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Preface 

The work presented in this PhD thesis was carried out from September 2015 

to May 2019 at the Department of Environmental Engineering, Technical 

University of Denmark (DTU) under a DTU Alliance partnership with the 

Ecole Polytechnique Fédérale de Lausanne (EPFL). This work was carried 

out under the main supervision of Philip J. Binning (DTU) from September 

2015 until December 2016 and under the main supervision of Mette M. 

Broholm (DTU) from January 2017 until May 2019. Co-supervisor Christof 

Holliger (EPFL), researcher Julien Maillard (EPFL), and co-supervisor 

Massimo Rolle (DTU) composed the remainder of the supervisory team. 

The thesis is organized in two parts: the first part puts the findings of the PhD 

into context in an introductive review; the second part consists of the papers 

listed below. These will be referred to in the text by their paper number 

written with the Roman numerals I-IV. 

 

I Buttet*, G.F., Murray*, A.M., Goris, T., Burion, M., Jin, B., Rolle, 

M., Holliger, C., Maillard, J., 2018. Coexistence of two distinct 

Sulfurospirillum populations respiring tetrachloroethene-genomic 

and kinetic considerations. FEMS Microbiology Ecology, 94, 1–11. 

*These authors contributed equally to this work 

 

II Murray, A.M., Maillard, J., Jin, B., Broholm, M.M., Holliger, C., 

and Rolle, M. A modeling approach integrating microbial activity, 

mass transfer, and geochemical processes to interpret biological 

assays: An example for PCE degradation in a multi-phase batch 

setup. Submitted March 2019. 

 

III Murray, A.M., Maillard, J., Rolle, M., Broholm, M.M., and 

Holliger, C. Impact of iron- and/or sulfate-reduction on a cis-1,2,-

dichloroethene and vinyl chloride respiring bacterial consortium: 

experiments and model-based interpretation. Manuscript. 

 

IV Murray, A.M., Ottosen, C.B., Maillard, J., Holliger, C., Johansen, 

A., Brabæk, L., Kristensen, I.L., Zimmermann, J., Hunkeler, D., and 

Broholm, M.M. Chlorinated ethene plume evolution after source 

thermal remediation: determination of degradation rates and 

mechanisms. Submitted March 2019. 
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In this online version of the thesis, paper I-IV are not included but can be 
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request from DTU Environment, Technical University of Denmark, 

Miljoevej, Building 113, 2800 Kgs. Lyngby, Denmark, info@env.dtu.dk.
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Ottosen, C.B., Murray, A.M., Broholm, M.M., Bjerg, P.L., 2018. In Situ 

Quantification of Degradation Is Needed for Reliable Risk Assessments and 

Site-Specific Monitored Natural Attenuation. Environmental Science & 

Technology, 53, 1-3. 
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Summary 

Chlorinated ethenes are common contaminants in subsurface environments 

worldwide. These compounds frequently form groundwater contaminant 

plumes that can threaten drinking water abstraction wells and are difficult to 

remediate. Degradation of chlorinated ethenes by organohalide-respiring 

bacteria (OHRB) via reductive anaerobic dechlorination occurs naturally in 

anoxic environments and can be used as a cost-effective, non-invasive way to 

address this problem. In an ideal scenario, OHRB use chlorinated ethenes as 

electron acceptors and sequentially reduce tetrachloroethene (PCE) to 

trichloroethene (TCE), cis-1,2-dichloroethene (cDCE), vinyl chloride (VC), 

and ultimately the non-toxic ethene. However, this degradation process does 

not always reliably reach its non-toxic endpoint, and instead toxic daughter 

products can accumulate. Most studies on OHRB communities to investigate 

this problem are conducted on simplified consortia, where the other 

community members are selected for due to their role in supporting OHRB; 

however, in the environment, OHRB are only one part of a complex and 

varied microbial community. The impact of other processes and other 

functional guilds in the subsurface microbial community may play a role in 

the slow or incomplete dechlorination observed in chlorinated ethene plumes. 

Various methods, including laboratory experiments, biogeochemical 

modelling, and field investigations, can be used to explore the impact of the 

microbial community on chlorinated ethene dechlorination. This thesis 

presents a unique combination of all of these investigation methods to 

advance our understanding of the impact of the microbial community on 

chlorinated ethene dechlorination by OHRB in contaminant plumes. 

Three different laboratory experimental investigations were conducted in the 

context of this thesis: one to study intra-guild interactions of multiple OHRB 

strains with each other, and two to study inter-guild interactions, between 

OHRB, sulfate-reducing bacteria (SRB), and Fe(III)-reducing bacteria 

(FeRB). In each experimental configuration, the included guilds used the 

same electron donor, which was supplied in excess. Since chlorinated ethenes 

at high concentration are inhibitory/toxic to the OHRB, cultivation in the 

laboratory is best done with the inclusion of a liquid organic layer between 

the aqueous and gaseous phases that allows for the concentration of 

chlorinated ethene in the aqueous medium to be controlled. 
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A biogeochemical modelling tool was developed to interpret such laboratory 

experiments. In order to accurately quantify chlorinated ethene dechlorination 

by OHRB, the model included microbial growth and decay of all guilds, 

microbial reduction of other electron acceptors by the SRB and FeRB guilds, 

aqueous speciation of compounds in the growth medium, kinetic and 

equilibrium geochemical reactions, removal of aqueous and gaseous samples, 

partitioning of volatile/organic compounds, and kinetic mass transfer between 

the phases. The processes occurring in the batch experimental systems were 

able to be quantitatively interpreted using the modeling tool based on a rich 

dataset comprised of complementary analyses: chloride, Fe(II), sulfate, 

dechlorination products, and microbial community composition. Intra-guild 

investigations showed that two different strains of OHRB that used the same 

electron acceptor were able to coexist in the same consortium due to their 

differing kinetic characteristics. Inter-guild investigations with OHRB, SRB, 

and FeRB show that SRB have an impact on reductive dechlorination that is 

moderated by FeRB. In the case of a PCE-dechlorinating OHRB consortium, 

SRB inhibited dechlorination. In the case of a cDCE and VC-dechlorinating 

OHRB consortium, an added SRB stimulated cDCE and VC dechlorination 

over a base case with another SRB strain indigenous to the consortium. 

Just as investigation of OHRB communities in the laboratory is strengthened 

by complementary datasets, investigation of OHRB in situ requires collection 

of multiple lines of evidence. One line of evidence alone is usually not 

enough to ascertain whether degradation occurs in the subsurface, and if so, 

by what mechanism and to what extent. An investigation of a chlorinated 

ethene plume was undertaken using lines of evidence such as analysis for 

specific degraders and reductive dehalogenase genes, 16S rRNA gene 

amplicon sequencing analysis, and 
13

C and 
37

Cl dual isotopes, among others. 

By combining information from the various lines of evidence and quantifying 

first order degradation rate constants, it was determined that cDCE 

degradation occurs via both biotic and abiotic mechanisms and that 

monitored natural attenuation is, at present, sufficient to manage the 

contamination plume. 

In conclusion, this PhD project has furthered our understanding of how the 

microbial community impacts dechlorination of chlorinated ethenes. The 

project has also demonstrated that the combination of various investigative 

methods and complementary data types yields in-depth conceptual and 

quantitative understanding of the abiotic and biotic processes occurring in 

chlorinated ethene degrading systems.  
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Dansk sammenfatning 

Chlorerede ethener er almindeligt forekommende forureningsstoffer i jord og 

grundvand i den industrialiserede del af verden. Udslip af disse stoffer kan 

resultere i forureningsfaner, som kan true drikkevandsboringer og være svære 

at oprense. Nedbrydning af chlorerede ethener ved bakterier, som omsætter 

halogenerede organiske stoffer (organohalide-respiring bacteria – OHRB) via 

reduktiv anaerob dechlorering, sker naturligt i anoxiske miljøer og kan 

udgøre en omkostningseffektiv, ikke-invasiv måde at afværge risikoen. I et 

ideelt scenarie anvender OHRB chlorerede ethener som elektronacceptorer og 

reducerer sekventielt tetrachlorethen (PCE) til trichlorethen (TCE), cis-1,2-

dichlorethen (cDCE), vinylchlorid (VC), og endelig ethen, som et ikke-

toksisk slutprodukt. Imidlertid, når denne nedbrydningsproces ikke altid det 

ikke-toksiske mål, men i stedet kan toksiske mellemprodukter akkumuleres. 

De fleste studier af OHRB, som undersøger dette problem, anvender 

forenklede konsortier, hvor de andre bakterier i konsortiet er valgt på grund 

af deres supporterende rolle for OHRB. I grundvandsmiljøet udgør OHRB 

blot en del af et komplekst og varieret mikrobielt samfund. Virkningen af 

andre processer og andre funktionelle bakterietyper i undergrunden kan spille 

en betydende rolle mht. den langsomme eller ufuldstændige nedbrydning, 

som er observeret i faner med chlorerede ethener. 

Mange metoder, herunder laboratorieforsøg, biogeokemisk modellering, og 

feltundersøgelser, kan anvendes til at udforske indflydelsen af det mikrobielle 

samfund på chlorerede etheners nedbrydning. Denne afhandling præsenterer 

en unik kombination af alle disse undersøgelsesmetoder anvendt med henblik 

på at forbedre vores forståelse af det mikrobielle samfunds indflydelse på 

chlorerede etheners nedbrydning i forureningsfaner. 

Tre forskellige laboratorieforsøg er udført i forbindelse med denne 

afhandling: et til at studere intra-guild interaktioner mellem flere OHRB-

stammer, og to til at studere inter-guild interaktioner mellem OHRB, 

sulfatreducerende bakterier (SRB), og Fe(III)-reducerende bakterier (FeRB). 

For hver konfiguration anvendte de inkluderede guilds de samme 

elektrondonor, som var tilsat i overskud. Fordi chlorerede ethener i høje 

koncentrationer er inhiberende/toksiske for OHRB, udføres 

nedbrydningsforsøg i laboratoriet bedst ved introduktion af en organisk 

væskefase, mellem den vandige fase og den gasformige fase, for at 

kontrollere koncentrationen af chlorerede ethener i det vandige medium. 
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Et biogeokemisk modelleringsværktøj blev udviklet til at tolke 

laboratorieforsøg som disse, med henblik på præcis kvantificering af 

nedbrydningen af chlorerede ethener ved OHRB. Modellen inkluderer 

mikrobiel vækst og henfald af alle guilds, mikrobiel reduktion af andre 

elektronacceptorer ved SRB og FeRB, vandig speciering af stoffer i 

vækstmediet, kinetiske og ligevægts geokemiske reaktioner, vandige og 

gasformige prøvetagninger, fasefordeling af flygtige organiske stoffer, og 

kinetisk masseoverførsel mellem faserne. Processerne i batchforsøgene, blev 

tolket kvantitativt med modelleringsværkøjet på basis af et omfattende 

datasæt, som var sammensat af komplementerende data for: chlorid, Fe(II), 

sulfat, relativ headspace sammensætning, og sammensætningen af det 

mikrobielle samfund. Intra-guild forsøget viste, at to forskellige stammer af 

OHRB, som anvender samme elektronacceptor, kunne sameksistere i et 

konsortium på grund af deres forskellige kinetiske egenskaber. Inter-guild 

forsøg med OHRB, SRB, og FeRB viste, at SRB har en virkning på reduktiv 

dechlorering, som modereres af FeRB. I tilfælde af et PCE-nedbrydende 

OHRB konsortium inhiberede SRB nedbrydningen. I tilfælde af et cDCE og 

VC-nedbrydende OHRB konsortium stimulerede tilsat SRB nedbrydningen 

mere end en anden eksisterende SRB stamme i OHRB konsortiet. 

Undersøgelser af OHRB samfund i laboratoriet styrkes af komplementerende 

datasæt, og på samme vis kræver undersøgelser af OHRB in situ ved en 

evidensrække. En type data alene er oftest ikke nok til at fastslå, om der sker 

nedbrydning i undergrunden, eller, i givet fald, ved hvilke mekanismer og i 

hvilken grad nedbrydningen sker. I Ph.d. studiet, blev der underført en 

undersøgelse af en fane med chlorerede ethener ved en evidensrække, 

omfattende bl.a. analyser for specifikke nedbrydningsbakterier og reduktiv 

dehalogenase gener, 16S rRNA sekvenseringsanalyse, og 
13

C and 
37

Cl 

isotopanalyser. Ved kombination af information er fra rækken af evidens 

samt kvantificering af første ordens nedbrydningskonstanter, blev det 

vurderet, at cDCE nedbrydning sker via både biotiske og abiotiske 

mekanismer, og at den nuværende moniterede naturlige nedbrydning er 

tilstrækkeligt til at forvalte forureningsfanen. 

Samlet set har dette Ph.d.-arbejde bidraget med en øget forståelse af, hvordan 

det mikrobielle samfund påvirker nedbrydning af chlorerede ethener. 

Projektet har også demonstreret, at kombinationen af forskellige 

undersøgelsesmetoder og komplementerende datatyper giver en essentiel 

konceptuel og kvantitativ forståelse af de biotiske og abiotiske processer, som 

sker under nedbrydningen af chlorerede ethener.  
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1 Introduction 

1.1 Background and motivation 
Chlorinated ethenes (CEs) are ubiquitous groundwater contaminants that pose 

a worldwide risk to water resources (Doherty, 2000; Henschler, 1994). Tetra-

chloroethene (PCE) and trichloroethene (TCE) have been used as degreasing 

and dry-cleaning solvents for decades and can persist as pollutants when they 

enter the subsurface as a dense non-aqueous phase liquid due to leaks, spills, 

or indiscriminate disposal (Bradley and Chapelle, 2010; McCarty, 2010). 

Multiple pathways exist for the transformation of CEs to non-toxic com-

pounds (Holliger et al., 1993; Lee and Batchelor, 2002; Mattes et al., 2010; 

Smits et al., 2011), of which the most important is biotic reductive dechlorin-

ation by organohalide-respiring bacteria (OHRB) (Adrian and Löffler, 2016; 

Holliger et al., 1999; Maymó-Gatell et al., 1997). OHRB use CEs as an elec-

tron acceptor coupled with hydrogen as an electron donor and sequentially 

produce trichloroethene, cis-1,2-dichloroethene (cDCE), vinyl chloride (VC) 

and eventually the non-toxic ethene through this organohalide-respiration 

(OHR) process (Holliger et al., 1993). Utilizing this functional capacity as a 

groundwater bioremediation strategy can be affordable and effective, howev-

er degradation at a contaminated site sometimes inexplicably halts and results 

in accumulation of cDCE or VC (Bradley, 2003). 

There is evidence that the composition of the microbial community impacts 

CE dechlorination by OHRB. The presence of competing processes, such as 

iron- and sulfate-reduction, can have a negative impact, as Fe(III)-reducing 

bacteria (FeRB) and sulfate-reducing bacteria (SRB) can compete with 

OHRB for nutrients and electron donor (Aulenta et al., 2008; Berggren et al., 

2013; Malaguerra et al., 2011; Paul et al., 2016, 2013; Shani et al., 2013; Wei 

and Finneran, 2011). It has also been demonstrated that OHRB grow more 

robustly in communities rather than pure cultures, and depend on other mi-

crobial community members for such processes as production of electron do-

nor and cofactors (Hug et al., 2012; Islam et al., 2010; Pérez-De-Mora et al., 

2014; Wang et al., 2019).  

Organohalide-respiring cultures are well-studied (Holliger and Nijenhuis, 

2018); however, further research is needed to disentangle the complex rela-

tionships in subsurface microbial systems (Anantharaman et al., 2016). It is 

rare that quantitative understanding of the microbial community interactions, 

mass transfer processes, and aquatic geochemical reactions involved in these 
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systems is attained (Chambon et al., 2013). Quantitative understanding of 

these processes is valuable, not only because it is directly relevant to risk as-

sessment and site clean-up prioritization (Ottosen et al., 2018), but also be-

cause it allows for progressive expansion of fundamental system knowledge. 

Process understanding at this level requires 1) a combination of techniques 

for investigation, 2) an interdisciplinary perspective, and 3) comprehensive 

analysis. The combination of these elements to achieve conceptual and quan-

titative understanding can eventually serve to strengthen the efficacy of bio-

degradation as a remediation tool. 

1.2 Research objectives 
The aim of this PhD study has been to improve understanding of the impact 

of the microbial community on CE dechlorination. Specific objectives of the 

project were to: 

 Assess the impact of various microbial functional guilds (OHRB, SRB, 

FeRB) on CE dechlorination (Buttet et al., 2018-I; Murray et al., 2019-II; 

Murray et al., 2019-III). 

 Develop a modeling tool to interpret multiphase batch biodegradation ex-

periments with various/flexible biogeochemistry (Murray et al., 2019-II). 

 Interpret in situ CE dechlorination using knowledge about organohalide-

respiring communities (Murray et al., 2019-IV). 

 Demonstrate the utility of and necessity for the multiple lines of evidence 

approach, including molecular analysis methods, to determination and 

quantification of degradation system processes in both laboratory and field 

investigations (Murray et al., 2019-II; Murray et al., 2019-III; Murray et 

al., 2019-IV). 

These objectives were achieved through 1) the integration of experimental, 

modeling, and field investigation techniques, 2) the combination of the fields 

of biogeochemistry, microbial ecology, molecular biology, bioinformatics, 

hydrogeology, and reactive transport, among others, and 3) utilization of the 

multiple lines of evidence approach. 

1.3 Outline of the PhD thesis 
This thesis is an exploration of the impact of microbial community composi-

tion on CE dechlorination as well as methods to determine and quantify CE 

degradation system processes. The development and application of a compre-



3 

hensive modeling tool for the quantification-based interpretation of organo-

halide-respiring community perturbation experiments are presented in Chap-

ter 2. Chapter 3 describes the use of the multiple lines of evidence approach 

to determine biodegradation mechanisms and degradation rate constants in a 

CE plume. Although Chapters 2 and 3 are carried out at different scales, in 

both, a conceptual model of the processes occurring in the studied systems is 

developed, and this process level understanding is deepened by quantitatively 

describing the degradation processes (Figure 1). Field scale investigation re-

sults are discussed in the context of knowledge gained at the laboratory scale 

at the end of Chapter 3. Conclusions are presented in Chapter 4, and possi-

bilities for future research are presented in Chapter 5. 

 

 

Figure 1. Relational overview of the thesis objectives and the progression from labor-

atory or field investigation to conceptual and quantitative system understanding. P a-

pers are indicated in roman numerals. 
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2 Organohalide-respiring microbial 

community interactions: laboratory 

experiments and model-based 

interpretation 

Studying OHRB and OHRB-containing communities in a controlled, labora-

tory setting is essential to understand how these systems operate (Duhamel et 

al., 2004; Holliger et al., 1993; Yang et al., 2017). Much of the literature de-

scribes well characterized consortia, such as the KB-1 and ANAS consortia, 

where the community members that remain in the enriched culture are select-

ed for due to their role supporting OHRB (Brisson et al., 2012; Hug et al., 

2012). 

Microcosm experiments are also a common method of OHRB community and 

CE degradation investigation. In these studies, although multiple respiration 

guilds are present, the community composition is generally not specified 

and/or not quantified  (Bælum et al., 2014; David et al., 2014). Studies with 

this construction are often electron donor limited and investigate competition 

for hydrogen. Yet the links between hydrogen competition, hydrogen thresh-

old concentrations, and dechlorination rate/extent is not always clear 

(Aulenta et al., 2008, 2007; Paul et al., 2016).   

Modeling studies that quantitatively investigate OHRB communities with 

multiple respiration guilds are few in number (Kouznetsova et al., 2010; 

Malaguerra et al., 2011), are not always based on experimental data, and do 

not account for the influence of mass transfer processes on the ob-

served/simulated CE dechlorination (Chambon et al., 2013). 

In this chapter, research that addresses these gaps is described. Electron ac-

ceptor limited laboratory investigations of OHRB-containing community con-

figurations were conducted and a comprehensive modeling tool developed for 

their interpretation. Iterative experimentation and modeling has allowed for 

expansion of fundamental understanding of the impacts of these system pro-

cesses on OHR. Conceptual diagrams of the modeled experiments (Figure 2) 

illustrate the progressive buildup of process understanding from a relatively 

simple, three-phase system with only OHRB (Buttet et al., 2018-I) to a sys-

tem that includes multiple respiration guilds, two-step dechlorination, aquatic 

geochemistry, and multiple types of sample removal (Murray et al., 2019-III). 
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Figure 2. Conceptual models to illustrate the processes occurring during each multiphase experimental investigation and the progres-

sive increase in experimental and numerical model complexity, where κi,a-b is the mass transfer coefficient that describes the movement 

of compound i between phases a and b, OHRB: organohalide-respiring bacteria, SL2-1 and SL2-2 are two OHRB strains, FeRB: Fe(III)-

reducing bacteria, SRB: sulfate-reducing bacteria, and SRBi: sulfate-reducing bacteria indigenous to the OHRB consortium. Blue lines 

indicate where the electron donor, hydrogen, is used in the systems in Murray et al., 2019-II and Murray et al., 2019-III. Formate (not 

depicted) was supplied as an electron donor in Buttet et al., 2018-I. Dotted black lines indicate abiotic geochemical processes. 
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The experimental batch systems as implemented in the modeling tool are de-

picted in Figure 2. In two of these systems (Buttet et al., 2018-I; Murray et 

al., 2019-II), PCE was supplied as the CE electron acceptor to OHRB consor-

tia dominated by Candidatus Sulfurospirillum diekertiae. In Buttet et al., 

2018-I, two strains of this OHRB were used: SL2-1, which can complete the 

first dechlorination step PCE to TCE, and SL2-2, which can sequentially de-

grade PCE to TCE and further to cDCE. The consortium containing strain 

SL2-1 was used in Murray et al., 2019-II. These OHR steps proceeded rela-

tively quickly, and the experiments in Buttet et al., 2018-I and Murray et al., 

2019-II lasted for 3 and 4 days, respectively. In Murray et al., 2019-III, cDCE 

was supplied as the CE electron acceptor to an OHRB consortium containing 

Dehalococcoides spp. capable of sequential dechlorination of cDCE to VC 

and further to ethene. This OHR process proceeded relatively slowly, and the 

experiment lasted for 200 days. The experiment in Buttet et al., 2018-I inves-

tigated intra-guild interactions; only OHRB were present and formate was 

provided as the electron donor. The experiments in Murray et al., 2019-II and 

Murray et al., 2019-III investigated inter-guild interactions; Fe(III) and sul-

fate were added to the media, FeRB and SRB were experimental factors, and 

hydrogen was supplied as the electron donor for all bacterial guilds. Electron 

donor was supplied in excess in all experiments. 

2.1 Experimental design to investigate 

organohalide-respiring communities 
The following sub-sections detail methods that are useful to experimentally 

investigate interactions in OHRB-containing microbial communities, namely 

the inclusion of an organic phase in an experimental batch, the construction 

of an experimental domain based on the initial community composition, and 

complementary analysis techniques. 

2.1.1 Multiphase setup 

High concentrations of CEs can be toxic to the organisms that depend on 

them as an electron acceptor (Huang and Becker, 2011), however addition of 

an immiscible organic phase to the experimental setup can overcome this ob-

stacle while allowing control over the aqueous phase concentration (Holliger 

et al., 1993). CEs preferentially remain in the organic phase rather than the 

aqueous phase, and the organic phase acts as a source by slowly releasing 

CEs to the aqueous phase as they are consumed by the OHRB (Daugulis, 

2001; Déziel et al., 1999).  



8 

This multiphase experimental setup – including an aqueous phase where the 

biogeochemical reactions occur, an organic layer to act as a source, and a 

gaseous headspace – was applied to each experiment conducted in Buttet et 

al., 2018-I, Murray et al., 2019-II, and Murray et al., 2019-III. Mass transfer 

limitations to biodegradation are ubiquitous in natural systems (Bauer et al., 

2009a) and similarly, movement of the electron donor and acceptor across the 

phase boundaries (aqueous-organic and organic-gaseous) impacts the ob-

served substrate utilization rate. Thus it is essential to account for these mass 

transfer processes to attain quantitative system understanding (Aeppli et al., 

2009). In Buttet et al., 2018-I, fewer processes were present in the aqueous 

phase than in Murray et al., 2019-II and Murray et al., 2019-III, which al-

lowed for discernment of CE behavior in the physical system. More biogeo-

chemical processes were subsequently added to the aqueous phase in Murray 

et al., 2019-II and Murray et al., 2019-III. 

2.1.2 Experimental factors and responses 

A preliminary experiment (data not shown) with a two-level, seven-factor, 

fractional factorial design (Chen et al., 1993) was carried out to exclude that 

factors other than microbial community composition influenced the response 

metric, the maximum specific CE utilization rate. Discrete factors included 

the OHRB consortia used, the presence of FeRB, and the presence of SRB; 

discretized continuous factors included the CE, Fe(III), and sulfate concentra-

tions as well as the inoculation ratio. This preliminary experiment showed 

that the presence/absence of FeRB and SRB most impacted the dechlorination 

rate, and that the combined effects of presence/absence of FeRB/SRB and the 

inoculation ratio had an additional significant effect. This corresponds well 

with findings that the initial relative abundance of OHRB within the commu-

nity impacts the extent and rate of CE dechlorination (Bælum et al., 2014).  

To incorporate the inoculation ratio element into the inter-guild experimental 

design for Murray et al., 2019-II and Murray et al., 2019-III, the scheme 

depicted in Figure 3 was created. In this design, the initial relative abundance 

of FeRB and SRB are continuous experimental factors that are discretized to 

three points for a total of nine experimental batch runs. The inoculation ratio 

that corresponds to each point is tabulated in the figure. For example, at Point 

7, SRB are not present in the batch, and the inoculation ratio of OHRB:FeRB 

is 1:10
-2

, meaning the number of FeRB cells added is 100x less than the 

number of cells of OHRB consortium added to the batch. 
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A wealth of data was generated using this experimental design. The outer 

corners of the domain (Points 1, 3, 7, and 9) have been explored within the 

context of this PhD study (Murray et al., 2019-II and Murray et al., 2019-III). 

The potential for further analysis using this dataset is elaborated upon in 

Chapter 5 Research perspectives. 

 

Figure 3. Experimental domain for investigation of organohalide-respiring community 

interactions, as designed for Murray et al., 2019-II and Murray et al., 2019-III. Each 

numbered point indicates an experimental batch run. Inoculation ratios are those re l-

evant to Murray et al., 2019-III.. 

 

2.1.3 Complementary chemical and bio-molecular datasets 

Although the maximum specific CE utilization rate was selected as the exper-

imental response metric, broad system comprehension entails that the other 

processes occurring in the experimental system are conceptually and quanti-

tatively understood. To achieve this, multiple parameters were tracked 

throughout the experimental time series.  

The experiment conducted in Buttet et al., 2018-I was relatively simple in 

that the only biogeochemical process in the aqueous phase was reductive 

dechlorination. It was determined in this work that the chloride produced 

from the OHR reaction correlated to bacterial growth as measured by quanti-

tative polymerase chain reaction (qPCR) of the rpoB gene. Chloride concen-

tration measurements were subsequently used as a proxy for bacterial growth.  

The greater complexity of the experiments conducted in Murray et al., 2019-

II and Murray et al., 2019-III necessitated that more types of data be gath-

ered. Chloride was still measured, and to elucidate the extent of sulfate reduc-
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tion by SRB, the sulfate concentration was also measured. Since multiple 

processes contributed to Fe(II) production (Figure 2), the relative abundance 

of the different guilds as well as the Fe(II) concentration were monitored.  

In Murray et al., 2019-III, the relative composition of volatile compounds in 

the headspace was measured in order to distinguish each of the two CE 

dechlorination steps. The relative headspace composition (Murray et al., 

2019-III) and relative microbial community abundance (Murray et al., 2019-

II; Murray et al., 2019-III) data were collected and analyzed for multiple 

points throughout the experimental time series, such that the development of 

the microbial community could be used as a line of evidence to ascertain the 

processes occurring in the batch experimental systems. 

This was especially useful in Murray et al., 2019-III, where the combination 

of sulfate concentration and relative abundance data elucidated the presence 

of an indigenous SRB (SRBi) present in the OHRB consortium (Figure 4). 

The microbial population represented by the green bars in Figure 4 is the 

added SRB, and increase of the SRB relative abundance corresponds with the 

sulfate concentration decrease. The increase of the population represented by 

the dark yellow bars also corresponds with the sulfate concentration decrease, 

and sequencing of this identified fragment revealed the SRBi guild. 

 

 

Figure 4. Illustrative example of sulfate concentration and relative abundance data 

(Murray et al., 2019-III). The colored legend indicates terminal restriction fragment 

lengths, which are attributed to members of the microbial community. Purple : OHRB. 

Green: SRB. Orange: indigenous SRB (SRBi). For details, see Murray et al., 2019-III. 
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2.2 Biogeochemical model development 
A model was developed to progress from conceptual to quantitative under-

standing of multiphase biogeochemical contaminant degradation experiments 

(Murray et al., 2019-II). Central to the modeling framework is coupling be-

tween two software platforms, the geochemical code PHREEQC-3 (Parkhurst 

and Appelo, 2013)  and MATLAB
®

, using the IPhreeqc module (Figure 5) 

(Charlton and Parkhurst, 2011; Muniruzzaman and Rolle, 2016). In the model 

developed in this PhD study, the reactive processes in PHREEQC and the 

mass transfer processes in MATLAB
®

 are joined using an operator splitting 

approach, depicted by arrows in Figure 5. 

 

 

Figure 5. Model coupling scheme between MATLAB and PHREEQC using IPhreeqc.  

 

2.2.1 Biogeochemical processes 

The use of PHREEQC to model biogeochemical reactions allowed for quanti-

fication of the microbial and aquatic geochemical processes that occurred in 

the aqueous phase. In the modeling tool, the change in concentration of the 

electron acceptors by bacterial processes was modeled using double Monod 

kinetics, based on consumption of both the electron acceptor (EA) and elec-

tron donor (ED) (Rittmann and McCarty, 2001) (Equation (1), and the reduc-

tion processes were linked to the change in cell concentration by Equation (2: 
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𝑑𝐶𝑎𝑞,𝐸𝐴

𝑑𝑡
=  −𝑘𝑚𝑎𝑥𝑋𝑏 (

𝐶𝑎𝑞,𝐸𝐷

𝐶𝑎𝑞,𝐸𝐷 +  𝐾𝑆,𝐸𝐷
) (

𝐶𝑎𝑞,𝐸𝐴

𝐶𝑎𝑞,𝐸𝐴 + 𝐾𝑆,𝐸𝐴
) (1) 

 
𝑑𝑋𝑏

𝑑𝑡
=  𝑌𝐸𝐴

𝑑𝐶𝑎𝑞,𝐸𝐴

𝑑𝑡
−  𝑘𝑑𝑋𝑏 (2) 

 

where dCaq,EA/dt  [mol L
-1

 h
-1

] is the change in electron acceptor in the aque-

ous phase due to bacterial processes, Caq,ED and Caq,EA [M] are the aqueous 

concentration of electron donor and acceptor, kmax [mol cell
-1

 s
-1

] is the max-

imum specific reduction rate, Xb [cells L
-1

] is the biomass concentration of 

bacterial guild b, t [s] is time, KS,ED and KS,EA [M] are the half-saturation con-

stants for the electron donor and acceptor, YEA [cells mol
-1

] is the biomass 

yield on the electron acceptor, and kd [s
-1

] is the linear decay coefficient (Yu 

and Semprini, 2004). The fraction of electrons used for biomass synthesis and 

energy production were calculated with the thermodynamic electron equiva-

lents model (Rittmann and McCarty, 2001).  

The microbial reactions in PHREEQC are easily modifiable; two-step CE 

dechlorination, competitive inhibition, and a lag phase were added to the 

modeling tool used in Murray et al., 2019-III. An example from Murray et al., 

2019-III of biogeochemical simulations produced using the complementary 

chemical and bio-molecular datasets is illustrated in Figure 6. The biogeo-

chemical processes drive changes in the aqueous chemistry (Figure 6a and 

Figure 6c), which are reflected in the headspace composition (Figure 6d). 

Shifts in dominant microbial processes throughout the time series result in 

shifts in the microbial relative abundance (Figure 6b). 

Multiple kinds of reaction kinetics, not only Monod kinetics, were able to be 

simulated using PHREEQC, including Fe(III)-reduction by SRB, aqueous 

speciation, abiotic Fe(III)-reduction by sulfide species, and the equilibrium 

formation of iron-sulfide precipitates. PHREEQC’s capacity to calculate so-

lution speciation was found to be essential to determine the bioavailable 

Fe(III) present and quantitatively assess the significance of biotic Fe(III)-

reduction to the batch systems in Murray et al., 2019-II and Murray et al., 

2019-III.  
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Figure 6. Biogeochemical data and simulations (Murray et al., 2019-III). Panels (a) 

and (c): aqueous ion concentrations. Note the x-axis on panel (c) is shortened to best 

display the process development. Panel (b): microbial community relative abundance. 

Panel (d): relative headspace composition. For details, see Murray et al., 2019-III. 

 

Use of the multiple types of data and the model in this capacity is illustrated 

by its ability to capture the iron-sulfide system in Murray et al., 2019-II and 

Murray et al., 2019-III (Figure 7). Figure 7 depicts the case of the OHRB 

consortium and SRB from Murray et al., 2019-II. No FeRB were present in 

this batch, yet Fe(II) is still produced. In Figure 7b, the black lines indicate 

what the Fe(II) concentration would be if only the biotic or abiotic reactions 

were to occur; this illustrates how the total Fe(II) concentration is able to be 

simulated by including both biotic Fe(III) reduction by SRB and abiotic 

Fe(III) reduction by sulfide products from sulfate reduction. 
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Figure 7. Illustrative example of the iron-sulfide system for the case of OHRB+SRB in 

Murray et al., 2019-II, including sulfate measurements and simulations (a), Fe(II) 

measurements and the biotic and abiotic contributions to the total simulated Fe(II)  

concentration (b), and the simulated precipitation of FeS(s) (c). 

 

2.2.2 Mass transfer processes 

The first step of model development was carried out in Buttet et al., 2018-I. 

In this relatively simple system (Figure 2), MATLAB
®

 was used to simulate 

bacterial growth via single Monod kinetics and solve a set of ordinary differ-

ential equations to describe the movement of the volatile compounds across 

the phase boundaries. The models developed as a part of this work were a 

prelude to the development of the modeling tool presented in Murray et al., 

2019-II and served to solidify understanding of the fundamental physical ex-

perimental system. 

Mass transfer in the batch experimental systems is driven by concentration 

gradients between the phases, which in turn are created by two processes – 

transformation of volatile species in the aqueous phase by microbial process-

es and acute system disturbances caused by sample removal. Mass transfer 

across the gas-organic and organic-aqueous boundaries due to microbial pro-

cesses was modeled kinetically in all batch experiments. In the experimental 

systems modeled with the coupled approach (Murray et al., 2019-II and Mur-

ray et al., 2019-III), hydrogen and CEs are transformed in the aqueous phase 

in PHREEQC and mass transfer of the volatile compounds is resolved in 

MATLAB
®

 using a short operator-split time step. Movement of the volatile 

compounds is described by: 
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 (
𝑑𝑛𝑖

𝑑𝑡
)

𝑜𝑟𝑔−𝑗
=  𝑉𝑗(𝐶𝑖,𝑗

𝑒𝑞
− 𝐶𝑖,𝑗) (

𝜅𝑖,𝑜𝑟𝑔−𝑗𝐴

𝑉𝑜𝑟𝑔
) (3) 

 

where (dni/dt)org-j [mol s
-1

] is the change in moles of compound i through 

time, t [s], across the boundary between the organic phase and phase j, Vj [L] 

is the volume of phase j, Ci,j [M] and C
eq

i,j [M] are the concentration and 

equilibrium concentration of compound i in phase j, i,org-j [dm s
-1

] is the 

mass transfer coefficient, and A [dm
2
] is the cross-sectional area of the phase 

interface (Aeppli et al., 2009). 

Description of the physical system processes would not be complete without 

inclusion of the effects of consecutive sample removal on CE dechlorination 

(Buchner et al., 2016), as this impacts not only partitioning of the volatile 

compounds but also interpretation of the microbial kinetics. Aqueous sample 

removal (Equation (4) was included in all modeled experiments in this PhD 

study. The modeling tool was modified in Murray et al., 2019-III to also in-

clude removal of the gaseous phase since measurement of the intermediate 

dechlorination product, VC, was essential to attributing chloride production 

to each step of the two-step dechlorination process (Equation (5). The moles 

of each compound, ni [moles], present after each sampling event are de-

scribed by:  

 

 𝑛𝑖 =  𝐶𝑖,𝑔𝑎𝑠𝑉𝑔𝑎𝑠 + 𝐶𝑖,𝑜𝑟𝑔𝑉𝑜𝑟𝑔  +  𝐶𝑖,𝑎𝑞𝑉𝑎𝑞 −  𝐶𝑖,𝑎𝑞𝑉𝑆,𝑎𝑞 (4) 

 𝑛𝑖 =  𝐶𝑖,𝑔𝑎𝑠𝑉𝑔𝑎𝑠 + 𝐶𝑖,𝑜𝑟𝑔𝑉𝑜𝑟𝑔  + 𝐶𝑖,𝑎𝑞𝑉𝑎𝑞 − (
𝐶𝑖,𝑔𝑎𝑠𝑉𝑔𝑎𝑠

𝑉𝑔𝑎𝑠 + 𝑉𝑆,𝑔𝑎𝑠
) 𝑉𝑆,𝑔𝑎𝑠 (5) 

 

where all concentrations and phase volumes are representative of the state of 

the system prior to sample removal and VS,aq [L] and VS,gas [L] are the respec-

tive volumes of the aqueous and gaseous phase samples removed. Re-

equilibration to update the concentration in each phase was then calculated 

using the phase partition coefficients and the new total amount of moles pre-

sent in the system ni.  Note that when a gas sample is removed, only mass is 

removed from the system, and the volume of the phases remains unchanged. 

Figure 8 depicts the change in volume of the phases due to aqueous sample 

removal and illustrates the substantial physical impact of sampling on a rela-

tively small system over a long experimental duration. 
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Figure 8. Volume changes due to sampling in each of the three experimental investiga-

tions. The total volume of each experimental batch in all investigations was 125 mL.  

The duration of the experiments in Buttet et al., 2018-I and Murray et al., 2019-II 

were less than one week. The duration of the experiment in Murray et al., 2019-III 

was seven months. 

 

Sample removal also impacts interpretation of the microbial kinetics. In Mur-

ray et al., 2019-III, some batches proceeded relatively slowly and had not 

consumed all CEs after 200 days (Figure 9a), while other batches proceeded 

relatively quickly and had consumed all CEs within 90 days (Figure 9b). For 

an experiment that spans several months, inaccurately accounting for sample 

removal would impact each batch to a different degree, and comparison of the 

kinetic parameters between batches may be unfeasible.  

Interestingly, when samples are removed from multiple phases, accounting 

for only one type of sample removal causes the largest deviation from the 

original simulation. Removing mass from the system decreases the observed 

chloride concentration at the end of the time series, while removing volume 

from the aqueous phase has the opposite effect. The simulations in Figure 9 

show that when aqueous samples are removed, the effect of the change in 

volume has a greater impact than that of the change in mass. 
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Figure 9. Influence of sample removal on the kinetic description of contaminant 

dechlorination using data and simulations from Murray et al., 2019-III. Panel (a) de-

picts the slower case, the OHRB consortium with added FeRB, and Panel (b) depicts 

the faster case, the OHRB consortium with added SRB. In the original simulation, gas 

samples = 1.5 mL and aq. samples = 1 mL. –Gas and –Aq. = no samples taken. +Aq. = 

1.25 mL volume (125% of original). +Gas = 3 mL volume (150% of original) and 15 

samples collected (instead of 5 samples for (a) and 3 samples for (b)). 

 

2.3 Model-based interpretation of experimental 

observations 
The combination of the modeling tool with the experimental techniques for 

investigation of microbial community composition’s impact on CE dechlorin-

ation allowed for quantitative system understanding to be attained. The fol-

lowing sub-sections communicate observations in the context of the impact of 

multiple OHRB strains upon each other (intra-guild investigations) and the 

impact of the presence of FeRB and SRB on CE dechlorination (inter-guild 

investigations). 

2.3.1 Intra-guild investigation: OHRB-only community interactions 

Population shifts among strains of the OHRB varying in uncharacterized re-

ductive dehalogenase (rdhA) genes within their genomes, have been observed 

to correlate to the electron acceptor available (Pérez-de-Mora et al., 2018). In 

Buttet et al., 2018-I, it was found that two strains of Candidatus Sulfurospi-

rillum diekertiae, which varied only in their PCE rdhA gene sequences, were 

able to coexist in the same consortia not only due to their differing electron 

acceptor spectra and the relaxed frequency of culture transfers, but also to 

their respective kinetic parameters.  
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One strain, referred to as SL2-1, exclusively respired PCE to TCE, and the 

other, referred to as SL2-2, was capable of PCE respiration to TCE and fur-

ther respiration of TCE to cDCE (Figure 2). Through batch experiments and 

application of the numerical model, it was determined that the maximum spe-

cific PCE utilization rate, kmax,PCE, was higher for SL2-1 than for SL2-2, and 

the half-saturation constant (inverse of the substrate affinity constant), KS,PCE, 

was higher for SL2-2 than for SL2-1. This would allow for both populations 

to simultaneously use PCE as an electron acceptor and emphasizes that diver-

sity within an OHRB community can lead to robustness rather than competi-

tion. It also underscores that accurate estimation of dechlorination kinetics 

should stem from the rdhA genes responsible for the dechlorination, rather 

than the genus or species of the organism detected. 

2.3.2 Inter-guild investigation: OHRB as members of a mixed 

culture 

The effect of microbial community composition in a system with complex 

processes was investigated in Murray et al., 2019-II and Murray et al., 2019-

III. Application of the model shows that the CE substrate utilization rates, 

kmax,CE, in both experiments were impacted by the inclusion of SRB as a soli-

tary factor and not impacted by the inclusion of FeRB as a solitary factor in 

the experimental batches. Inclusion of both SRB and FeRB together had a 

moderating effect to the change in rate observed from the inclusion of SRB 

alone. In the PCE to TCE respiring system presented in Murray et al., 2019-

II, the inclusion of SRB alone reduced the rate of reductive dechlorination by 

Candidatus Sulfurospirillum diekertiae, but the inclusion of FeRB resulted in 

a substrate utilization rate greater than that observed with the OHRB and 

SRB, but less than that of the OHRB consortia alone. In Murray et al., 2019-

III, the inclusion of SRB to the OHRB consortia (in addition to the indige-

nous SRB) stimulated both the rate of the cDCE to VC and VC to ethene re-

ductive dechlorination processes by Dehalococcoides spp., with a more pro-

nounced impact on VC dechlorination. The inclusion of SRB and FeRB not 

indigenous to the OHRB consortia moderated this impact on both steps of the 

dechlorination process. 

In Murray et al., 2019-III, indigenous FeRB and SRB belonging to the same 

genus as the added FeRB and SRB were present in the OHRB consortium and 

were stimulated by the addition of Fe(III) and sulfate to the growth media. 

Thus, it cannot simply be concluded that the presence of SRB stimulated 

dechlorination, but that the presence of the particular added SRB stimulated 

dechlorination. It could be that this strain of the added SRB, Desulfovibrio 
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vulgaris Hildenborough, created a product that was beneficial to Dehalococ-

coides spp. metabolism (Harkness et al., 2012; Islam et al., 2010; Wang et al., 

2019). This result emphasizes that the mechanisms behind the observed im-

pacts are more intricate than process identification at the macro scale, and 

possibilities to further explore this finding are described in Chapter 5 Re-

search perspectives. 

The findings from Murray et al., 2019-II and Murray et al., 2019-III that add-

ed FeRB do not impact CE dechlorination appear to be in direct contrast to 

other findings in the literature (Paul et al., 2016; Shani et al., 2013). This 

could, however, be due to the low amount of bioavailable Fe(III) present in 

the batch experimental media in Murray et al., 2019-II and Murray et al., 

2019-III. Possibilities for further experimentation are described in Chapter 5 

Research perspectives.  
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3 Chlorinated ethene degradation: field-

based process determination and 

quantification 

Water resources worldwide are threatened by CEs in the subsurface, and in-

formed remediation decisions need to be made to allocate resources most ef-

fectively and protect public health (Ottosen et al., 2018). While investigation 

at the laboratory scale is indispensable to comprehensive process understand-

ing of OHRB-containing microbial community systems, process understand-

ing of these systems at the field scale is also an essential component to suc-

cessful remediation efforts. Field scale process understanding, outside the 

controlled environment of the laboratory, is best achieved by the combination 

of complementary analysis methods to elucidate the processes that occur in 

the subsurface (Bombach et al., 2010; Nijenhuis et al., 2018).  

In this chapter, the multiple lines of evidence approach as a method to attain 

field system conceptual understanding is presented and its application dis-

cussed, in particular for a CE contaminant plume in the town of Rødekro, 

Denmark. Further, quantitative understanding in the plume is reached by spa-

tial and temporal calculation of first order degradation rate constants. 

3.1 Multiple lines of evidence approach 
Comprehensive evaluation of CE degradation through the lens of different 

disciplines, termed the multiple lines of evidence approach, yields a level of 

process understanding that is greater than the sum of its parts  (Badin et al., 

2016; Courbet et al., 2011; Hunkeler et al., 2011; Murray et al., 2019-IV; 

Nijenhuis et al., 2007). Table 1 is a non-exhaustive list of lines of evidence 

that can be included in this approach for CE plumes and how each line of in-

quiry can contribute to process understanding. 

OHRB are requisite for CE biotransformation in the subsurface, and many 

lines of evidence explicitly investigate various aspects of the microbial com-

munity. Groundwater chemical analyses show the dominant redox processes 

occurring in the subsurface microbial community (Postma and Jakobsen, 

1996), yet interactions within the community are complex and not always 

easy to determine. Possible impacts from the community on OHRB are de-

picted in Figure 10. 
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Table 1. Lines of inquiry that can be pursued in the multiple lines of evidence approach for chlorinated ethene plumes and the type of 

knowledge that can be gained from each line (inspired by/adapted from Bombach et al., 2010; Nijenhuis et al., 2018). 

Line of Evidence Questions Answered 

Aquifer geology & geochemistry 
Are reactive minerals present that could facilitate abiotic chlorinated ethene degradation? How might geo-
logic heterogeneities impact the spatial distribution of the plume? 

Hydrodynamic characterization 
How does the groundwater flow direction and velocity impact contaminant transport? Do transport calcula-
tions indicate that contaminants have moved downgradient as much as or less than other species? 

Contaminant concentration Are daughter products present? Do concentrations decrease? Where is the center of mass?  

Contaminant mole fractions, Degree 
of dechlorination 

How has sequential dechlorination / degradation progressed? 

Redox processes / chemistry 
What are the dominant redox processes throughout the chlorinated ethene plume? Are conditions in the 
aquifer reduced enough to support hydrogen production, all steps of reductive dechlorination? 

Specific degraders/genes presence 
Are bacteria known to be capable of dechlorination present based on 16S rRNA genes of specific OHRB 
genera? Is the functional capacity to degrade the chlorinated ethenes present based on rdhAs specific for 
chlorinated ethene dechlorination? 

Specific degraders/genes activity 
Are those genes / bacteria known to be capable of dechlorination that are present also active based on the 
presence of ribosomal or messenger RNA of the respective genes? 

16S rRNA community sequencing 
What is the variety/relative amount of taxonomies known to contain degrading bacteria? Does the microbial 
community taxonomy suggest support or inhibition of the degrading bacteria? How many known competitors 
are present? 

Metagenomics 
What is the functional capacity for dechlorination? Do the functions present suggest the microbial communi-
ty support or inhibit the degrading bacteria? How many known competing functions are present? 

Batch & column studies 
Do ex situ microcosm experiments with groundwater and/or sediment from the plume demonstrate that 
degradation will occur? If so, to what extent? 

δ
13

C isotopes To what extent has degradation progressed? 

13
C and 

37
Cl dual isotopes What is the likely degradation mechanism(s)? 

Modeling/Quantification 
Can quantitative understanding of processes occurring in the plume, including dilution and dispersion, be 
achieved? How do simulations of the subsurface support conceptual understanding? What understanding 
limitations are revealed? 
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In principle, fermenting organisms produce hydrogen, the electron donor used 

by OHRB, and acetate, their carbon source (Adrian and Löffler, 2016). When 

the fermenters are stimulated, by easily degradable organic carbon or the ad-

dition of organic acids like lactate or butyrate, the OHRB commensally thrive 

off of the input. However, hydrogen is an appealing electron donor that is 

used by various other guilds in the subsurface, such as hydrogenotrophic 

FeRB and SRB (Fennell and Gossett, 1998). FeRB and SRB can also use 

longer chain carbon molecules, like lactate, and can therefore be in direct 

competition with fermenting bacteria and indirect competition with OHRB 

(Adrian and Löffler, 2016). 

 

 

Figure 10. Schematic of the complementary information revealed by molecular and 

isotopic lines of evidence. Molecular analyses are categorized by whether the micro-

bial community (Group) or specific degraders (Specific) are targeted and by whether 

the taxonomic assignment (Phylogeny) or gene function (Function) are learned. Posi-

tive (+) and negative (-) impacts from the microbial community on OHRB are indicat-

ed in the red boxes. 

 

One molecular line of evidence (Table 1; Figure 10) to investigate subsurface 

OHRB-containing microbial communities is analysis of metagenomics DNA 

to ascertain the presence of specific, known OHRB based on 16S rRNA genes 

and specific rdhA genes (Murray et al., 2019-IV; Nijenhuis et al., 2007).  An-

other is mRNA analysis of metagenomics RNA to discover whether these 
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specific genes and degraders are expressed and active (Bælum et al., 2013; 

Murray et al., 2019-IV). Community analysis, either by 16S rRNA sequenc-

ing or, resource permitting, metagenomics, can inform as to the diversity and 

relative abundance of OHRB or rdhAs and the ability of the community to 

support or inhibit OHR (Badin et al., 2016; Hug et al., 2012; Murray et al., 

2019-IV; Yargicoglu and Reddy, 2015).  

Isotopic analysis methods (Table 1; Figure 10) can complement bio-

molecular lines of evidence (Nijenhuis and Kuntze, 2016). Compound specif-

ic isotope analysis (CSIA) of carbon in the CE mother and daughter products 

can be used to assess the extent of CE degradation and directly document 

degradation (Elsner et al., 2005).  When CSIA is applied to both the CE car-

bon and chlorine atoms, the slope of the line on a C-Cl plot can indicate the 

mechanism of breakdown or transformation of the CE (Abe et al., 2009; Jin et 

al., 2013; Nijenhuis et al., 2016).  

When using the multiple lines of evidence approach, it is pertinent to remem-

ber that absence of evidence is not evidence of absence. This is especially 

relevant to subsurface microbial communities, which can be sparse and sub-

ject to sampling limitations (Griebler et al., 2009). Application of one method 

alone cannot, with certainty, describe the extent, mechanism, and rate of deg-

radation (Bombach et al., 2010). Agreement between the lines of evidence 

indicates process understanding, while disagreement or null findings indicate 

understanding limitations. 

3.2 Application of the multiple lines of evidence 

approach 
The multiple lines of evidence approach has been successfully used to ascer-

tain whether natural attenuation in CE plumes occurs in large, complex 

and/or heterogeneous systems, where one line of evidence would be insuffi-

cient. The approach is particularly suited for large contaminated sites, such as 

the contamination in the Bitterfeld/Wolfen area (Imfeld et al., 2008; 

Nijenhuis et al., 2018, 2007) or the large CE plume in Rødekro (Badin et al., 

2016; Hunkeler et al., 2011; Murray et al., 2019-IV).  Multiple lines of evi-

dence are also essential at complex sites, such as those with multiple contam-

inant sources (Blazquez-Pali et al., 2019; Imfeld et al., 2008) or with varying 

high and low permeability zones (Damgaard et al., 2013). Time may also be a 

constraint, such as a CE plume in France (Courbet et al., 2011) where the lo-

cal authority required evidence of natural attenuation within a short time-
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frame; this constraint could be met using the multiple lines of evidence ap-

proach. 

A particularly good example of the multiple lines of evidence approach is the 

investigation of a PCE plume in Rødekro, Denmark (Badin et al., 2016; 

Hunkeler et al., 2011; Murray et al., 2019-IV). The site has been investigated 

extensively for over a decade and contains an expansive dataset, without 

which process understanding in the plume could not be attained. The plume 

in Rødekro extends for 2 km in an anoxic, primarily sandy aquifer inter-

spersed with clay lenses. The plume source zone was thermally remediated in 

2006, and dissolved organic carbon (DOC) was released into the plume. This 

stimulated microbial activity and established a sulfate-reducing redox zone, 

suitable for dechlorination of cDCE and VC, at approximately 1 km from the 

source zone (Badin et al., 2016). Investigation of the site was continued in 

Murray et al., 2019-IV to further track the evolution of the plume after source 

remediation and evaluate degradation in situ based on new information about 

specific degraders and dual C-Cl isotope analysis slope values. 

3.2.1 Process determination in the Rødekro plume 

Local hydrodynamic characterization in the Rødekro plume allows for piece-

wise transport estimates based on local hydraulic conductivity determination 

along the depth and length of the plume flowline (similar to as was done in 

Courbet et al., 2011). The expected transport of CEs if no attenuation pro-

cesses were occurring was estimated for sections of the plume using local 

pore water velocities. It was found that CEs have not only not advanced this 

far downgradient, but also that the longitudinal extent of the plume has re-

mained at more or less steady state throughout the past half-decade (Murray 

et al., 2019-IV). 

CE concentrations in the plume have, in general, decreased over time (Mur-

ray et al., 2019-IV). PCE has remained dominant in the first 750 m of the 

plume, and cDCE dominates the remainder. VC concentrations have de-

creased in particular and now account for only 16% of all CEs by mole frac-

tion at the plume front. This could indicate that VC is not produced in large 

quantities or that it is consumed more quickly than it is produced. As was 

also the case in Damgaard et al., 2013, further lines of evidence are needed to 

identify the fate of cDCE and VC. 

The appearance of a sulfate-reducing redox zone after the source zone reme-

diation was established based on the disappearance of dissolved Fe(II), as it 

precipitates with sulfide, a product of sulfate reduction (Badin et al., 2016). 
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Fe(II) has again been detected during the investigation conducted in Murray 

et al., 2019-IV, though at a low level. This signals that less sulfate reduction 

is occurring, as an insufficient amount of sulfide was produced to precipitate 

all Fe(II). While this indicates that the sulfate-reducing zone is shrinking and 

the aquifer is returning to its state prior to the thermal remediation event, the 

redox potential in this zone is still suitable for cDCE dechlorination. Fur-

thermore, natural pyrite in the aquifer establishes the potential for abiotic 

degradation of cDCE (Lee and Batchelor, 2002). Freshly formed iron-sulfide 

minerals are most reactive (Jeong et al., 2011), and evidence of iron-sulfide 

mineral precipitation in this sulfate-reducing zone further conveys the capaci-

ty for abiotic CE degradation in this zone. 

Enriched δ
13

C values indicate that destructive processes are occurring for all 

CEs at a high enough concentration for analysis (i.e. PCE, TCE, cDCE). En-

richment of δ
13

C values combined with transport calculations confirmed hy-

drogeological and redox process understanding (Murray et al., 2019-IV) – the 

sulfate-reducing zone was on the cusp of formation in 2010, and cDCE 

dechlorination likely began some time after this but before 2014.   

Ongoing discoveries continue to guide bioremediation strategy development 

and implementation. For example, although the dual C-Cl isotope slope for 

cDCE could not be determined during the investigation in Murray et al., 

2019-IV, previously determined slopes could be reevaluated based on newly 

determined slope values. Dual C-Cl isotope slope ranges for abiotic and bio-

tic reductive dechlorination of cDCE now appear to overlap (3.1-5.0 and 4.5-

13.7, respectively), and a slope value lower than both of these ranges has 

been determined for a combination of these degradation mechanisms (1.5) 

(Audí-Miró et al., 2015; Murray et al., 2019-IV). While the most recent dual 

C-Cl slope for cDCE determined at Rødekro (3.0) still best matches the range 

for abiotic degradation, the possibility for a combination of these two degra-

dation pathways cannot be excluded.  

Another new discovery is that of a species of Dehalogenimonas capable of 

anaerobic reductive dechlorination of VC with the CerA reductive dehalo-

genase (Yang et al., 2017), which reframed the narrative that only Dehalo-

coccoides sp. was capable of this process (Löffler et al., 2013) and substanti-

ated the suspected phylogenetic diversity of unclassified OHRB (Maphosa et 

al., 2010). Consequently, bio-molecular analyses carried out in Murray et al., 

2019-IV included specific qPCR for Dehalogenimonas spp. and cerA as well 

as qPCR for Dehalococcoides spp., vcrA, and bvcA and 16S rRNA gene am-
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plicon sequencing. The specific OHRB and rdhA genes were detected 

throughout the plume, indicating that the microbial community has the capac-

ity for biotic reductive dechlorination and in particular has expressed the 

functional capacity to degrade VC to ethene. Dehalococcoides spp., Deha-

logenimonas spp., and bvcA were detected in the sulfate-reducing zone. Ac-

tive degrader populations and rdhAs were not detected at the RNA level; 

however, this may be due to low concentrations of biomass and does not nec-

essarily indicate that no active degraders are present in the subsurface. 16S 

rRNA gene amplicon sequencing analysis revealed operational taxonomic 

units (OTUs) that may contain OHRB comprised a substantial percentage of 

the total reads, signaling that this may be a dominant process in the microbial 

community. Both specific and community analyses show that the OHRB 

guild decreases in (relative) abundance toward the plume front. Community 

sequencing shows OTUs attributed to the FeRB guild increase in relative 

abundance with distance from the source zone and are the most abundant of 

the analyzed guilds near the plume front. In the investigation carried out in 

Murray et al., 2019-IV, the complementary nature of the molecular analyses 

was apparent – while OTUs containing OHRB were relatively abundant, the 

family Dehalococcoidaceae was, for the most part, not able to be further clas-

sified. The presence of the genera Dehalococcoides and Dehalogenimonas 

was only established through qPCR for specific degraders. 

These multiple lines of evidence support interpretation of the dual C-Cl iso-

tope slopes that PCE and TCE are biodegraded within 750 m downgradient 

from the source zone and that a combination of abiotic and biotic processes 

further transform cDCE. These lines include: i) hydrodynamic characteriza-

tion of the aquifer and enriched δ
13

C values, which indicate destructive pro-

cesses occurred, ii) redox conditions in portions of the plume were suitable 

for dechlorination of cDCE, iii) iron-sulfide minerals capable of abiotic deg-

radation, such as pyrite and iron-sulfide precipitates, are present in the aqui-

fer, iv) the possibility for OHR of all CEs, including VC, was present 

throughout the plume, and v) OTUs containing known OHRB comprised a 

large relative proportion of the microbial community. 

3.2.2 Process quantification in the Rødekro plume 

Because the destructive processes and hydrodynamics of the CE plume sys-

tem were able to be ascertained in relative detail, enrichment factors could be 

calculated/selected and first order degradation rate constants could be calcu-

lated for PCE and cDCE. The enrichment factors determined for PCE at the 

site were used for rate constant calculations (Badin et al., 2016; Murray et al., 
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2019-IV). Since the degradation process for cDCE is likely a combination of 

abiotic and biotic degradation mechanisms and ranges for enrichment factors 

found in the literature for each mechanism overlap, the maximum (for abiotic 

degradation with Fe(0) (Vanstone et al., 2004)) and minimum (for biotic deg-

radation with the ANAS culture (Lee et al., 2007)) enrichment factors found 

in the literature were applied.  

First order degradation rate constants were calculated in two ways, over dis-

tance between two points in the same sampling campaign (arrows within one 

panel in Figure 11), and over time between the same point during two sam-

pling campaigns (arrows between two panels in Figure 11). In this way, the 

degradation rate constant can be determined when the degradation occurs in a 

small area, such as for the sulfate-reducing zone where cDCE degradation 

occurs, which is only captured in one monitoring well (well B34, Figure 11). 

The first order rate constant calculated for PCE dechlorination at 750 m from 

the source zone agrees with the rates calculated in 2014 and supports the va-

lidity of this method (Murray et al., 2019-IV). 

 

 

Figure 11. First order degradation rate constants (yr -1) calculated for CE degradation 

in the Rødekro plume. Blue arrows indicate PCE dechlorination and green arrows in-

dicate cDCE degradation. Horizontal arrows, within one panel, are calculated over 

distance using data from multiple locations and one sampling campaign. Angled ar-

rows, between two panels, are calculated over time using data from one location and 

two sampling campaigns. Field-based enrichment factors for PCE from 2014 and 2017 

were used to calculate the range of values for the PCE temporal rate constant calcula-

tion. (Modified from Murray et al., 2019-IV). 
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The half-lives calculated from the first order degradation rate constant for 

cDCE range from 10-69 years. Transport calculations show that the cDCE 

does not remain in the sulfate-reducing portion of the plume for such a long 

period, yet the plume has remained at more or less steady state (Badin et al., 

2016; Hunkeler et al., 2011; Murray et al., 2019-IV). This suggests that 

cDCE undergoes further degradation between the sulfate-reducing zone and 

the plume front, and supports the lines of evidence analysis that abiotic deg-

radation occurs in this location. This quantitative interpretation deepens un-

derstanding of the degradation system in the Rødekro plume. 

3.3 Discussion of Rødekro plume in situ 

dechlorination 
The multiples lines of evidence approach and subsequent system understand-

ing can support discussion of the enhancing or inhibiting role of the plume 

microbial community in complete CE dechlorination. At Rødekro, the stimu-

lating effect of the source zone remediation on the plume subsurface microbi-

al community is still evident a decade after the event (Murray et al., 2019-

IV). This may be due to more than simply the production of electron donor 

and the lowered redox potential in a portion of the plume. The work carried 

out in Murray et al., 2019-III and Harkness et al., 2012 shows that in some 

cases, sulfate-reduction can stimulate OHR by Dehalococcoides spp. While 

Desulfovibrio vulgaris Hildenborough, the added SRB in Murray et al., 2019-

III, was not explicitly identified through 16S community sequencing at 

Rødekro, the genus Desulfovibrio and other OTUs known to contain SRB 

were found. The stimulating effect on VC respiration observed in these stud-

ies, which is attributed to metabolic complementarity, may also be occurring 

in the Rødekro plume and may be a contributing factor to non-detected levels 

of VC along the plume flowline. 

As the chemical state of the aquifer returns to conditions prior to the source 

zone remediation, iron reduction will begin to dominate over sulfate reduc-

tion. Some studies have demonstrated the negative impact of iron reduction 

on OHR (Shani et al., 2013; Wei and Finneran, 2011). Others show that iron 

reduction does not directly impact OHR, but that, even at low levels, it can 

have a moderating impact on the effects of sulfate reduction (Murray et al., 

2019-II; Murray et al., 2019-III). cDCE and VC dechlorination may then de-

cline as the sulfate-reducing zone diminishes in redox potential and size. 
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However, it is imperative to consider that the role of any one respiration guild 

in enhancing or inhibiting bioremediation efforts is not always readily appar-

ent. For instance, in a field bioaugmentation investigation using the well-

studied KB-1 dechlorinating culture (Pérez-De-Mora et al., 2014), it appeared 

that it was not the addition of Dehalococcoides to the microbial community 

that enhanced conversion of CEs to ethene. While the Dehalococcoides popu-

lation remained consistent, enhanced OHR positively correlated with an in-

crease in the KB-1 fermenting Bacteroidetes population. As another example, 

many SRB are also capable of reducing Fe(III) (Elias et al., 2004), and Deha-

lococcoides spp. has thrived when grown with the sulfate-reducing Desul-

fovibrio vulgaris Hildenborough performing fermentation (Men et al., 2014, 

2012). The processes performed by specific bacteria are not limited to the 

guild to which it is assigned, and it may be that the mechanism of impact of 

the sulfate-reducing zone on OHR will persist even as the redox conditions 

change. Possibilities to explore this are discussed in Chapter 5 Research per-

spectives.    
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4 Conclusions  

The aim of this PhD study has been to improve understanding of the impact 

of the microbial community on CE degradation. Based on the PhD thesis and 

the four included papers, the following conclusions have been made: 

 The coexistence of different strains of OHRB in a consortium is not only 

due to differences in the electron acceptors that can be utilized, but also 

the strains’ growth kinetics. 

 The SRB Desulfovibrio vulgaris Hildenborough can positively impact the 

rate of cDCE and VC dechlorination and can negatively impact the rate of 

PCE dechlorination by OHRB. Furthermore, it was found that the FeRB 

Shewanella oneidensis MR-1 had no impact on the dechlorination rate as a 

solitary experimental factor in the investigated consortia, but had a moder-

ating effect when combined with the addition of SRB. 

 To interpret multiphase batch contaminant dechlorination experiments, a 

modeling tool was developed that accounts for biogeochemical processes 

occurring in the aqueous phase, interphase mass transfer driven by bio-

transformation, and mass transfer driven by sample removal. The interpre-

tation using the model highlights the importance of accounting for both 

equilibrium and kinetic reactions when simulating the physical and bioge-

ochemical processes present in an experimental system. 

 The multiple lines of evidence approach allowed for comprehensive spatial 

and temporal interpretation of degradation in a CE contaminant plume. Be-

cause this thorough process understanding in the plume was attained, the 

role of the microbial community in support/inhibition of the degradation 

processes could be discussed. 

 The combination of various investigative methods and complementary data 

types, including bio-molecular community analysis, allowed for in-depth 

process understanding at both the laboratory and field scales. The combi-

nation of conceptual and quantitative evaluation at both scales yielded un-

derstanding of the interplay between biotic and abiotic processes. 
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5 Research perspectives  

A number of areas have been identified as possible areas for continuation of 

this body of research. These include: 

 Further investigation of the stimulating and inhibiting effects of Desul-

fovibrio vulgaris Hildenborough on dechlorination. This PhD work iden-

tified that inclusion of the SRB Desulfovibrio vulgaris Hildenborough in 

an OHRB-containing microbial community had varying effects on the rate 

of dechlorination. To discern the patterns underlying these observed vary-

ing effects, further investigation is necessary. To start, the developed mod-

el could be applied to the larger experimental dataset from Murray et al., 

2019-III, since in some batches dechlorination was completely suppressed 

by the additional SRB and FeRB. Further experiments and modeling ef-

forts using this experimental structure could investigate the presence of 

SRB and moderating effect of FeRB, where focus can be shifted away 

from inclusion of FeRB without SRB. An iterative strategy between mod-

eling and experimentation can be employed, where speciation of the bioa-

vailable Fe(III) substrate is accounted for and ample Fe(III) is added such 

that Fe(III)-reduction has the opportunity to be a significant process.  

Greater understanding as to the nature of the metabolic complementarity 

between the OHRB and added SRB is essential for its engineering applica-

tion. An investigation of the mechanism by which cDCE and VC dechlo-

rination are enhanced could be undertaken by various methods, including 

further experimentation with analyses, such as metabolomics, to identify 

any metabolic interdependencies. Application of flux balance analysis, 

such as a combination of the metabolic models developed by Islam et al., 

2010 and Stolyar et al., 2007, could help toward quantitative understanding 

of this observed microbial interaction. 

 Application of the modeling tool to other degradation process ques-

tions. The modular construction of the modeling tool developed in Murray 

et al., 2019-II allows for its application in different contaminant degrada-

tion experiments, including those investigating other organic contaminants. 

If applied with the aim of adding to the fundamental system understanding 

developed in the current work, this could include batch experiments with 

the OHRB consortia alone and quantitatively evaluating the impact of dif-

ferent metabolites, such as different types of corrinoid (Yan et al., 2016), 

on the observed dechlorination rate. The model could also be expanded to 
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include a fourth, solid phase, and be used to evaluate the impact of various 

iron minerals on CE degradation. 

 Further opportunities for field investigation and data analysis at the 

Rødekro field site. Further work could also be conducted with the expan-

sive dataset from the Rødekro field site. Ordination methods, such as were 

conducted in Imfeld et al., 2008 and Shani et al., 2013, could be used to 

identify correlations between the microbial community sequence results 

and the other lines of evidence. There is also the possibility to conduct 

contaminant mass discharge analysis (Courbet et al., 2011) on the existing 

plume transects and ascertain if degradation estimates based on mass bal-

ance analyses and those based isotopic analyses yield similar results. If re-

sources permit, metagenomics analyses in further sampling campaigns 

could strengthen the microbial community composition interpretation, as 

iron- and sulfate-reducing gene identification is more reliable than attrib-

uting a function to a phylogenetic assignment. 

 Multidimensional flow-through microcosm experiments and modeling. 

An intermediate step in process understanding between the laboratory and 

the field is 2D or 3D flow-through microcosm experimentation and model-

ing (Bauer et al., 2009b; Rolle et al., 2010). This would move the experi-

mental system from the batch scale to a system that varies both spatially 

and temporally, and would require the inclusion of porous media in the ex-

perimental setup. If it is possible to collect material from, for example, the 

sulfate-reducing zone at the Rødekro field site, microcosm experiments 

would provide the opportunity to investigate the subsurface microbial 

community and the longevity of the effects of the source zone remediation 

on the plume in multidimensional flow-through microcosm experiments. 

 Construct a field-scale model using the Rødekro dataset. The 

PHREEQC biogeochemical reaction module developed in Murray et al., 

2019-II could be coupled with reactive transport code to simulate CE 

dechlorination at the Rødekro field site. The possibility for abiotic reduc-

tion by pyrite could also be explored by kinetic simulation in the 

PHREEQC component. Such a model would enhance quantitative process 

understanding of the various parts of Rødekro plume. Furthermore, the de-

veloped modeling tool could be used to explore different remediation 

schemes, such as natural attenuation, biostimulation and bioaugmentation, 

or electrokinetic distribution of substrates and bacteria for enhanced bio-

degradation (EK-Bio).  
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