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Abstract 19 

The presence of ecotones in transition zones between geological strata (e.g. layers of 20 

gravel and sand interbedded with layers of silt in distal alluvial fan deposits) in aquifers 21 

plays a significant role in regulating the flux of matter and energy between compartments. 22 

Ecotones are characterised by steep physicochemical and biological gradients and 23 

considerable biological diversity. However, the link between organic pollutants and 24 

degradation potential in ecotones has scarcely been studied. The aim of this study is to 25 
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relate the presence of ecotones with the dehalogenation of chloroethenes. A field site 26 

was selected where chloroethene contamination occurs in a granular aquifer with 27 

geological heterogeneities. The site is monitored by multilevel and conventional wells. 28 

Groundwater samples were analysed by chemical, isotopic and molecular techniques. 29 

The main results were as follows: 1) two ecotones were characterised in the source area, 30 

one in the upper part of the aquifer and the second in the transition zone to the bottom 31 

aquitard, where the aged pool is located; 2) the ecotone located in the transition zone to 32 

the bottom aquitard has greater microbial diversity, due to higher geological 33 

heterogeneities; 3) both ecotones show the reductive dehalogenation of 34 

perchloroethylene and trichloroethylene; and 4) these ecotones are the main zones of 35 

the reductive dehalogenation of the pollutants, given the more reductive conditions at 36 

the centre of the plume. These findings suggest that ecotones are responsible for natural 37 

attenuation, where oxic conditions prevailed at the aquifer and bioremediation strategies 38 

could be applied more effectively in these zones to promote complete reductive 39 

dehalogenation. 40 
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1. Introduction 53 

Chlorinated solvents, such as perchloroethylene (PCE) and trichloroethylene (TCE), are 54 

widely used as degreasing solvents and are among the most common industrial 55 

pollutants in developed countries across the world (Stroo et al., 2012). Spillages of 56 

chlorinated solvents migrate as dense non-aqueous phase liquids (DNAPLs), which 57 

constitute a source of pollution in the unsaturated zone and aquifers. The intrinsic 58 

characteristics of the sources are responsible for their long life and associated 59 

groundwater plumes (Pankow and Cherry, 1996), which are toxic even at low 60 

concentrations (Moran et al., 2006). Due to the risk of cancer as a result of exposure to 61 

PCE, TCE and vinyl chloride (VC), European guidelines on drinking water dictate that 62 

the sum of PCE and TCE must not exceed 10 μg/L and that the concentration of VC 63 

must not exceed 0.5 μg/L (Directive Council, 98/83/EC, 1998). 64 

DNAPL mass distribution and plume morphology are strongly controlled by geological 65 

(Guilbeault et al., 2005), hydrogeological and biogeochemical heterogeneities (McMahon 66 

and Chapelle, 2008). These heterogeneities affect the distribution and development of 67 

microbial communities (Yang and McCarty, 2000) and their activity (Hakenkamp et al. 68 

1994; Russell et al., 1994; Brockman and Murray, 2006). In the subsurface, ecotones 69 

are biogeochemical and microbial heterogenous zones of high richness and biological 70 

activity (Gosz, 1993) located in the contact zones between different habitats or 71 

ecosystems, e.g. the capillary oscillation fringe or contact surfaces between different 72 

lithological materials with textural contrasts ( Goldscheider et al., 2006; Puigserver et al., 73 

2013; Griebler et al., 2014; Griebler and Avramov, 2015). At a site in La Pineda (Camp 74 

de Tarragona, NE Spain), Puigserver et al. (2013) demonstrated that the transition zone 75 

from a granular aquifer to a bottom aquitard in the plume constituted an ecotone where 76 

numerous biogeochemical processes coexisted. In this ecotone, layers of fine-grained 77 

sediments exhibited more developed microbial communities and greater microbial 78 

diversity than layers of coarser grained sediments. Groundwater flow through the more 79 
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conductive layers in this transition zone supplied nutrients, contaminants and electron 80 

donors, leading to the biodegradation of the dissolved chlorinated solvents (Puigserver 81 

et al., 2020). 82 

Chloroethenes may be recalcitrant (i.e. they are resistant to being broken down 83 

through chemical processes and last for several decades or longer in the environment, 84 

Pankow and Cherry, 1996). However, under anoxic conditions they can be transformed 85 

through reductive dehalogenation (Maymó-Gatell et al., 1997). During this process, 86 

chloroethenes are used as electron acceptors and tend to be less easily dehalogenated 87 

as the number of chlorine substituents decrease. This process takes place by sequential 88 

dehalogenation from PCE to TCE, to dichloroethylene (cisDCE, the most common 89 

metabolite; Pant and Pant, 2010), to VC and then to ethene or ethane (Vogel et al., 1987; 90 

Tiehm and Schmidt, 2011). Reduced conditions, from nitrate-reducing to methanogenic, 91 

are required to completely dehalogenate these compounds (Maymó-Gatell et al., 1995; 92 

Hoelen and Reinhard, 2004; Wei and Finneran, 2011; Němeček et al., 2017). 93 

Specifically, the reductive dehalogenation of PCE may take place under nitrate-reducing 94 

conditions (van der Zaan et al., 2010), TCE requires Mn- and Fe-reducing conditions, 95 

DCE isomers need sulphate-reducing conditions and VC occurs under methanogenic 96 

conditions (Chapelle and Bradley, 2003; Weatherill et al., 2018). Therefore, a significant 97 

amount of electron donors is needed to achieve substantial dehalogenation (Aulenta et 98 

al., 2007). Nevertheless, the reductive dehalogenation process can be partial or wholly 99 

inhibited in the presence of nitrate and sulphate, which are common co-contaminants in 100 

groundwater, because these compounds (as well as Mn4+ and Fe3+) compete as electron 101 

acceptors with chloroethenes. In addition to anaerobic dehalogenation pathways, the 102 

oxidative dehalogenation of TCE, isomers of DCE and VC, may also occur (Bradley and 103 

Chapelle, 2010; Dolinová et al., 2017). 104 

Although changes in concentrations of contaminants, co-contaminants and 105 

metabolites help to identify the processes and microorganisms involved in degradation, 106 
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compound-specific isotope analysis (CSIA) and specifically multi-element isotope 107 

analysis of chlorinated solvents, nitrate and sulphate has been applied as an efficient 108 

tool to: i) distinguish between sources of DNAPLs; ii) discern the processes responsible 109 

for the fate of chloroethenes, nitrate and sulphate in the environment (Aravena and 110 

Mayer, 2010; Hunkeler and Aravena, 2010); and iii) provide direct proof for the in situ 111 

biological degradation of these compounds (Aravena and Mayer, 2010). Generally, the 112 

oxidative dehalogenation of chloroethenes gives rise to lower isotopic enrichment than 113 

reductive dehalogenation (Hunkeler and Morasch, 2010). This is especially true for the 114 

oxidative dehalogenation of DCE isomers and VC. However, in some cases PCE and 115 

TCE may show small enrichment factors during reductive dehalogenation (Hunkeler and 116 

Morasch, 2010), which can easily lead to this process being underestimated.  117 

The reductive dehalogenation of PCE and TCE to cisDCE can be carried out by 118 

a wide range of microorganisms, such as Dehalococcoides, Geobacter, Dehalobacter, 119 

Desulfitobacterium, Sulfurospirillum, Anaeromyxobacter, Desulfomonile, Desulfovibrio, 120 

Desulfuromonas and Dehalogenimonas spp. (Atashgahi et al., 2016; Nijenhuis and 121 

Kuntze, 2016; Dolinová et al., 2017). However, only Dehalococcoides spp. has been 122 

described as capable of the complete reductive dehalogenation of PCE to ethene 123 

(Maymó-Gatell et al., 1997; Zinder, 2016). Moreover, some oxidising microorganisms 124 

have been identified as able to oxidise chloroethenes to CO2, e.g. one-carbon 125 

compounds (Fitch et al., 1996; Semprini, 1995), ethene (Verce et al., 2001), propane 126 

(Malachowsky et al., 1994), propene (Reij and Kieboom, 1995), aromatic compounds 127 

such as toluene (Mars and Houwing, 1996; Shim et al., 2001), ammonium (Vannelli et 128 

al., 1990), isopropene (McCarty et al., 1994) and VC (Verce et al., 2002). 129 

Different molecular techniques have been used to investigate the complexity of 130 

reductive dehalogenation processes in microbial systems. To characterise the microbial 131 

consortia in the presence of chlorinated solvents, terminal restriction fragment length 132 

polymorphism (T-RFLP) has been used efficiently in laboratory experiments (Flynn et 133 
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al., 2000; Révész et al., 2006; Mészáros et al., 2013) and in field studies (Richardson et 134 

al., 2002; Lendvay et al., 2003; Macbeth et al., 2004; Rahm et al., 2006). As 135 

Dehalococcoides spp. only constitutes a small fraction in the microbial consortia, 136 

polymerase chain reaction (PCR) with specific primers targeting 16S rDNA or functional 137 

genes (RDase) is routinely used to determine their presence or absence in field samples 138 

(e.g. Nijenhuis et al., 2007; Abe et al., 2009; Hunkeler et al., 2011). 139 

This study seeks to improve understanding of subsurface ecotones and their role 140 

in biogeochemical dehalogenation processes that affect the fate of groundwater 141 

dissolved chloroethenes. To this end, a site with a Mediterranean alluvial fan aquifer 142 

affected by PCE contamination was chosen and two working hypotheses were 143 

formulated: i) The contact zones between aquifers and aquitards constitute ecotones 144 

that play a key role in the dehalogenation of dissolved chloroethenes, and ii) Reductive 145 

dehalogenation can be favoured, especially in the centreline of a plume where a 146 

transition zone between the aquifer and the bottom aquitard exists. 147 

To verify these hypotheses, hydrochemical analysis, isotope analysis of 148 

chloroethenes, nitrate and sulphate, T-RFLP and biomarkers of dehalogenation 149 

processes were used to evaluate in situ degradation and obtain different forms of 150 

evidence regarding the active processes. 151 

2. Site description 152 

Chloroethene contamination at the site has affected a confined aquifer comprising 153 

Pliocene prograding alluvial fan deposits (IGME, 1994; IGC, 1996). Groundwater 154 

pollution was detected in 1980, although it is not known when contamination occurred. 155 

The main contaminant is PCE, which was used as a degreaser at a nearby automotive 156 

plant. The source of contamination probably originated in the dumping of a PCE-free 157 

phase into a hollow next to the plant. Remediation measures have not been 158 

implemented, with the exception of the monitoring of natural attenuation. Groundwater 159 
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contamination has resulted in concentrations of PCE that were still high in 2011 (110 μM; 160 

(Puigserver et al., 2016). Furthermore, agricultural activities upgradient of the source 161 

have traditionally used manure as a fertiliser, which has led to diffuse nitrate pollution in 162 

the aquifers of the region. 163 

 164 

Fig. 1: Location map (Vilafant, Catalonia, Spain), piezometric map, monitoring network 165 

of conventional and multilevel piezometers F1UB and F2UB, and industrial buildings. 166 

The monitoring network consists of 12 conventional piezometers installed by the 167 

Catalan Water Agency (ACA, Fig. 1). In addition, two boreholes (B-F1UB and B-F2UB, 168 

located at the source) were drilled by the Hydrogeology research group of the University 169 

of Barcelona in January 2011 and were subsequently equipped as multilevel 170 

piezometers (F1UB and F2UB, with five sampling ports each). Multilevel piezometers 171 

F1UB and F2UB and conventional piezometer S3 are located in the source area, while 172 

conventional piezometers S1, S2, S5, S6, S7, S8, S10 and S11 are located in the plume 173 

(Fig. 1). All conventional piezometers screen the whole aquifer until the basal aquitard, 174 

except S1 and S2 which only screen the first meter of the aquifer. 175 
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2.1. Hydrostratigraphic units distinguished in the subsurface 176 

A detailed core description of boreholes B-F1UB and B-F2UB was used to carry out the 177 

hydrostratigraphic analysis of the subsurface of the site (Puigserver et al., 2016). 178 

Accordingly, five hydrostratigraphic Pliocene units were distinguished from surface to 179 

bottom: 1) the unsaturated zone, which is made up of gravels and coarse, medium and 180 

fine sands; 2) the upper discontinuous thin aquitard, mostly consisting of clays and 181 

crossed by subvertical fractures and microfractures; 3) the upper part of the aquifer, 182 

where layers of gravels dominate over sands (of these layers, up to 27% have a silty-183 

clayey to clayey matrix, with non-negligible contents of particulate organic matter) and 184 

there are some layers of fine sands and silts that also contain organic matter (hydraulic 185 

conductivities of the unit oscillate between 10 and 20 m/day); 4) the lower part of the 186 

aquifer, which comprises a transition zone to the bottom aquitard, which is made up of 187 

layers of sands and gravels with numerous interbedded sand and silt layers of limited 188 

lateral extension and variable amounts of particulate organic matter, whose hydraulic 189 

conductivities oscillate between 1 to 10 m/day; and 5) the bottom aquitard, which 190 

consists of fine laminar sands and silts crossed by a dense network of subvertical 191 

microfractures that interconnect millimetre-centimetre-scale interbedded layers of 192 

medium to coarse sands. Multilevel piezometers F1UB and F2UB and most of the 193 

conventional piezometers reach the top of the bottom aquitard. 194 

Hydrostratigraphic units 1, 2 and 3 as a whole (unsaturated zone, upper aquitard 195 

and upper part of the aquifer) constitute the paleochannels that make up the prograding 196 

alluvial fans, while unit 4 (the transition zone) constitutes the sheet floods of the 197 

prograding system. Gravel paleochannels act as drainage lines, coinciding with the 198 

general flow towards the northeast, as shown in Fig. 1. The average fluctuation of the 199 

potentiometric level during the year is 1.5 m and the average gradient is 0.041 200 

(Puigserver et al., 2016). 201 
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2.2. Biogeochemistry of the sediment cores 202 

Puigserver et al. (2016) characterised the distribution of chloroethenes in the porewater 203 

of fine sediments at the source (B-F1UB and B-F2UB) as well as of organic carbon, 204 

manganese, iron and microbial richness. High concentrations of chloroethenes were 205 

located immediately below the contact upper aquitard-upper part of the aquifer (depths 206 

of 4.80 and 4.51 m for B-F1UB and B-F2UB, respectively) and in the lower part of the 207 

aquifer, including the transition zone to the bottom aquitard, reaching concentrations of 208 

up to 112.86 μmol PCE/L. Degradation haloes of PCE were identified with greater 209 

presence of TCE than cDCE. 210 

Particulate organic matter, expressed as organic carbon fraction (%), was 211 

generally higher in the fine-grained sediments, although significant declines in this 212 

parameter (with minimum values of 0.001%) resulted from the consumption of organic 213 

matter as a donor of electrons in the biogeochemical processes identified (denitrification, 214 

reductive dehalogenation and sulphate reduction). Likewise, significant variations in 215 

manganese and iron were observed in these sediments (with maximum values of 33.9 216 

and 667.0 μmol/g, respectively). The redox conditions in the lower part of the aquifer 217 

reached those corresponding to the reduction of Mn, Fe and sulphate. Microbial 218 

communities showed higher richness in the lithological contrasts at the top and bottom 219 

of the aquifer compared to nearby communities. 220 

3. Materials and methods 221 

3.1. Groundwater sampling 222 

Groundwater samples were taken with an Eijkelkamp peristaltic pump with a Teflon pipe 223 

(with an external diameter of less than 9.5 mm) in the case of Solinst-Canada multilevel 224 

well CMT system (7 ports) and an Integra Solinst Bladder pump with flow regulator in the 225 

case of the conventional wells. The maximum flow used during field parameter analysis 226 
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and sampling was 0.2 L/min. Dissolved oxygen (DO), temperature (T), redox potential 227 

(Eh), pH and electrical conductivity were determined by electrodes in a flow cell 228 

(SolinstTM) in the field before taking any samples. 229 

Aqueous samples of volatile organic compounds (VOCs) for concentration 230 

analysis were collected in 100 mL glass serum bottles (SUPELCO analytical). Aqueous 231 

samples for carbon isotope of VOCs and for total organic carbon dissolved in 232 

groundwater (TOC) analysis were collected in 120 mL amber screw cap bottles 233 

(SUPELCO analytical). Pyrex glass bottles were used for groundwater analysis of 234 

15NNITRATE, 18ONITRATE and 34SSULPHATE and 18OSULPHATE. Major anions and bicarbonate 235 

samples were filtered (0,45 µm pore size) and collected in 150 mL translucent plastic 236 

bottles. Major cations and metals samples filtered (0,45 µm pore size) and were collected 237 

in 14 mL transparent plastic vials. Samples were conserved at 4 ºC. Molecular samples 238 

were filtered with 0.2 μm pore (millipore, IsoporeTM membrane filters) and frozen below 239 

-20 ºC. In all cases, the sampling and conservation protocols were followed as presented 240 

in Puls and Barcelona (1996) and Johnston (2006). 241 

3.2.  Analytical chemistry methods 242 

Water samples were analysed in the laboratories of the Scientific and Technological 243 

Centres of the University of Barcelona (ISO 9001:2015). Water samples were analysed 244 

by inductively coupled plasma optical emission (ICP-OES) for major cations. Anions 245 

were analysed by ion chromatography. Trace elements were analysed by inductively 246 

coupled plasma mass spectrometry (ICP-MS), while total organic carbon was analysed 247 

using the TOC analyser TOC-5000 (Shimadzu). VOCs in groundwater were analysed by 248 

gas chromatography-mass spectrometry (GC-MS). The determination of δ13C in VOCs 249 

was carried out by gas chromatography combustion isotope ratio mass spectrometry 250 

(GC-C-IRMS) in accordance with the protocol described by Palau et al. (2007). The 251 

pretreatment protocols used in order to determine the isotope content were those 252 



11 

 

indicated in Dogramaci et al. (2001) for 34SSULPHATE and 18OSULPHATE and in Silva et al. 253 

(2000) and Fukada et al. (2003) for 15NNITRATE and 18ONITRATE precipitates. These 254 

samples were analysed by isotope ratio mass spectrometry (IRMS). 255 

3.3. Molecular analysis 256 

Groundwater samples were analysed in the laboratoriesof the UFZ-Helmholtz Centre 257 

(Leipzig). DNA was extracted from the filters with the kit UltraClean Soil DNA (MoBio) 258 

following the manufacturer’s protocol. Specific primers 582f (CTG TTG GAC TAG AGT 259 

ACA GC ) and 728r (GTG ACA ACC TAG AAA ACC GCC TT) and the PCR programme 260 

described in Löffler et al. (2000) were used to detect Dehalococcoides spp. 261 

In order to perform T-RFLP, a 16S rDNA PCR was performed with 27fam (primer 262 

27f fluorescent, AGA GTT TGA TC(A/C) TGG CTC AG) and 1492r 263 

(GCYTACCTTGTTACGACTT) with the following PCR programme: an initial 264 

denaturation step at 95°C, 15 min, followed by 30 cycles of denaturation at 94°C for 45 265 

s; annealing at 52°C for 45 s; elongation at 72°C for 2 min; last step at 72°C for 15 min. 266 

The PCR product was purified with Kit Wizard® Genomic DNA (Promega). Each sample 267 

was digested in duplicates with restriction enzymes HaeIII, HhaI and MspI with the 268 

corresponding buffers. Subsequently, the sample was obtained as dried DNA. 269 

The dried DNA was dissolved with Hi-DiTM Formamid (Applied Biosystems) with 270 

the standard GeneScan™ 500 ROX™ and was analysed with 3100 Genetic Analyzer 271 

(Applied Biosystems). In order to obtain the length of the different fragments (labelled 272 

terminal restriction fragments or T-RFs), the software Peak scanner or Genemapper 3.7 273 

Software (Applied Biosystems) was used. 274 

3.4. Treatment and interpretation of T-RFLP data 275 

The T-RFLP results were used to determine the microbial richness and the degree of 276 

development. Microbial diversity (richness) was assessed in terms of the number of 277 
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restriction fragments (RF) larger than 50 bp and constituting more than 1% of the total 278 

area. Of the three different results (one for each restriction enzyme), the highest was 279 

taken as valid. According to Liu et al. (1997) and Marsh et al. (2000), actual microbial 280 

diversity is three or four times higher than the number of RF. The density of the microbial 281 

community (degree of development) was estimated by averaging the total area of the RF 282 

larger than 50 bp and greater than 1% and then standardising in a scale from 0 to 10. 283 

The results of this parameter were treated as semi-quantitative data in accordance with 284 

Bruce (1997) and Liu et al. (1997). A cluster analysis using Ward’s algorithm was 285 

performed to determine the similarity between microbial communities (Murtagh and 286 

Legendre, 2011). 287 

From the results of the T-RFLP analysis focusing on three different restriction 288 

enzymes, the presence of microorganisms belonging to a specific ecological putative 289 

function was determined, important from the perspective of chlorinated solvent 290 

biodegradation (Table S1). The assignment of potential microorganisms was achieved 291 

using the phylogenetic assignment tool (PAT) described by Kent et al. (2003). The 292 

database of microorganisms was extended from those of the webpages of 293 

www.insilico.ehu.eus (Bikandi et al., 2004) and www.mica.ibest.uidaho.edu (Shyu et al., 294 

2007). 295 

Beyond the presence or absence of a particular species or family, the potential 296 

of a determined reaction event was assessed. Given their potential interactions with the 297 

dehalogenation processes, the occurrence of nitrification, metal oxidation (Fe2+ and 298 

Mn2+), sulphide oxidation, methane oxidation, denitrification, metal reduction (Fe3+ and 299 

Mn4+) and sulphate reduction were studied (Table S1). The occurrence of 300 

methanogenesis was not determined due to the need to perform a specific study of 301 

Archeobacteria and the lack of strong reducing conditions. 302 
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4. Results and discussion 303 

4.1. Biogeochemical processes occurring in the source area 304 

4.1.1. Degradation processes of redox-sensitive species, redox-dominant 305 

conditions and redox zonation 306 

A sequential redox zone configuration with depth is evident in the source area. Dominant 307 

redox conditions occur at each of these depths, mainly due to the concurrence of the 308 

following factors in the subsurface environment: i) particular geological and 309 

hydrogeological characteristics; ii) the bioavailability of different electron acceptors and 310 

nutrients; and iii) the existence of organic matter as a carbon source as well as energy 311 

for the microbial communities responsible for biogeochemical processes taking place (to 312 

which a putative ecological function is attributed). 313 

The upper part of the aquifer (ports 3 of F1UB and F2UB multilevel piezometers) 314 

is mainly made up of thick layers of coarse-grained sediments (gravels and sands) with 315 

no matrix (see section 2.1). However, interbedded between these sediments at different 316 

depths, some thinner layers of gravels and sands with a silty-clayey and clayey matrix 317 

occur, although there are also layers formed by fine-grained sediments (fine sands and 318 

silts). High textural contrasts occur along the geological contact between the sediment 319 

layers with a fine matrix (and fine-grained sediments) and the gravel and sand layers 320 

with no matrix. These textural contrasts give rise to significant differences in hydraulic 321 

conductivity, resulting in much higher groundwater flow in gravels and sands with no 322 

matrix. Such flow along the geological contact of textural contrasts slowly dissolves the 323 

residual DNAPL-PCE at these depths (Puigserver et al., 2016), with dissolved PCE 324 

acting as an electron acceptor (Fig. 2, 1E and 2E). Furthermore, groundwater flow 325 

through coarse sediments without a matrix supplies other substances necessary for 326 

microorganisms from areas upgradient of the source, such as DO, nitrate and sulphate 327 

(Fig. 2, 1B,C,D and 2B,C,D), which together with oxidised minerals of Mn and Fe also 328 
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act as electron acceptors (section 2.2). Moreover, groundwater flow provides nutrients 329 

and dissolved organic matter, expressed as TOC (Fig. 2, 1B and 2B). This TOC, in 330 

addition to the natural particulate organic matter in the gravel and sand layers with a fine 331 

matrix and in the fine-grained sediment layers (section 2.1), acts as a carbon source and 332 

electron donor for microorganisms living in the contrast zones. All these factors give rise 333 

to the higher development of the microbial communities (Fig. 2, 1G and 2G) undertaking 334 

the biogeochemical processes in the aquifer at the depths where these textural contrasts 335 

occur. 336 

Denitrification processes in the presence of non-negligible concentrations of 337 

dissolved oxygen (Fig. 2, 1B and 2B) occur in ports 3 of F1UB and F2UB, as confirmed 338 

by the high concentrations of nitrite and isotopic values of δ15N and δ18O for nitrate (Fig. 339 

2, 1C and 2C). Moreover, the presence of Mn-reduction processes was confirmed by a 340 

higher concentration of Mn2+ in ports 3 compared to ports 4 of F1UB and F2UB (Fig. 2, 341 

1A and A). 342 

Fe-reducing, Mn-reducing and sulphate-reducing bacteria (Table 1) in highly 343 

oxidant conditions prove that anaerobic reactions can be carried out by biofilms adapted 344 

to oxic conditions (Atlas and Bartha, 2002). Given the apparent contradiction between 345 

the presence of sulphate-reducing bacteria and the absence of evidence of sulphate 346 

reduction at the top of the upper part of the aquifer (constant concentration and absence 347 

of isotopic fractionation of sulphate, Fig. 2, 1D and 2D), it can be confirmed that sulphate 348 

reduction is not a constant process over time as it occurs only when biogeochemical 349 

conditions are favourable. 350 

In the central part of the saturated zone (ports 4 and 5 of multilevel piezometers), 351 

which is predominated by medium to coarse gravel and sand, the flow velocity is higher. 352 

This favours a lower time of interaction between water and rock and consequently the 353 

conditions retain a more oxidant character over time (Fig. 2, 1A,B,C,D and 2A,B,C,D). In 354 

addition, TOC concentrations and organic carbon from the soil are very low, resulting in 355 
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microbial communities remaining less developed (Fig. 2, 1G and 2G). Moreover, none 356 

of the ecological putative functions studied have been detected (Table 1). 357 

The decrease in hydraulic conductivity in the transition zone to the bottom 358 

aquitard is a consequence of the intrinsic characteristics of the material, as wells induced 359 

by the loss of porosity during DNAPL emplacement obstruct the flow through these 360 

materials (McWorther and Kueper, 1996). This hinders the oxygenation of the zone, 361 

which propitiates anaerobic conditions due to the presence of organic compounds, as 362 

shown in port 7 from multilevel piezometers F1UB and F2UB and piezometer S3 363 

There is evidence of: 1) denitrification, due to the increase in nitrite and isotopic 364 

enrichment of nitrate (Fig. 2, 1C and 2C); 2) Mn- and Fe- reduction, due to the increase 365 

in Mn2+ and Fe2+ in groundwater (Fig. 2, 1A and 2A), the presence of potential metal 366 

reducers and the decrease in Mn and Fe in sediments; and 3) sulphate reduction, given 367 

the decrease in sulphate concentration and the isotopic enrichment of sulphate (Fig. 2, 368 

1D and 2D). Although we did not observe sulphate-reducing bacteria in the groundwater 369 

of the transition zone to the bottom aquitard (Table 1), a sulphate-reducing bacteria must 370 

be present in the sediment. 371 

 372 



16 

 

 373 



17 

 

.Fig. 2: Depth profiles of Eh (mV) and concentrations of Mn2+and Fe2+ (mg/L) (1A and 374 

2A), DO and dissolved TOC (mg/L) (1B and 2B), NO3
- and NO2

- (mg/L) (1C and 2C), 375 

SO4
2- (mg/L) (1D and 2D), PCE (μmol/L) (1E and 2E) and TCE and cisDCE (μmol/L) (1F 376 

and 2F). Depth profiles of isotopic compositions (δ ‰) of nitrate (1C and 2C), sulfate (1D 377 

and 2D) and PCE (1E and 2E). Depth profiles of richness and degree of development in 378 

the microbial communities, and presence or absence of Dehalococcoides spp (Dhc) (1G 379 

and 2G). SZ: saturated zone; UPA: Upper Part of the Aquifer; TZBA: Transition Zone to 380 

Basal Aquitard; BA: Basal Aquitard. 381 

Table 1: Relationship of ecological putative function with absence (-) or presence (+) of 382 

microorganism genera / operational taxonomic units. (++): two genera capable of 383 

performing an ecological putative function and / or a genus with a strict ecological 384 

function. (+++): three or more genera. See table S1 from supporting information for 385 

displayed data of each genus detected. 386 

 387 

4.1.2. Reductive dehalogenation and oxidative degradation of chloroethenes 388 

At the top of the upper part of the aquifer (port 3 from multilevel piezometers F1UB and 389 

F2UB), the presence of both Dehalococcoides and a slightly fractionated PCE (Fig. 2, 390 

1E,G and 2E,G) suggests that there is reductive dehalogenation of PCE when the 391 

biogeochemical conditions of the environment are favourable. Otherwise, the presence 392 

of methane-oxidising bacteria (Table 1) and the decrease in TCE and cisDCE in 393 

groundwater (Fig. 2, 1F and 2F) suggests oxidative biodegradation processes of TCE 394 

and cisDCE are taking place. 395 

Dehalococcoides was detected in one of the multilevel wells in the central part of 396 

the aquifer (Fig. 2, 1G and 2G, port 5). However, the lack of metabolites of 397 

 Group cluster A Group cluster B 

Ecological putative 
function 

Port 3 
(F1UB) 

Port 7 
(F1UB) 

Port 3 
(F2UB) 

Port 7 
(F2UB) 

Port 5 
(F1UB) 

Port 5 
(F2UB) 

Oxidizers of Fe2+ and 
Mn2+ 

(+) (+++) (++) (+++) (-) (-) 

Oxidizers of sulfide (+) (+++) (-) (+++) (-) (-) 

Oxidizers of methane (++) (+) (++) (+++) (-) (-) 

Reducers of Fe3+ and 
Mn4+ 

(++) (+) (++) (++) (-) (-) 

Sulfate-reducers (+++) (-) (++) (-) (-) (-) 
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dehalogenation (Fig. 2, 1F and 2F) suggests that dehalogenation is not carried out. 398 

Therefore, the mobilisation of residual PCE has been produced by the physical 399 

mechanisms of progressive dissolution by groundwater flow without any degradation 400 

processes, due to the essentially oxidant conditions. 401 

The reductive dehalogenation of PCE takes place in the transition zone to the 402 

bottom aquitard of F1UB. This process is potentially undertaken by Dehalococcoides 403 

spp., as confirmed by the isotope fractionation of PCE and the increase in TCE 404 

concentration in both groundwater (Fig. 2, 1E,F,G and 2E,F,G) and porewater (section 405 

2.2)(Puigserver et al., 2016)(Puigserver et al., 2016)(Puigserver et al., 2016). 406 

Nevertheless, absence of Dehalococcoides spp. and no isotope fractionation of PCE has 407 

been detected in port 7 of F1UB (Fig. 2, 1E,G), suggesting that the high concentration of 408 

PCE is toxic to this species. Otherwise, there is the reductive dehalogenation of PCE, 409 

due to the high concentration of TCE in both groundwater (Fig. 2, 1F and 2E,F,G) and 410 

porewater (section 2.2). This process is probably carried out by the presence of a biofilm 411 

given their resistance to high toxicity (Harrison et al., 2007; Schaefer et al., 2010) and 412 

the presence of organohalide-respiring bacteria with minimal capacity to biodegrade 413 

PCE to cisDCE  (Smidt and de Vos., 2004; Chang et al., 2011). Moreover, the fact that 414 

the isotope fractionation of PCE is minimal or non-existent in the zone of the transition 415 

zone to the bottom aquitard in F1UB can be attributed to a masking process via the 416 

continuous dilution of the source’s DNAPL (Braeckevelt et al., 2012). 417 

4.1.3. Ecotone between upper discontinuous thin aquitard and upper part of the 418 

aquifer 419 

This ecotone is located just beneath the contact between the upper aquitard and the 420 

upper part of the aquifer (Figure 3). Its existence is supported by the existence of a 421 

microbial community with a greater degree of development and richness than the 422 

communities at the centre of the aquifer (Fig. 2, 1G and 2G). Moreover, there is evidence 423 
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of the presence of microorganisms that potentially oxidise Mn, Fe, sulphide and methane 424 

and reduce Mn, Fe and sulphate (Table 1), alongside the presence of Dehalococcoides 425 

(Fig. 2, 1G and 2G). 426 

Despite the oxic conditions observed in this interface (Fig. 2, 1B and 2B), there 427 

is evidence of Mn reduction, denitrification, reductive dehalogenation of PCE and 428 

oxidative dehalogenation of PCE metabolites (sections 4.1.1 and 4.1.2). In contrast to 429 

the situation in this zone, no reductive or oxidative process has been detected in the 430 

centre of the upper part of the aquifer. 431 

4.1.4. Ecotone in the transition zone to the bottom aquitard at the groundwater 432 

level 433 

The ecotone located in the transition zone to the bottom aquitard (Figure 3) is 434 

characterised by layers of sands and gravels with numerous interbedded sand and silt 435 

layers (section 2.1). This favours the existence of considerable microbial diversity and a 436 

good development of associated consortia in groundwater (Fig. 2, 1G and 2G) and 437 

sediments (section 2.2). In this ecotone, the presence of microorganisms that potentially 438 

oxidize Mn, Fe, sulphide and methane and potentially reduce Mn and Fe has been 439 

detected (Table 1). 440 

The transition zone to the bottom aquitard is a zone where reductive conditions 441 

predominate throughout the year, allowing the existence of denitrification, Mn and Fe 442 

reduction and sulphate reduction (section 4.1.1) as well as an important decrease in 443 

organic carbon content in the sediment (section 2.2). 444 

The reductive dehalogenation of PCE to TCE occurs in the ecotone as well as to 445 

a lesser extent from TCE to cisDCE in groundwater (section 4.1.2), just as in porewater 446 

(section 2.2). This reductive dehalogenation is not exclusively carried out by 447 

Dehalococcoides spp. rather, other microorganisms are involved as well. 448 
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The ecotone in the transition zone to the bottom aquitard of F1UB is better 449 

developed than F2UB, evidenced by the greater richness and higher degree of 450 

development of the communities in F1UB (port 7 Fig. 2, 1G and 2G) as well as the 451 

additional potential of their ecological putative functions (port 7 Table 1). This fact is 452 

related to the presence of a matrix with less silt and clay content and less presence of 453 

PCE in the porewater. Despite differences in the lithology, distribution and concentration 454 

of PCE in the transition zone to the bottom aquitard of both boreholes, the same 455 

ecological putative function has been detected. This suggests that microbial 456 

communities and their putative function have a ubiquitous distribution along the ecotone, 457 

although there are differences at the centimetric scale. 458 

4.1.5. Comparative analysis between the ecotones 459 

In general, the ecotone of the transition zone to the bottom aquitard is better developed 460 

and presents superior richness than the ecotone of the upper part of the aquifer. This 461 

has been caused by greater textural contrasts and more stable conditions over time in 462 

the transition zone to the bottom aquitard compared to immediately below the contact 463 

between the upper aquitard and the upper part of the aquifer. Specifically, there is a 464 

direct relation between the number of textural and lithological changes per meter of 465 

thickness of upper part of the aquifer (2.31 and 5.80 for B-F1UB and B-F2UB, 466 

respectively, Puigserver et al., (2016)) and the transition zone to the bottom aquitard 467 

(6.74 and 4.38 for B-F1UB and B-F2UB, respectively, Puigserver et al., (2016)) and the 468 

richness of the microbial communities in the upper part of the aquifer (7 and 15 for B-469 

F1UB and B-F2UB, respectively, Figure 2, 1G and 2G) and in the transition zone to the 470 

bottom aquitard  (11 and 8 for B-F1UB and B-F2UB, respectively, Figure 2, 1G and 2G). 471 

However, the existence of high concentrations of chloroethenes can be toxic to some 472 

microbial populations in groundwater (as has been shown in port 7 of F1UB) and favours 473 

the absence of species like Dehalococcoides (Sleep et al., 2006; Schaefer et al., 2010) 474 

and sulphate reducers (Yang and McCarty, 2002). By contrast, microbial populations in 475 
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sediment show a smaller area of inhibition due to the influence of a high concentration 476 

of PCE, finding well-developed communities with greater richness 20 cm above the 477 

maximum of PCE (Puigserver et al., 2016). 478 

 479 

Fig. 3: Conceptual model of the location and length of the ecotones and the occurrence 480 

of redox-sensitive processes. 481 

 482 

4.2. Biogeochemical processes occurring in the plume 483 

4.2.1. Redox zonation 484 

There is redox zonation in the plume, where the central part (S2, S8 i S11) shows oxic 485 

conditions, although there is also evidence of denitrification and manganese processes, 486 

while in the peripheral zones oxic conditions predominate (Table 2). Moreover, according 487 

to redox zonation at depths shown by multilevel wells in the source area, it should be 488 
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more reducing conditions at the contrasts between confining aquitard and upper part of 489 

the aquifer and in the transition zone to bottom aquitard. Therefore, terminal electron-490 

acceptor processes such as denitrification, Mn reduction and reductive dehalogenation 491 

occur to a significant extent in these areas, while oxic conditions can be found at the 492 

centre of the aquifer. 493 

No zonation of denitrifying process from the nitrate concentrations has been 494 

detected (Table 2). Nevertheless, isotopic data show isotopic fractionation in the centre 495 

of the plume (Table 2 and Fig. 4¡Error! No se encuentra el origen de la referencia.) 496 

with a ratio of δ15N/δ18O of 1.48, higher than the ratios defined by other authors as 497 

regards denitrification, e.g. 0.48 and 0.77 (Böttcher et al., 1990 and Fukada et al., 2003), 498 

respectively, but in accordance with ratio between 1.0 to 2.0 defined by Kendall et al., 499 

(2008). Nevertheless, a ratio of δ15N/δ18O is in the same range (1.4 to 2.5) as Wexler et 500 

al. (2012), where denitrification was found to occur in a more complex scenario. 501 

The presence of Mn2+ in the centre of the plume and the absence of this 502 

compound in the peripheral zone (Table 2) demonstrate that Mn reduction occurs 503 

exclusively in this area. Otherwise, neither Fe reduction nor sulphate reduction has been 504 

detected, evidenced by the absence of Fe2+ in groundwater and the low variability of 505 

sulphate concentrations along with the non-existence of this compound’s isotopic 506 

fractionation. 507 

Table 2: Hydrochemical data parameters in groundwater (field surveys of 5th and 6th of 508 

April 2012). ND = no data; * = only detected in one piezometer. χchloroethene (molar fraction). 509 

 
Peripheral zones of 

the plume 
Central part of the 

plume 
Source area 

Piezometers S1, S7 and S10 S2, S8 and S11 
S3, port 7 of F1UB 
and port 7 of F2UB 

DO (mg/L) 10.68 to 10.28 6.82 to 2.91 2.69 to 0.89 mg/L 

Nitrate (mg/L) 165.6 to 62.2 123.0 to 26.3 155.4 to 93.4 

δ15Nnitrate (‰) 6.9 to 7.2 7.3 to 11.1 7.3 to 10.7 

δ18Onitrate (‰) 8.2 to 9.0 5.2 to 13.9 9.1 to 14.6 

Mn2+ (mg/L) 0.02 to 0.07 0.01 to 0.11 0.04 to 2.15 

∑chloroethenes (μmol) 0.3 to 3.3 1.0 to 21.6 44.0 to 104.0 

Dominant χchloroethenes PCE TCE PCE 
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δ13CPCE (‰) -23.8 to -23.3 -23.8 to -23.3 -25.0 to -23.0 

δ13CTCE (‰) -27.1 to -26.7 -27.4 to -22.0 -22.8 to -22.1 

δ13CcDCE (‰) ND -30.5 to -30.0 -22.1* 

TOC (mg/L) 0.87 to 1.49 1.28 to 4.05 1.19 to 1.4 

 510 

 511 

Fig. 4: Isotopic composition of the different sources of nitrate (adapted from Kendall 512 

and McDonnell, 1998). The results from the study zone (red dots) have been plotted 513 

with the trend line for denitrification. 514 

 515 

4.2.2. Reductive dehalogenation and oxidative degradation of chloroethenes 516 

In the central part of the plume there is a higher concentration of chloroethenes (Table 2 517 

and Fig. 5) due to the domain of advective mechanisms (Feenstra et al., 1996). 518 

Moreover, as has been observed in the source area, higher concentrations of 519 

chloroethenes are located in the lower part of the aquifer, due to the recalcitrance of 520 

DNAPL in the transition zone to the bottom aquitard. 521 
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Redox zonation in the plume allows the biodegradation of PCE in micro-oxic 522 

environments of the transition zone to the bottom aquitard, from a metabolic pathway 523 

that produces low isotopic fractionation (Fig. 5). In addition, TCE is degraded by an 524 

anaerobic pathway (reductive dehalogenation) according to the presence of cisDCE (Fig. 525 

5) and the punctual conditions of Mn reduction (Table 2). 526 

The presence of cisDCE, the absence of VC and the less reductive conditions in 527 

the plume all suggest that complete reductive dehalogenation is not the main 528 

degradation process. Furthermore, the decrease in cisDCE in the central part of the 529 

plume under oxidising conditions can be attributed not only to the physical mechanisms 530 

of transport, but to aerobic biodegradation, as observed towards the upper part of the 531 

aquifer in the source area. 532 

 533 

Fig. 5: Molar concentrations and isotopic composition of chloroethenes. Concentrations 534 

are represented as proportional circles to the sum of chloroethenes, with a minor value 535 

of 0.32 μmol/L and a maximum of 56.62 μmol/L. Each square box shows the name of 536 

the sampling point and the isotopic composition of chloroethenes. Black arrows 537 

represent the general flow direction and the shaded area of pink represents the 538 

theoretical plume. 539 

 540 
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4.2.3. Evidence of reductive dehalogenation in the plume due to the presence of 541 

the transition zone to the bottom aquitard 542 

There is reductive dehalogenation of PCE and TCE in the centre of the plume area, even 543 

with oxic conditions, due to the presence of the transition zone (Fig. 3). This statement 544 

is evidenced by: 1) the presence of a transition zone to the bottom aquitard in all the 545 

areas occupied by the plume, suggesting that the microbial communities are well-546 

developed, as has been seen in groundwater and in sediments; 2) anoxic reactions are 547 

occurring, e.g. denitrification and Mn reduction (Table 2); and 3) the reductive 548 

dehalogenation of PCE and TCE (Fig. 5), similarly observed in the transition zone to the 549 

bottom aquitard of the source area. 550 

Otherwise, at the peripheral part of the plume and in the upper part of the aquifer, 551 

the dominance of aerobic conditions (Table 2) and the absence of metabolites (Fig. 5) 552 

suggest that even with the presence of a transition zone between the aquifer and the 553 

aquitard, the conditions for reductive dehalogenation to take place are lacking. 554 

5. Conclusions 555 

Two ecotones have been defined in the source area, one located in the upper part of the 556 

aquifer and the other located at the transition zone to the bottom aquitard. The microbial 557 

communities associated with the two ecotones are ultimately responsible for the 558 

biodegradation processes occurring in the source area. Reductive dehalogenation of 559 

PCE, oxidative dehalogenation of PCE metabolites, denitrification and Mn reduction 560 

occur in the ecotone in the upper part of the aquifer. In addition, reductive dehalogenation 561 

of PCE and TCE, oxidative dehalogenation of PCE metabolites, denitrification, Mn and 562 

Fe reduction and sulphate reduction all occur in the ecotone of the transition zone. 563 

Therefore, given the coexistence of different biogeochemical processes, these areas can 564 

be targeted to perform bioremediation strategies. 565 
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In the source area, only limited biodegradation processes were identified within 566 

the two ecotones. The absence of biodegradation processes beyond the two ecotones 567 

mainly owed to two factors: 1) the less reductive conditions of the zone, given the 568 

insufficient input of electron donors, the low amount of organic carbon in the sediment 569 

and the continuous input of nitrate; and 2) the low degree of development of the microbial 570 

communities in the upper part of the aquifer. 571 

In spite of the oxic conditions of the plume, the existence of a transition zone 572 

allows anoxic biogeochemical processes to take place. Specifically, denitrification, Mn 573 

reduction and reductive dehalogenation of PCE and TCE occur. In relation, the same 574 

processes plus Fe reduction and sulphate reduction take place in the transition zone to 575 

the bottom aquitard in the source area. 576 

 577 
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