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Abstract 16 

Over the last decade, activated carbon amendments have successfully been applied to retain 17 

chlorinated ethene subsurface contamination. The concept of this remediation technology is that 18 

activated carbon and bioamendments are injected into aquifer systems to enhance biodegradation. 19 

While the scientific basis of the technology is established, there is a need for methods to characterise 20 

and quantify the biodegradation at field scale. In this study, an integrated approach was applied to 21 

assess in situ biodegradation after the establishment of a cross sectional treatment zone in a TCE 22 

plume. The amendments were liquid activated carbon, hydrogen release donors and a 23 

Dehalococcoides containing culture. The integrated approach included spatial and temporal 24 

evaluations on flow and transport, redox conditions, contaminant concentrations, biomarker 25 

abundance and compound-specific stable isotopes. This is the first study applying isotopic and 26 

microbial techniques to assess field scale biodegradation enhanced by liquid activated carbon and 27 

bioamendments. The injection enhanced biodegradation from TCE to primarily cis-DCE. The 28 

Dehalococcoides abundances facilitated characterisation of critical zones with insufficient 29 

degradation and possible explanations. A conceptual model of isotopic data together with distribution 30 

and transport information improved process understanding; the degradation of TCE was insufficient 31 

to counteract the contaminant input by inflow into the treatment zone and desorption from the 32 

sediment. The integrated approach could be used to document and characterise the in situ degradation, 33 

and the isotopic and microbial data provided process understanding that could not have been gathered 34 

from conventional monitoring tools. However, quantification of degradation through isotope data was 35 

restricted for TCE due to isotope masking effects. The combination of various monitoring tools, 36 

applied frequently at high-resolution, with system understanding, was essential for the assessment of 37 

biodegradation in the complex, non-stationary system. Furthermore, the investigations revealed 38 

prospects for future research, which should focus on monitoring contaminant fate and microbial 39 

distribution on the sediment and the activated carbon. 40 

Keywords: Monitoring tools; Bioremediation; Dehalococcoides; Compound-specific stable isotopes; 41 

Multiple lines of evidence; Activated carbon  42 
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1. Introduction 43 

Soil and groundwater contamination with chlorinated solvents, such as trichloroethene (TCE), is a 44 

widespread threat for groundwater resources and remediation is challenging and expensive. In 45 

anaerobic aquifers with the presence of active organohalide-respiring bacteria (OHRB), TCE can be 46 

degraded through reductive dechlorination via the degradation products dichloroethene (primarily the 47 

isomer cis-DCE) and vinyl chloride (VC) (Chambon et al., 2013; McCarty, 2010). Several bacterial 48 

genera, such as Dehalobacter, Desulfitobacterium and Desulfuromonas are capable of partial 49 

reductive dechlorination of TCE to cis-DCE (Dolinová et al., 2017; Hug et al., 2013). However, only 50 

two genera of bacteria, Dehalococcoides and Dehalogenimonas, are known to be capable of 51 

degrading the less chlorinated ethenes (Löffler et al., 2013; Yang et al., 2017c). Complete 52 

dechlorination to the harmless end-product ethene is necessary to eliminate the risk, which these toxic 53 

compounds pose to humans and the environment (McCarty, 2010). Therefore, documentation of 54 

degradation occurrence and extent is vital in decision-making to prioritize clean-up of sites and to 55 

evaluate the success of a degradation-based remediation.  56 

Currently, no stand-alone monitoring method is available that can characterize and quantify 57 

degradation (Bombach et al., 2010). Over the last decade, an integrated approach, that combines 58 

multiple monitoring tools with system characterisation and conceptualisation to obtain a complete 59 

assessment, has therefore been developed and tested for in situ investigations of natural and enhanced 60 

biodegradation of chlorinated ethenes (e.g. Blázquez-Pallí et al., 2019; Courbet et al., 2011; 61 

Damgaard et al., 2013b; Hunkeler et al., 2011; Murray et al., 2019; Nijenhuis et al., 2007; Révész et 62 

al., 2014). These studies have provided important knowledge on assessment methods and their 63 

interplay for evaluating in situ biodegradation and to obtain a conceptual understanding of important 64 

processes. However, with the introduction of novel degradation-based remediation technologies, it is 65 

essential to evaluate if the monitoring techniques can be used as they traditionally are, and hence 66 

accurately assess their performance. 67 

Application of activated carbon amendments to remediate chlorinated ethene subsurface 68 

contamination has gained interest, and the technology has recently been applied with an increasing 69 
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degradation pathways can sometimes be identified (Ojeda et al., 2020). However, under non-97 

stationary conditions the influence of physical processes, e.g. sorption, on isotope trends should be 98 

considered (Kopinke et al., 2005; Van Breukelen and Prommer, 2008). The applicability of CSIA has 99 

yet to be considered for in situ systems where the partitioning processes are altered after introduction 100 

of activated carbon and bioamendments. In such a system, small-scale processes that could influence 101 

the isotope trends, e.g. mass-transfer limitations, should also be considered (Aeppli et al., 2009; Ehrl 102 

et al., 2019; Marozava et al., 2019). In addition, microbial techniques such as quantitative polymerase 103 

chain reaction (qPCR) can provide information on the biodegradation potential in the aquifer 104 

(Bombach et al., 2010; Yargicoglu and Reddy, 2015). The survival of OHRB is shaped by the 105 

community and environment they live in (Dolinová et al., 2017; Hug et al., 2012). In situ 106 

investigations of the influence of activated carbon amendments on OHRB abundance are therefore 107 

also required. 108 

The objectives of this study, where activated carbon and bioamendments were injected as a remedial 109 

strategy, were to: 1) Assess if an integrated approach, including the novel microbial and isotopic 110 

techniques, can be used to document, characterise and quantify in situ degradation and 2) Test the 111 

performance of the novel techniques and identify possible ways of optimising future monitoring 112 

designs. Several methods were combined in an integrated approach that included: characterisation of 113 

flow and transport, assessment of redox conditions and distribution of chlorinated ethenes, microbial 114 

analysis (i.e. qPCR) and stable isotope analysis (i.e. CSIA). The investigations were conducted at a 115 

field site where liquid activated carbon, hydrogen release donors and a Dehalococcoides containing 116 

culture were injected to establish a cross sectional treatment zone in a TCE plume. Long-term 117 

monitoring was carried out (~520 days post injection) both up-gradient, in, and down-gradient of the 118 

injection zone with frequent sampling intervals. In addition, the field interpretations were supported 119 

by a laboratory treatability experiment.  120 

2. Study site and injection design 121 

The study site is located in an industrial area (Vassingerød, Denmark), where a TCE contamination 122 

has been documented. The geology consists of Quaternary deposits with a 12 m thick clay-till layer 123 
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embedded with sand lenses underlain by glacio-fluvial deposits, which form a sandy aquifer (Figure 124 

1). The contamination in the clayey-till generates a 50 m wide and more than 150 m long TCE plume 125 

migrating in south-western direction in the sand aquifer. The focus area of the study is a treatment 126 

zone in the aquifer, with injection and monitoring wells, located approx. 80-100 m downgradient the 127 

source area. Twelve fixed-injection wells (I1-I12), screened from 12-21 m below ground level, were 128 

installed in two rows perpendicular to the flow direction of the plume (Figure 1). Liquid activated 129 

carbon, hydrogen release donors and a Dehalococcoides containing culture were injected in each 130 

injection well (see section 3.1 for more details). The injection volumes were designed to provide a 131 

total radius of influence of 2.5 m per well. Collectively, these were intended to form an injection zone 132 

of 30 m width over the entire screened depth and with a thickness of around 5 m in the flow direction. 133 

However, based on subsequent investigations it is believed that the injection pressure was too low, 134 

causing the injectates to be distributed over a smaller radius (<1.1 m for the liquid activated carbon) 135 

with a higher dose (for more information see supporting information). Thus, instead of a continuous 136 

reactive treatment zone, likely a row of columns was created with gaps between the product zones. 137 

This injection was the first field trial at the site, the information obtained from this study was used to 138 

design and conduct a second improved application (not reported here). Monitoring wells are placed in 139 

transects up- and down-gradient the 12 injection wells (Figure 1). 140 
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Dechlor Inoculum® plus, BDI+) were injected separately top-down, followed by bottom-up injection 154 

of hydrogen release donors (HRC Primer®, HRC® and HRC-X®)(supplied and performed by 155 

Regenesis, USA). According to the supplier, the three different polylactate ester donors have different 156 

chemical compositions of glycerol tripolylactate, glycerin and lactic acid. Upon contact with 157 

groundwater, this viscous material becomes hydrated and subject to microbial breakdown producing a 158 

controlled release of lactic acid. HRC-primer releases lactic acid for several weeks, HRC for up to 24 159 

months, HRC-X for up to 5 years. The densities of the donors are in the range of 1.1-1.3 g/mL. 160 

PlumeStop contains suspended colloidal activated carbon (1-2 µm) and proprietary surface treatment 161 

agents in an aqueous liquid. The formulation is designed to prevent the activated carbon particles 162 

from agglomerating and allow it to readily inject into an aquifer (Birnstingl et al., 2016). At the 163 

injected concentration, the viscosity and density of the activated carbon suspension are approximately 164 

that of water. The liquid activated carbon as well as the fermentation products of the donors are 165 

transported with the groundwater flow. A coating on the liquid activated carbon facilitates mobility 166 

and hence spreading until the coating naturally degrades and the activated carbon colloids attach to 167 

the sediment restricting further spreading.  168 

3.2 Hydrogeological characterization and sorption of contaminants 169 

Falling head slug tests were conducted in duplicates by vacuum application as described by Maurya et 170 

al. (2018). The data analysis was conducted by AQTESOLV Pro® software (HydroSOLVE, Inc.). 171 

The Hvorslev-equation (Hvorslev, 1951) was used to estimate the hydraulic conductivity, K. The 172 

seepage velocity was calculated from the hydraulic gradient (0.0025), the hydraulic conductivity and 173 

the porosity. The hydraulic gradient was determined by interpolation of piezometric heads, and the 174 

porosity (0.33) and bulk density (1.78 kg/L) of the sandy aquifer were estimated from experiences of 175 

grain size distribution measurements in similar geologic settings (e.g. Rügge et al., 1999). The 176 

contaminant retardation factor, R, was calculated from the bulk density, the sorption coefficients and 177 

the porosity.  178 

The linear distribution coefficient, KD, was determined for TCE and cis-DCE on the aquifer material 179 

by two similar but separate laboratory experiments. The coefficient was determined by analysis of the 180 
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water phase equilibrium concentrations in two-phase laboratory batch systems with homogenised and 181 

air-dried sediment from several locations at the site. The concentration range was 0.16-20 mg/L and 182 

the soil to water weight ratio 1:1. The laboratory batch vials were constantly rotated (4 days or 2 183 

weeks) at 10 °C prior to GC-MS analysis. 184 

3.3 Groundwater sampling and chemical analyses  185 

Groundwater samples were collected prior to the injection as a baseline and subsequent monitoring 186 

rounds were carried out 69, 165, 271, 351, 437 and 523 days after the injection (days refer to the 187 

middle of a sampling campaign). In addition, depth discrete water sampling was conducted by direct 188 

push (0.5 m or 1 m screens) in close proximity to some of the injection wells (Figure 1) 256 days after 189 

the injection. Prior to groundwater sampling, the monitoring wells were purged with an MP1 pump 190 

until the field parameters were stable (pH, electrical conductivity, temperature, oxygen and redox 191 

potential). Purging and sampling were conducted at a low pumping rate to reduce cross-contamination 192 

between screens. Samples for chlorinated ethenes, ethene, ethane, dissolved organic carbon (DOC) 193 

and redox parameters were analysed by the accredited (DANAK, ISO/IEC 17025) laboratory Eurofins 194 

(Eurofins Miljø A/S, Denmark). Samples for volatile fatty acids (VFA) were analysed by the 195 

accredited (DANAK, ISO/IEC 17025) laboratory ALS (ALS A/S, Denmark). Groundwater samples 196 

for the chemical parameters were collected as described by the analytical laboratories. All 197 

groundwater samples were stored in coolers in the field and collected by the laboratories the same 198 

day. 199 

The microbial samples were collected on Sterivex™ filters (Microbial Insights, Inc., Knoxville, TN, 200 

USA) where a minimum of 0.7 L of groundwater was filtered for each sampling point. Few samples 201 

with a high content of particulates were collected in 1 L bottles, when the presence of e.g. activated 202 

carbon clogged the filter. The samples were stored in coolers and sent by express to Microbial 203 

Insights (Knoxville, TN, USA), where they were extracted and analysed by quantitative polymerase 204 

chain reaction (qPCR). The qPCR analysis always included key microorganisms (Dehalococcoides 205 

and Dehalogenimonas) and functional genes (vcrA, bvcA, tceA and cerA) related to anaerobic 206 

reductive dechlorination of chlorinated ethenes. At selected monitoring rounds, QuantArray®-Chlor 207 
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microcosm (duplicates) and a PlumeStop added, donor stimulated and bioaugmented microcosm 235 

(triplicates). The microcosms were monitored for the same parameters as applied in the field, over an 236 

85-day period. See (Ottosen et al., 2021) for a detailed description of the setup and sampling 237 

procedure.  238 

3.5 Data treatment 239 

First, contour plots of DOC, redox sensitive parameters and chlorinated ethenes were illustrated using 240 

Surfer® 11, Golden Software, Inc. 2012. Subsequently, the distribution of these compounds was 241 

manually modified to match the expected interpretation based on screen lengths and actual 242 

measurements.   243 

4. Results and discussion 244 

4.1 Hydrogeology and transport 245 

The aquifer is mildly heterogeneous (variance of lnK <1, Bohling et al., 2012) with a geometric mean 246 

of hydraulic conductivity = 3.8·10-5 m/s and a variance of lnK = 0.45 (Table S1). The hydraulic 247 

conductivity showed a vertical stratification with the highest value in the middle screen and lowest in 248 

the deepest screen. In the flow line, pore water velocities were estimated to vary between 3 and 18 249 

m/year (Figure 2). Converted to average travel times from the injection wells, the groundwater has 250 

passed the entire monitored part of focus area (from I4 to M8) in the upper and middle well screens 251 

(estimated to be approx. 380 and 280 days respectively) during the monitoring period of ~520 days 252 

(Figure 1, Table S2). While the average travel time in the deeper screen was estimated to be 253 

approximately 1000 days (from I4 to M8). Initially, during the injection the amendment with liquid 254 

carbon pushed groundwater, donor and contaminants from the injection wells into the aquifer. 255 

Subsequently, donor and chlorinated ethenes were transported downgradient at different velocities 256 

due to compound-specific retardation by sorption (Table S2). 257 
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found in the deepest screens, which could be a result of the bottom-up injection and/or a slower 276 

distribution caused by the lower groundwater velocities. Subsequently, a pulse of groundwater with 277 

elevated DOC concentrations travelled along the downgradient flow line (Figure 3). In the flow line, 278 

69 days after injection, elevated DOC levels were observed at all screens in M6. This is earlier than 279 

anticipated by estimated groundwater transport times (>170 days, Table S2). This is possibly an effect 280 

of displacement caused by the injection pressure. The DOC travels at seepage velocity after the 281 

injection-caused displacement, and 523 days post injection a breakthrough of DOC was observed 282 

throughout the entire depth and length of the monitored flow line (Figure 3, Table S3).   283 

The heterogeneous distribution of DOC was reflected in the development in redox conditions. Areas 284 

with high DOC concentrations showed increased iron reduction, sulfate reduction and even some 285 

methane production in and downgradient of the injection zone (Figure 3, and Table S3). However, the 286 

availability of electron donors was insufficient to maintain the reduced conditions in the injection 287 

zone and the downgradient flow line, as the redox conditions remained unchanged or did not continue 288 

to develop, returning to baseline conditions towards the end of the monitoring period.  289 

In general, there is a high potential for TCE degradation both prior to and after the injection, as 290 

dechlorination of this compound can occur under iron reducing or more reduced conditions. However, 291 

the potential for further dechlorination is more sensitive to the redox conditions, since sulfate reducing 292 

or methanogenic conditions are optimal (Bradley and Chapelle, 2010; Chambon et al., 2013). The 293 

potential for dechlorination beyond cis-DCE thus varies spatially and temporally throughout the 294 

monitoring period (Figure 3). 295 
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 327 

Figure 4: Relative abundance of selected bacterial genera and genes for monitored well screens in 328 

the injection zone and flow line at selected monitoring rounds. The dashed lines indicate the detection 329 

limits. If a sample was not collected for a specific screen and time there is no column. The yellow 330 

arrow indicate the target abundance for Dehalococcoides. The given abundance of vcrA and bvcA is 331 

the sum of the two. All measured abundances are listed in Table S4 and S5.  332 

 (3) The pH in the treated part of the aquifer is occasionally unsuitable for OHRB. Dehalococcoides 333 

degrade chlorinated ethenes within a narrow pH range of 6.5-8.0 (Löffler et al., 2013), and exposure 334 

to a pH of 5.5 for 40 days has been found to have a long-term inhibiting effect on the VC-to-ethene 335 

step (Yang et al., 2017b). Degradation of the higher chlorinated compounds appears less sensitive to 336 

acidic pH (Lacroix et al., 2014; Yang et al., 2017a). In general, pH does not appear to be a problem at 337 
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the site (pH>6.5 for 84% of the measurements, data not shown). However, the donors applied at this 338 

site are acidic (pH: 2-3 in 10 % solution with water) and a pH of 5.5-6.2 in the injection wells indicate 339 

that pH could be a limiting factor for the persistence of injected bacteria in particular. The depth 340 

discrete sampling points downgradient the injection wells (within 1.1 m distance) reveal that zones 341 

with pH <6.5 also exist near the injection wells.  342 

(4) Dehalococcoides rely on the non-dechlorinating members of the microbial community to provide 343 

crucial nutrients (Hug et al., 2012), but these nutrients (containing P and N) can also be added in 344 

bioremediation (Schaefer et al., 2018). Nutrients were not injected at the site, and subsequent 345 

laboratory experiments with site materials revealed, that nutrient limitation could be a factor in 346 

delaying dechlorination of cis-DCE by the Dehalococcoides containing culture (pers. comm. Kristen 347 

Thoreson, Regenesis R&D Laboratory, 02-05-2019). 348 

Along the flow line, the abundance of Dehalobacter, Desulfitobacterium and Desulfuromonas 349 

increased post injection (Figure 4, bulk abundance up to 9.5·105 cells/mL) concurrently with the 350 

advance of the DOC front. An increase in abundance of Dehalococcoides, vcrA and bvcA was also 351 

observed in the most downgradient part of the flow line (Figure 4). Obtaining significant levels of 352 

injected Dehalococcoides outside of an injection area can be a slow process where migration followed 353 

by growth is necessary (Major et al., 2002; Révész et al., 2014). Hence, given the transport times of 354 

the system, the Dehalococcoides detected in the most downgradient part of the flow line is likely of 355 

indigenous rather than augmented origin. The addition of the electron donor thus stimulated growth of 356 

the natural bacteria.  357 

In summary, the results demonstrate that OHRB, which potentially can carry out complete reductive 358 

dechlorination to the harmless end-product ethene, are present but in variable abundances. 359 

Furthermore, the microbial data provide valuable information on the injection and support 360 

determination of critical zones.  361 
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