead to 

an increase in the microbial biodiversity, and a continuous 

source of organic substrate should allow the biomass to increase 

[37].  

 

Sorption might be relevant as well since it retards contaminants 

[38], thus increasing the time available for the microbial 

community to degrade them. The discussion on whether 

retardation is favorable remains open. On the one hand, 

increasing the residence time would increase the ability of 

microorganisms to degrade them. On the other hand, some 

authors argue that contaminants are not biologically available 

when adsorbed, and therefore they are not potentially 

biodegradable [39,40]. 

 

To favor these two processes, we proposed adding a reactive 

barrier at the bottom of the infiltration basin in a MAR system. 

The barrier provides a reactive surface and diverse sorption sites 

and adds organic carbon to yield a range of redox states. Ideally, 

this should allow diverse microbial communities to develop, thus 

increasing CECs´ removal. 

 

In this context, the goal of this paper was two-fold. First, we 

summarized what we have learned in two experiences of MAR 

using a reactive barrier [6,7,40,41]. Second, based on this 

acquired knowledge and the results of others, we have discussed 

how to improve the system design and operation to enhance not 

only the removal of CECs but also the attenuation of pathogens, 

to minimize the transport of ARGs. 

 

Materials and Methods  
The Concept of the Reactive Barrier  
 

We designed a reactive barrier to be installed at the bottom of 

soil aquifer treatment (SAT, the specific term for intermittent 

infiltration of reclaimed water) infiltration basins. The barrier 
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consisted of an organic substrate able to release dissolved 

organic carbon (DOC) to the infiltrated water and to provide 

potential sorption surfaces. The purpose of the reactive barrier is 

to favor biodegradation by generating a redox zonation and 

enhanced adsorption for the widest possible range of CECs. 

 

Figure 1 displays redox zonation during infiltration periods in a 

conventional SAT system and in a system with a reactive barrier. 

The source water should contain a labile DOC concentration 

higher than 6–9 mg/L to consume the oxygen and start to 

consume nitrate as the next electron acceptor. The 

implementation of the reactive barrier increases the 

concentration of DOC in the recharged water, so that available 

electron acceptors are consumed and redox zonation is 

developed further, reaching Fe- and Mn-reducing conditions, and 

hopefully SO4-reducing conditions. Conditions should return to 

aerobic during drying periods in both cases. 

 

This approach was tested at two sites and based on two organic 

substrates as organic carbon source, i.e. compost and woodchips. 

The first site was a pilot-scale MAR system located at Sant 

Vicenç dels Horts (close to Barcelona, Spain) where a reactive 

barrier based on compost was installed. The system operated 

with the barrier for four consecutive years. The second site 

consisted of six MAR systems with small variations in the 

configuration, located in Palamós (close to Gerona, Spain). One 

of the systems, the reference one, operated without a reactive 

barrier, four systems operated with reactive barriers based on 

compost, and the remaining system operated with a reactive 

barrier based on woodchips. To date, it appears that the 

implementation of these barriers has favored the infiltration 

capacity. The characteristics of each site and the performance of 

the tested reactive barriers were described in previous 

publications [6,7,41,42] and are summarized later. 

 

Compost and woodchips were selected as organic substrates due 

to their capability to release DOC, their low cost, and the ease of 

their handling and transportation. The amount of DOC released 

by the organic substrate is expected to decrease with time (or 

with the volume of water infiltrated), but it may be compensated 
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by the release from biomass growing in the basin, including 

plant roots. Still, after a period of operation, the barrier may have 

to be replaced. 

 

 
 

Figure 1: Schematic description of redox zonation during infiltration without 

and with a reactive barrier. The barrier adds dissolved organic carbon (DOC) to 

the recharge water, thus promoting highly reducing conditions. Ideally, the 

vadose zone becomes aerobic during drying periods in both cases. 

 

Site Description  
Sant Vicenç dels Horts  

 

The Sant Vicenç site is a complex of two basins (settlement and 

recharge, each ~5000 m
2
) constructed at the side of the Llobregat 

River, some 15 km upstream of Barcelona (Figure 2A). The 

MAR system was constructed over the lower Llobregat valley 

sedimentary aquifer, formed mainly by gravels, sand, and a small 

fraction of clay [43]. The saturated aquifer thickness and vadose 

zone ranged from 12 to 14 m, and from 5 to 9 m, respectively, 

during the recharge experience (Figure 2C). 

 

The MAR system was fed with the Llobregat River water, which 

is heavily impacted by wastewater treatment plants’ (WWTPs’) 

effluents [44]. The river water was diverted to the settlement 

basin, where it remained for 2 to 4 days. From there, water 

flowed to the recharge basin. Flow rate was measured hourly 

into the connecting pipe. The average infiltration rate was 1 m/d. 
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We installed a 65 cm thick reactive barrier on the bottom of the 

infiltration basin. This barrier consisted of vegetal compost and 

aquifer sediments in equal volumetric portions and a small 

quantity of clay and iron oxide. The role of the vegetable 

compost was to release degradable organic matter to the 

infiltrating water to favor changes in redox conditions 

underneath the basin, promoting microbiological diversity to 

enhance the removal of chemical contaminants [6,7,37,45], and 

to provide surfaces for neutral organic compound adsorption. 

Clay increased the sorption of cationic compounds and iron 

oxide facilitated the sorption of the anionic ones.  

 

 
 

Figure 2: (A) Sant Vicenç dels Horts infiltration basin, and (C) the cross-

section with the monitoring points and their screened sections; (B) six 

Palamós replicate MAR systems named T1 to T6, and (D) the cross-section of 

one generic replicate. Flow direction is from left to right in both cross-

sections. 

 

Palamós Site  

 

The pilot MAR system was constructed in a municipal WWTP 

facility on the northeastern Spanish Mediterranean coast. This 

facility collects wastewater from several municipalities. The 

population served increases to include some 90,000 inhabitants 

during the summer, reaching the maximum treatment capacity of 

the plant. Consequently, effluent water quality varies throughout 

the year. 

 

We constructed six pilot recharge systems (15 × 15 m
2
 excavated 

structures, divided into six 2.38 × 15 m channels; Figure 2B), to 

test the effect of the reactive barrier’s composition and the role 

of plants on the fate of CECs and pathogens. The system was fed 
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with the secondary treatment effluent of the WWTP, which 

infiltrated from the basin through the barrier and further flowed 

along the 15 m simulated aquifer, to finally discharge at the base 

of the 1.5 m thick aquifer. Indeed, the pilot MAR operated as a 

tertiary treatment (Figure 2D). In this case, two organic carbon 

sources were tested: compost and wood chips. We assessed their 

performance by comparing the removal of more than 50 CEC 

and pathogen indicators to that of a reference system (infiltration 

without reactive barrier).  

 

Analytical Methods  
 

Pressure, temperature, and electrical conductivity were 

continuously recorded using conductivity, temperature and depth 

submersible data loggers (CTD-Divers, Schlumberger water 

services, Delft, The Netherlands) in the source water and several 

monitoring points at San Vicenç dels Horts and Palamós sites 

(Figure 2C). Additionally, samples for chemical analysis were 

collected during several recharge events in both sites. 

 

Target CECs were selected based on the frequency of their 

detection in the aquatic environment, and since the analytical 

methodology for each site was different, the final list of CECs 

analyzed in each case was defined according to the methodology 

requirements and the source water type (urban, hospital 

effluents, agricultural, or industrial).  

 

At Sant Vicenç dels Horts, 51 CECs were analyzed in the 

collected samples following the method described by Nödler et 

al. [46] (Table S1). Briefly, the samples were allowed to settle 

overnight at 4 °C and the supernatant was recovered. A 500 mL 

aliquot of the supernatant was spiked with 10 µL of an internal 

standard solution and with 5 mL of a buffer solution before 

solid-phase extraction (SPE). The extraction and purification 

were performed using OASIS HLB (6 mL, 500 mg; Waters, 

Eschborn, Germany) cartridges. The analytes were eluted from 

the cartridges, and the extracts were evaporated with a stream of 

nitrogen and reconstituted with ammonium acetate solution 

before its transference to an auto-sampler LC-vial. The analyses 

were performed by high-performance liquid chromatography 
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tandem-mass spectrometry (HPLC-MS/MS, Varian Inc., Palo 

Alto, USA). 

 

At the Palamós site, 58 CECs were determined by online solid-

phase extraction coupled to high-performance liquid 

chromatography–tandem mass spectrometry (online-SPE-HPLC-

MS/MS,) in accordance with Gago-Ferrero et al. [47] (Table S2). 

In this method, water samples previously spiked with an 

isotopically labeled surrogate standard solution were isolated, 

pre-concentrated, and purified using an automated Symbiosis
TM

 

Pico online SPE (Spark Holland; Emmen, the Netherlands). The 

online SPE of all samples, calibration standard solutions, and 

methodological blanks were performed by loading 5 mL of the 

water samples through PLRP-s cartridges. The trapped 

compounds were eluted from the cartridge to the HPLC column 

by the chromatographic mobile phase. The chromatographic 

separation was achieved with a HibarPurospher
®
 STAR

®
 HR R-

18 ec. (50 mm × 2.0 mm, 5 μm) column from Merck using a 

mobile phase consisting of HPLC-grade water and acetonitrile, 

both with 0.1% formic acid for positive electrospray ionization, 

and with 5 mM ammonium acetate buffer (pH 6.8) for the 

negative ionization mode. MS/MS detection was performed on a 

4000 Q TRAP
TM

 MS/MS hybrid mass spectrometer from 

Applied Biosystems-Sciex (Foster City, CA, USA). Selected 

reaction monitoring (SRM) mode was applied for improved 

selectivity and sensitivity. Four identification points were 

considered, in compliance with the European Council Directive 

2002/657/EC [48]. 

 

Additionally, a microbiological analysis was carried out at the 

Palamós site. Gram-positive and Gram-negative fecal bacteria 

indicator analysis was done via most probable number (MPN) 

detection tests following manufacturer’s instructions (Colilert 

IDEXX, US). The log removal values were calculated 

considering the average of total coliforms and Escherichia coli 

concentrations in the source water, in the monitoring point 

immediately below the reactive barrier (O-points), and effluents 

(E-points) for each MAR system of Palamós site (Figure 2D). 

We analyzed also other substances, namely DOC, cations and 

anions, but they are out of the focus of the present study. 
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Assesing the Reactive Barrier Efficiency  
 

We estimated first-order degradation rates (λ) and retardation 

coefficient (R) for 10 CECs at Sant Vicenç dels Horts site 

[41,49] and compared them with those reported in the literature 

from other experiments. While λs can be highly uncertain, they 

can be considered “relative measures for comparison” of results 

[50]. To this end, we measured pressure, electrical conductivity, 

and temperature at different distances from the infiltration basin. 

We also performed a pulse injection tracer test to obtain the 

residence time distribution of the recharged water at six 

monitoring points. The heads and breakthrough curves were used 

to estimate the flow and conservative transport parameters of the 

aquifer using a quasi-3D numerical model [49]. The model was 

built using the finite element code Transdens [51–53]. Secondly, 

CEC concentrations measured in the source water and nine 

monitoring points were used to estimate λ and R (in three and 

two defined subdomains, respectively) for 10 CECs [41,49]. The 

subdomains for λ estimation were BARR (reactive barrier), UZ 

(unsaturated zone), and AQF (aquifer). The subdomains for R 

estimation were BAR (reactive barrier) and UZ+AQF 

(unsaturated zone and aquifer). Pathogen indicators were not 

analyzed at the Sant Vicenç dels Horts site. 

 

At the Palamós site, we compared the reduction in the 

concentration of 58 CECs, classified into four groups namely 

UV filters, paraben preservatives, pharmaceuticals, and total 

contaminants´ load Table S2). Besides, the pathogen indicators 

(total coliforms and E. coli) were also measured along the 

reference system and compared to those obtained for the systems 

operating with the two reactive barriers to assess the efficiencies 

of these designs. 

 

Results and Discussion  
CECs Behavior  
 

Figure 3 shows the comparison among the estimated degradation 

rates, λ (A), and retardation coefficients, R (B), at Sant Vicenç 

dels Horts and those reported from other studies carried out both 

in laboratory experiments and at field sites [54–62]. Considering 
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the typical maximum duration for columns (1–2 years) and field 

experiments (10–20 years), the minimum value for λ was 

allowed to be 10
−3

, and 10
−4

 d
−1

, respectively, following the 

approach from Greskowiak et al. [63]. 

 

 
 
Figure 3: (A) First-order degradation rates (λ) (estimated for the three 

domains) and (B) retention factors (R) (estimated for two domains) at the Sant 

Vicenç dels Horts site for carbamazepine (CBZ), gemfibrozil (GMZ), 

ibuprofen (IBU), primidone (PRM), sulfamethoxazole (SMX), tolyltriazole 

(TOL), iohexol (IOHe), iomeprol (IOMe), iopamidole (IOPa), and iopromide 

(IOPr) and comparison with data from the literature obtained in field and 

laboratory column experiments. 

 

Estimated λs for the Sant Vicenç dels Horts site, operating with 

the reactive barrier, were similar to or higher than those reported 

in the literature. Indeed, the λs estimated for the reactive barrier 

subdomain (BARR) tended to be much larger than literature 

values, whereas the λs estimated for the aquifer domain (AQU) 

were comparable, suggesting the proper performance of the 

reactive barrier. Estimated Rs were also much higher than 

literature values for the barrier (BARR) and comparable for the 
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aquifer (UZ + AQU). At this site, we did not have the 

opportunity to operate the system with and without reactive 

barrier simultaneously while keeping the remaining variables 

identical to assess the performance of the barrier. However, the 

proper assessment of the barriers´ efficiency was performed at 

the Palamós site. There, we estimated removal efficiencies of the 

analyzed CECs for the reference system (T2) and the systems 

operating with the two reactive barriers (T4 and T5). For the 

sake of clarity, we compiled the information on the analyzed 

CECs grouped into four categories, as aforementioned i.e., UV 

filters (ΣUVF), paraben preservatives (ΣPBs), pharmaceuticals 

(ΣPhAC), and total load of the analyzed CECs (ΣTOTAL) 

(Table S2). 

 

Figure 4 displays the removal efficiencies for the target 

contaminants (Table S2), estimated for the reference system (T2) 

and the systems operating with reactive barriers (T4 and T5) in 

two recharge periods, i.e., January and March 2018. Overall, 

significant removal, from 40% to 100%, was observed in all 

three systems, supporting the robustness of MAR in improving 

recharged water quality. Additionally, the systems operating 

with the reactive barrier performed equally well to or better than 

the reference system, indicating that the reactive barrier was 

successful at enhancing CEC removal. However, differences 

between the two barrier types’ efficiencies were compound-

dependent. This finding was in agreement with the results 

reported from a laboratory study carried out by Bertelkamp et al. 

[64], who investigated the sorption and biodegradation behavior 

of 14 CECs in soil columns under oxic conditions. They 

concluded that the presence of ethers and carbonyl groups 

increased biodegradability, whereas ring structures, amines, 

aliphatic ethers, and sulfides hindered degradation [64]. 

 

Our results demonstrate that a reactive barrier improved the 

removal of CECs, but other options are possible. Several authors 

have reported that oxic conditions and low biodegradable 

dissolved organic carbon (BDOC) favor CECs´ degradation 

[57,65], whereas others suggest that anoxic conditions favor the 

degradation of a broader range of CECs [6,7,66–68]. Regnery et 

al. [69] proposed a method to reduce BDOC while boosting 
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aerobic conditions during MAR by coupling two MAR systems, 

riverbank filtration followed by an aeration step prior to soil 

aquifer treatment. The goal was to reduce the BDOC during the 

riverbank filtration and to induce aerobic conditions with the 

aeration, providing oxic and low-BDOC conditions to the second 

MAR system [69,70]. In our experiences, we achieved reducing 

conditions during the recharge, assuming that aerobic conditions 

would be reached in the aquifer after recharged water mixed with 

native groundwater. This approach reduces the demands on the 

technique, since only one MAR system is needed. The issue is 

not settled, but it is clear that the optimal design of a MAR 

system is driven by several factors, including the water source, 

the hydrological characteristics of the aquifer, the geographical 

situation, and land availability, among others. Therefore, it is 

desirable to have a large set of MAR configuration options to 

select the most suitable for each particular case. 

 
 

Figure 4: Removal efficiencies for organic UV filters (ΣUVF), paraben 

preservatives (ΣPB), pharmaceuticals (ΣPhAC), and total CECs (ΣTOTAL) 

estimated at the effluent of the reference system (T2), the system operating with 

the reactive barrier based on compost (T4), and the system operating with the 

barrier based on woodchips (T5) during (A) January 2018 and (B) March 2018 

recharge episodes. 

 

Pathogen Removal  
 

The barriers’ efficiency at reducing total coliforms and E. coli at 

Palamós during the recharge episode in March 2018 is shown in 

Figure 5. We compared their concentrations in the source water 

(INF) to those immediately below the vadose zone (O) and in the 

effluent (E) for the reference system (T2) and the systems 

operating with the reactive barriers based on compost and 

woodchips (T4 and T5, respectively). Figure 5 displays 

reductions between 2.5 and 5 log units for both, total coliforms 
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and Escherichia coli. (E. coli). Similar results were observed 

during other recharge episodes. Overall, few or no differences 

among the systems were observed. 

 

 
 
Figure 5: Concentrations (log MPN/100 mL) of total coliforms and Escherichia 

coli (E. coli) measured at the inflow (INF), immediately below the vadose zone 

(O-points), and effluent (E-points) of the reference system (T2, control) and the 

systems operating with reactive barriers based on compost (T4) and woodchips 

(T5) during the March 2018 recharge episode. 

 

These results suggest that the barrier did not increase the 

attenuation of pathogens beyond traditional MAR systems, and, 

therefore, the system needs to be improved. Unfortunately, 

pathogen removal has traditionally been taken for granted in 

aquifers and, as a consequence, conceptual understanding is 

limited so far. Still, much research is available in the sand 

filtration literature, both rapid and slow sand filtration (more 

relevant for MAR) [71,72]. Materials other than sand have also 

been studied. Perez-Mercado et al. [73] explored the 

performance of biochar in reducing bacterial indicators from 

wastewater, with varying success.  

While the extent of the supporting evidence is highly variable, 

the consensus is that pathogen fate is governed by two processes: 

retention and inactivation. 

 

Retention refers to the immobilization of pathogens by straining 

or adsorption [8]. Straining refers to physical blocking of 

particles at small pores, and it is often assumed to occur at pores 

smaller than the bacteria size [74]. This contradicts what is 

known about colloidal straining, where filtration is largely 

caused by the lumping of particles, but it is hard to falsify. 

Adsorption refers to the retention of particles by electrostatic 

forces (actually, the set of mechanisms is much broader, ranging 
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from diffusion into immobile water pores to the formation of 

surface complexes). Adsorption is usually explained using the 

double-, sometimes triple-layer theory. 

 

Regardless of the actual mechanism (for quantification and 

upscaling purposes, identifying the retention mechanism is 

important), several factors affect pathogen retention, including 

size and accessible surface (in practice, they are hard to separate, 

since a small grain size leads to a high specific surface), 

hydraulic gradient (rather than velocity), pH (which controls the 

surface charge of both microorganisms and mineral surfaces), 

temperature, ionic strength (which affects surface potential, so 

that both increased and reduced retentions have been reported), 

and biofilm [75]. While a unified approach needs to be 

synthesized from the extensive literature on this topic, it is clear 

that a broad range of surface types and chemical states (ionic 

strength and pH appear to be the most controlling parameters) 

favor retention [76]. 

 

Inactivation is more difficult to ascertain. Pathogens tend to die 

outside the human body, which provides optimal conditions for 

their survival. The question, therefore, is how long it takes and 

whether it can be confirmed. Inactivation may occur in the liquid 

phase or, after adsorption, in the solid phase. Numerous factors 

contribute, including pH (in general, acidic conditions facilitate 

removal), temperature (survival has been observed to decrease 

with increasing temperature), and the presence of predators [77]. 

The conclusion from these studies is that most pathogens die off 

after a few weeks of residence in the soil. However, a few form 

spores or adopt spore-like forms that become inactive under 

unfavorable conditions but “resuscitate” when these conditions 

are favorable. For these, ascertaining elimination at the solid 

phase is critical [78]. 

 

It is precisely this variability in responses that underscores the 

need to observe a range of microorganisms. Given the 

impossibility to analyze all of them, it is common to use 

“indicator microorganisms” (bacteriophages, E. coli, 

Cryptosporidium, Clostridium). 
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The presence of metals favors inactivation. Urfer [79] showed 

that the addition of aluminum to (slow) sand filters enhanced the 

removal of bacteria. This is relevant because reclaimed water is 

often rich in aluminum (generally used for promoting 

flocculation during primary wastewater treatment). This 

aluminum will not precipitate as bauxite, but as gibbsite 

[Al(OH)3] at neutral pH. Still, its trivalent state should favor 

retention and would explain why biofilm ageing increases 

pathogen retention. Park et al. [76] conducted column 

experiments with Cryptosporidium parvum oocysts (a frequent 

indicator microorganism) and found that retention was greatly 

enhanced by the presence of iron coatings on the sand medium 

and that suspended illite clay drastically enhanced oocyst 

deposition. Increasing ionic strength (up to a certain value) and 

decreasing pH also enhanced attachment efficiency. 

 

Pathogenic behavior has been studied in numerous artificial 

recharge sites. Weiss et al. [80] calculated reductions from 2 to 4 

log units for aerobic spores and 5.5 log units for total coliforms 

after travel distances between 24 and 177 m in three different 

riverbank filtration areas in the USA.  

 

Bekele et al. [81] conducted a 39-month study on changes in 

water quality during infiltration through an unsaturated zone of 9 

m and concluded that the elimination of microbial species was 

efficient: it detected adenovirus in only 6% and enteric viruses in 

4% of the samples after 4.2 days. 

 

Betancourt et al. [82] evaluated the elimination of enteric viruses 

in three artificial recharge facilities in the USA: one induced 

recharge (Colorado), an infiltration basin in Tucson, and another 

one in California. They concluded that enteric viruses group was 

below the bioanalytical method limit of detection after 5 days of 

transit time, and that residence time played a key role in the 

elimination of pathogens. The only infectious virus detected in 

the study was a reovirus. As it is difficult to associate reoviruses 

with a specific disease, they have not been paid much attention. 

However, they were found at higher concentrations than 

enteroviruses in treated and untreated wastewater, proving to be 

more resistant to UV disinfection than enteroviruses. Moreover, 
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it appears that they also survive in water for long periods of time. 

According to these outcomes, reoviruses should be monitored in 

MAR system studies. 

 

Elkayam et al. [83] studied several indicators at Shafdan (Israel), 

which recharges secondary effluent from a WWTP through 54 

infiltration basins, covering an area of 270 ha in the coastal 

aquifer of Israel. The aquifer is formed of calcareous sandstones 

with intercalations of conglomerates, silts, and clay layers. 

Aquifer thickness is 180–200 m. The unsaturated area under the 

basins is 30–40 m deep. The wells are placed in two rings around 

the basins. The first ring extracts only recharged water from the 

rafts, whereas the second extracts also between 15% and 30% of 

water from the aquifer. The system has been operating on a large 

scale for more than 30 years. The study focused on indicators of 

bacteria, pathogenic viruses, coliphages, microbial source-

tracking indicators (MST), and ARGs. The results showed a 

complete elimination of pathogenic viruses (enteroviruses, 

adenoviruses, noroviruses, parechoviruses), coliphages, and 

indicators of total and fecal bacteria and coliforms, fecal 

streptococcus, and bacteroides (MST) in the unsaturated area 

under the rafts. ARGs were detected in several wells, but they 

were also found in wells not impacted by the effluent, suggesting 

that these genes were related to the native microbial 

communities of the aquifer. 

 

Beyond the actual mechanism controlling the fate of pathogens, 

it is important to take into account that (1) the soil is a living 

organism in itself, and (2) a broad range of pathogens, with 

different properties, may be present in treated wastewater or 

other source waters. The former implies that the soil system will 

be sensitive to external perturbations and its behavior will evolve 

in time. This, together with the specificities of every 

microorganism type, may explain the broad range of often 

contradictory sets of results reported in the literature.  

 

The role of redox state has hardly been analyzed [84], which 

may reflect that most work is motivated by sand filters. Since we 

argue that a sequence of redox states improves the removal of 

CECs, it would also be desirable to understand the effect of 
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redox state on the fate of pathogens. However, the indirect 

impact of redox variability becomes apparent. Bringing the water 

back into aerobic conditions favors the oxidation of iron (ferrous 

iron is mobile, while ferric iron tends to precipitate as goethite or 

its precursors). The positively charged surfaces of ferric oxides 

should retain pathogens that are mobile in other environments 

[84]. 

 

Thick unsaturated zones consistently lead to excellent removal 

rates of pathogens, and specifically viruses. While we attribute 

this success to air–water interfaces, which tend to retain colloids, 

other factors may be at play. The thickness of the unsaturated 

zone can only be controlled by pumping or, at the design stage, 

by site selection. Unfortunately, we did not have a thick 

unsaturated zone at our Palamós pilot site. 

 

Antibiotic-Resistant Bacteria (ARB) and Antibiotic-

Resistant Genes (ARGs)  
 

Antibiotic resistance is a growing issue. Resistance is one of a 

number of consequences of the misuse and overuse of human 

and veterinary antibiotic drugs [85–88]. Antibiotics are 

substances that prevent the growth of bacteria. The term 

encompasses a wide range of pharmaceuticals with quite 

different physicochemical properties that are used in the 

treatment of bacterial infections, and also as prophylaxis for 

cattle and poultry. However, over the past decade, bacteria have 

been found to resist the drugs developed to suppress their growth 

and biological activity. In other words, bacterial strains are 

developing antibiotic resistance.  

 

According to a recent report on the occurrence of antibiotic 

resistance in the USA [89], almost 3 million antibiotic-resistant 

infections are diagnosed every year in the USA, resulting in the 

deaths of more than 35,000 people. Globally, 10 million deaths 

per year caused by antibiotic-resistant bacterial infections are 

expected by 2050. Antibiotic-resistant bacteria, along with their 

resistance genes, are spread globally among foodstuffs, animals, 

plants, people, and the environment [90]. In this context, the 

World Health Organization (WHO) proposed a holistic action 
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plan on microbial resistance involving humans and the 

environment [91], and the European Commission launched “One 

Health” as the European Action Plan to fight against 

antimicrobial resistance [92]. Additionally, the Watchlist for 

European Union monitoring defined in the Decisions 

2018/840/EU (5 June 2018) included five antibiotics to be used 

to gather occurrence data to estimate the associated 

environmental risk of certain potentially hazardous compounds 

[93]. 

 

One of the reasons why ARGs cause great concern is because 

they are related to mobile genetic elements, and can therefore be 

easily transferred among microorganisms by horizontal gene 

transfer. This transfer can occur from bacteria, phages, free 

DNA, and dead cells to living cells [94]. 

 

WWTPs, in particular those treating urban sewage, have been 

recognized as one of the major receptors/sources of antibiotic 

resistance in the environment [88]. Even worse, ARGs may be 

enhanced in WWTPs [88]. The relationship between residual 

antibiotics in WWTPs and ARGs remains unclear. According to 

some studies, the presence of antibiotic residues during 

wastewater treatment may influence antibiotic resistance 

[87,95,96]. In contrast, other authors have pointed out that no 

correlation exists between the load of antibiotic residues in 

WWTPs and ARG abundance [97]. Nevertheless, a strong 

relationship between clinical and environmental antibiotic 

resistance has been reported. Temperature and humidity have 

been identified as two key factors controlling antibiotic 

resistance.  

 

Since WWTPs are implicated as hotspots for the dissemination 

of antibiotic resistance into the environment and secondary 

effluents display higher relative abundance than the influents 

[98], it is important to assess whether ARGs could be reduced 

during soil aquifer treatment. Lack of a solid conceptual model 

for the fate of ARGs makes any proposal highly conjectural. 

However, some pieces of side evidence appear hopeful. The 

generation of anaerobic areas should help because the activity of 

microorganisms is reduced and the transfer of ARG is inhibited 
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[99]. The presence of plants has proven efficient at removing 

ARGs in constructed wetlands [100]. The plant species selection 

deserves further research. In a recent study, the addition of 

biochar to soil resulted in notable changes in the microbial 

community, and these changes were different depending on the 

type of biochar used [101]. Changes in bacterial phylogenetic 

compositions can result in a change of ARGs. Therefore, the use 

of biochar as a component of reactive barriers might reduce 

ARGs. Nanotechnology may also be tested in MAR systems by 

including new nanomaterials in the infiltration pathway. To date, 

a few studies have pointed out the capability of selected 

nanomaterials to eliminate both ARB and ARGs [102]. 

 

Public Acceptance of MAR  
 

A positive perception of MAR by the public is essential for its 

smooth implementation as a feasible and effective solution to 

increase water resources. The results of a public consultation 

about the use of treated wastewater in MAR operations were 

published recently [103]. Among the opposed respondents, the 

major concern was the lack of confidence in the wastewater 

treatment effectiveness before recharge. It is feared that if 

chemical and biological contaminants are recalcitrant to the 

treatments, recharge with WWTP effluents will lead to 

worsening groundwater quality. This kind of concern has led to 

broad negative public opinion on water reuse in general [104]. 

Negative perceptions may lead to failure [105–107]. 

 

In this regard, the implementation of operational strategies or 

designs to increase pathogen attenuation, chemical contaminant 

removal, and ARB and ARGs mitigation in MAR systems would 

facilitate public acceptance. If pilot studies are undertaken and 

results are successful, the MAR benefits supported by reliable 

scientific information should be stated and reasonably presented 

to the public. It is likely that the availability and understanding 

of this information will facilitate their positive perception and 

ultimately achieve public support.  

 

Our concern, however, is that this may not suffice in times of 

“post-truth” and “fake news”. Traditional approaches are needed: 
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working with community organizations, promoting positive local 

media coverage of projects involving MAR, giving messages in 

clear non-technical language emphasizing its benefits and safety, 

offering public visits to the facilities, etc. Additional avenues of 

action that are specific to MAR include:  

 

 MAR (re)naturalizes water in that water quality 

improvement processes make it hard to distinguish from 

natural water; 

 Infiltration basins are beautiful, especially when covered 

with vegetation (Figure 2). This, together with the relatively 

large surface area of infiltration basins, suggests integrating 

them as part of landscape and territorial planning. 

 

Conclusions and Current/Future Challenges in 

MAR  
 

Our work supports the extensive literature body on water quality 

improvement during soil passage. Specifically, adding a reactive 

barrier improved the removal of chemical contaminants. Still, 

pathogen attenuation is significant (2–5 log units in our case), 

but was not particularly improved by the addition of the reactive 

barrier. Therefore, further improvement in the design of the 

reactive barriers and the operation of the system is needed.  

 

We have discussed several options to enhance the degradation of 

recalcitrant chemical contaminants and the mitigation of 

pathogens. These include new compositions of the reactive 

barrier to broaden the types of sorption surfaces (biochar, zeolite, 

etc.), addition of metals to promote pathogen inactivation, 

implementation of thicker unsaturated zones to increase 

pathogen retention, and changes in the system operation to favor 

ferric oxide precipitation to create positively charged surfaces for 

further pathogen attenuation. We will test these approaches in 

the coming years at the Palamós pilot site and will assess the 

performance of the optimized system through the monitoring not 

only of CECs and pathogens, but also the development of 

antibiotic resistance, a serious emerging concern nowadays.  
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Public support must be achieved for the broad success of MAR. 

In the current context of climate change, where events of water 

scarcity and floods are occurring daily, improving water quality 

and increasing its quantity deserve determined action. 
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