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Abstract 

Understanding anaerobic biodegradation of ether oxygenates beyond MTBE in groundwater is important, given that it is 

replaced by ETBE as a gasoline additive in several regions. The lack of studies demonstrating anaerobic biodegradation of 

ETBE, and its product TBA, reflects the relative resistance of ethers and alcohols with a tertiary carbon atom to enzymatic 

attack under anoxic conditions. Anaerobic ETBE- or TBA-degrading microorganisms have not been characterized. Only 

one field study suggested anaerobic ETBE biodegradation. Anaerobic (co)metabolism of ETBE or TBA was reported in 

anoxic microcosms, indicating their biodegradation potential in anoxic groundwater systems. Non-isotopic methods, such as 

the detection of contaminant loss, metabolites, or ETBE- and TBA-degrading bacteria are not sufficiently sensitive to track 

anaerobic biodegradation in situ. Compound- and position-specific stable isotope analysis provides a means to study MTBE 

biodegradation, but isotopic fractionation of ETBE has only been studied with a few aerobic bacteria (εC −0.7 to −1.7‰, 

εH −11 to −73‰) and at one anoxic field site (δ2H-ETBE +14‰). Similarly, stable carbon isotope enrichment (δ13C-TBA 

+6.5‰) indicated TBA biodegradation at an anoxic field site. CSIA and PSIA are promising methods to detect anaerobic 

ETBE and TBA biodegradation but need to be investigated further to assess their full potential at field scale.

Keywords Gasoline ether oxygenates · Tertiary alcohols · Isotopic fractionation · Compound-specific stable isotope 

analysis · Position-specific stable isotope analysis · Natural attenuation

Introduction

Ether oxygenates, such as methyl tert-butyl ether (MTBE), 

ethyl tert-butyl ether (ETBE), tert-amyl methyl ether 

(TAME), tert-amyl ethyl ether (TAEE), and diisopropyl 

ether (DIPE), are added to certain gasoline formulations to 

increase the octane number, thereby improving the efficiency 

of combustion and reducing emissions from vehicles (Fay-

olle et al. 2001; Concawe 2012; Thornton et al. 2020). ETBE 

is now the dominant ether oxygenate used in Europe and 

Japan, largely because it can be synthesized from biomass 

and contributes to the required renewable component of road 

fuel (van der Waals et al. 2019; Concawe 2020; Thornton 

et al. 2020).

ETBE can enter groundwater as a result of spillages 

during production, distribution, and storage. ETBE poses a 

hazard to groundwater resources because of its high aque-

ous solubility of 12 g/L at 20 °C (National Institutes of 

Health (n.d.)), its low thresholds for odour and taste in 
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water (49 and 47 μg/L, respectively), and because little is 

known about its biodegradation potential in the subsurface 

(Babé et al. 2007; Le Digabel et al. 2013; van der Waals 

et al. 2019). The low taste and odour thresholds make ETBE 

impacted groundwater unusable for drinking purposes; 

however, the predicted no effect concentration (PNEC) 

and no observed effect concentration (NOEC) values are at 

least 1 order of magnitude greater than the taste and odour 

threshold values (reviewed in Thornton et al. 2020), mean-

ing the primary focus is on aesthetic impacts. Hence, it is 

important to understand the fate of ETBE in the subsurface 

and how it could migrate to points of water use/discharge. 

Relatively few field-scale biodegradation studies have 

been published (Bombach et al. 2015; Nicholls et al. 2020; 

Thornton et al. 2020).

Tert-butyl alcohol (TBA) is a metabolite of MTBE and 

ETBE biodegradation, but also a potential fuel oxygenate 

(Piveteau et al. 2001). The biodegradation of MTBE under 

aerobic and anaerobic conditions has been studied inten-

sively, and bacteria and biochemical pathways have been 

characterized (Deeb et al. 2003; Lopes Ferreira et al. 2006; 

Häggblom et al. 2007; Concawe 2012; Hyman 2013; Liu 

et al. 2016). Aerobic biodegradation is well-established for 

ETBE and TBA, but there is relatively little peer-reviewed 

science on the assessment, mechanisms, and extent of anaer-

obic ETBE or TBA biodegradation in the subsurface (Thorn-

ton et al. 2020). A limited number of studies suggest that 

TBA can be a key product of both the aerobic and anaerobic 

biodegradation of ETBE (Yeh and Novak 1994; Schmidt 

et al. 2004a, b; Concawe 2012; Thornton et al. 2020).

Despite the increasing use of ETBE in gasoline, demon-

strating its (and associated TBA) biodegradation potential 

in situ remains an important challenge to support natural 

attenuation strategies for site management and reducing 

environmental risk. This paper reviews the literature from 

laboratory and field studies on methods that can be used 

to demonstrate the biodegradation of ETBE and TBA in 

contaminated groundwater, with a focus on (stable) isotope 

approaches (Fig. 1). It also includes background information 

on the overall theme of assessing ETBE and TBA biodegra-

dation in the environment.

Natural attenuation of ETBE and TBA

Various processes may decrease ETBE and TBA concen-

trations in the subsurface. Dilution, sorption, volatilization, 

dispersion, and biological degradation (i.e., biodegradation, 

biological stabilization/destruction) can decrease concentra-

tions in groundwater. These processes contribute to natural 

attenuation, which is defined by the USEPA as “a variety 

of physical, chemical, or biological processes that, under 

favorable conditions, act without human intervention to 

reduce the mass, toxicity, mobility, volume, or concentration 

of contaminants in soil or groundwater” (Bekins et al. 2001). 

Despite established anaerobic biodegradation potential, the 

natural attenuation of ethers (e.g., ETBE), and their metabo-

lite TBA, is often slow and difficult to demonstrate in anoxic 

environmental conditions (Müller et al. 2007). Although 

natural attenuation of TBA has been demonstrated at anoxic 

sites, aerobic biodegradation of both TBA and ETBE is more 

common and rapid (e.g., Day and Gulliver 2003; Landmeyer 

et al. 2010).

The potential and performance of natural attenuation of 

organic contaminants in soil and groundwater are deter-

mined using several lines of evidence (National Research 

Council 1993; Alvarez and Illman 2006, 2009; Rivett and 

Thornton 2008; Thornton 2019):
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Fig. 1  Summary of non-isotopic and isotopic techniques to detect ETBE and TBA biodegradation. The blue line in the figure indicates the 

groundwater level. The orange ovals indicate the contaminated area
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1. Changes in the contaminant concentrations and compo-

sition (including organic metabolites and isotopic frac-

tionation) along a plume flow path;

2. Changes in the macro-chemical composition of ground-

water (e.g., dissolved oxygen, nitrate, iron, manganese, 

sulphate, hydrogen, carbon dioxide, and methane con-

centrations, collectively termed “geochemical indica-

tors”) and general water parameters (e.g., pH, redox 

potential);

3. Demonstration of the presence and activity of micro-

organisms with contaminant biodegradation potential 

(often assessed using microcosm incubations or DNA 

and RNA analyses).

Reliable methods to detect in situ biodegradation of 

fuel oxygenates and the functioning of the microorganisms 

involved are crucial to underpin the first line of evidence 

(Nicholls et al. 2021). Isotope approaches such as com-

pound-specific stable isotope analysis (CSIA) and position-

specific isotope analysis (PSIA) have been used successfully 

to monitor the biodegradation of various organic contami-

nants, including MTBE and TBA (Rosell et  al. 2007a, 

2007b; Julien et al. 2015; Remaud et al. 2015; Thornton 

et al. 2016).

Biodegradation of ETBE and TBA

ETBE may resist biodegradation due to its tertiary car-

bon atom in combination with an ether bond (Bombach 

et al. 2015; Thornton et al. 2020). Specific aerobic Myco-

bacterium, Gordonia, and Rhodococcus species can use 

ETBE as a sole source of carbon and free energy. In these 

strains, ETBE utilization is initiated through oxidation by 

cytochrome P450 monooxygenase, an enzyme encoded by 

the ethB gene within the ethRABCD gene cluster (Beguin 

et al. 2003; Schuster et al. 2013). Most microorganisms 

identified as aerobic ETBE degraders are members of Act-

inobacteria (Thornton et al. 2020). However, since aerobic 

(micro)organisms quickly deplete oxygen while mineralizing 

easily degradable substrates in groundwater and wastewater 

polluted with petroleum hydrocarbons (Grbić-Galić 1990), 

anaerobic ETBE biodegradation is potentially an important 

mechanism in groundwater. A recent review noted little evi-

dence of anaerobic ETBE biodegradation in the presence of 

alternative electron acceptors, such as nitrate, ferric iron, or 

sulphate, or under methanogenic conditions (Thornton et al. 

2020). However, anaerobic ETBE biodegradation did occur 

under denitrifying and methanogenic conditions, in mildly 

acid (~pH 5.5) soils with a low organic matter content (Yeh 

and Novak 1994). In anoxic microcosms with aquifer mate-

rial from an industrial site, the supply of alternative ethers 

(ferulate, syringate, or diethyl ether) induced relatively rapid 

ETBE biodegradation, most likely through cometabolism 

(van der Waals et al. 2018). In addition, an isotope fractiona-

tion factor of up to +14‰ for hydrogen using CSIA, sug-

gested the occurrence of anaerobic biodegradation of ETBE 

along a groundwater plume (Bombach et al. 2015).

Because TBA is miscible with water it has strong poten-

tial to form dissolved phase plumes in groundwater (Deeb 

et al. 2003; Concawe 2020). TBA is biodegraded aerobically 

via 2-methyl-2-hydroxy-1-propanol, 2-hydroxy isobutyric 

acid, 2-propanol, methacrylate, 2,3-dihydroxy-2-methyl 

propionate, acetone, and hydroxyacetone to carbon dioxide 

and water (Pedersen et al. 2022). TBA can be recalcitrant 

to anaerobic biodegradation (Piveteau et al. 2001; Wei and 

Finneran 2011). However, TBA has also been reported to 

biodegrade anaerobically under anoxic nitrate-, manganese-, 

iron-, or sulfate-reducing conditions (Mormile et al. 1994; 

Yeh and Novak 1994; Finneran and Lovley 2001; Somsamak 

et al. 2001; Bradley et al. 2002).

Non‑isotopic methods to assess anaerobic 
biodegradation of ETBE and TBA

Contaminant mass loss

Contaminant mass loss in groundwater can be interpreted 

from related analyses using different methods. These 

approaches typically include (i) analysis of contaminant 

and geochemical indicator concentration trends in time and 

space, (ii) analysis of fluxes to track changes in contami-

nant mass, and (iii) numerical modelling of (reactive) sol-

ute transport (Alvarez and Illman 2006; Alvarez and Illman 

2009; Rivett and Thornton 2008; Thornton 2019).

A decrease in contaminant concentration in groundwater 

over time may not result from biodegradation. It may also be 

due to, for example, variations in groundwater flow, dilution, 

or changes in contaminant source history (Gilbert 1987; Riv-

ett and Thornton 2008). Therefore, more detailed analyses 

(such as mass flux estimates) or a combination of analyses 

indicating biodegradation is needed to deduce whether natu-

ral attenuation is occurring (Thornton et al. 2016; Thorn-

ton 2019). Mass flux analysis evaluates whether the rate at 

which metabolites are produced and electron acceptors are 

consumed equals the rate of contaminant depletion. In this 

analysis, the contaminant mass which passes across sec-

tions of the aquifer at different distances along a flow path 

is determined. The first step is to set up a quantitative model 

to evaluate whether mass loss occurs in the field is the crea-

tion of a conceptual site model (Alvarez and Illman 2006; 

Alvarez and Illman 2009; Thornton 2019). This conceptual 

model is based on contaminant distribution, hydrogeological 

conditions, and groundwater geochemistry. Available site 

information, such as the groundwater flow and (changes in) 
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contaminant and geochemical indicator concentrations at 

various locations, should be included in this stage. Numeri-

cal models can then be developed and used to quantitatively 

interpret the conceptual model to determine the contaminant 

migration rate, estimate biodegradation rates and predict 

when the plume will reach a steady state (Thornton et al. 

2016). However, it is often difficult to interpret differences 

in concentrations of ETBE and/or TBA from one monitoring 

well to another (Wilson and Adair 2007).

Detection of organic metabolites

The detection of specific organic metabolites in groundwater 

can provide evidence of contaminant biodegradation and is 

useful to characterize biodegradation pathways (Thornton 

et al. 2016). However, quantitative evidence of in situ bio-

degradation of ETBE and TBA is difficult to obtain (Rosell 

et al. 2007a, b). The aerobic biodegradation of ETBE to 

TBA occurs via the formation of intermediate organic 

metabolites, including acetaldehyde and tert-butyl acetate 

(Thornton et al. 2020). Little is known regarding anaerobic 

ETBE biodegradation pathways (Thornton et al. 2020). No 

metabolites other than TBA have been identified (Yeh and 

Novak 1994; Bombach et al. 2015). However, TBA can be a 

primary contaminant itself, making it difficult to confirm if 

TBA found in an ETBE-contaminated aquifer is a metabolite 

from ETBE biodegradation or an original fuel component. 

The anaerobic ETBE biodegradation pathway(s) must be 

known to successfully use metabolite measurements as evi-

dence for biodegradation. Anaerobic TBA consumption has 

been demonstrated, but a direct link with potential metabo-

lites has not been described in the literature (Yeh and Novak 

1994; Finneran and Lovley 2001; van der Waals et al. 2018).

Changes in groundwater composition

Since anaerobic biodegradation of organic contaminants 

typically occurs at the expense of alternative terminal elec-

tron acceptors (nitrate, Fe(III), Mn(IV), sulphate, or  CO2), 

it results in the accumulation of their reduced products 

(nitrite, Fe(II), Mn(II), sulphide, or methane). As such, 

changes in the geochemical composition of groundwater 

due to redox-driven degradation process are an important 

indicator of specific biodegradation processes and their 

extent (Alvarez and Illman  2006, 2009). Therefore, an 

analysis of the distribution of these geochemical indica-

tor species along the plume flow path in time and space is 

important to deduce anaerobic biodegradation of ETBE 

and TBA, as with other organic substances in groundwater 

(Rivett and Thornton 2008; Thornton et al. 2016; Nicholls 

et al. 2021). Parameters such as redox potential and pH 

may also be measured as indicators of in situ biodegrada-

tion, although these are less important than ETBE/TBA, 

metabolite, and electron acceptor concentrations (Rivett 

and Thornton 2008; Thornton 2019). While increasing 

methane and sulphide concentrations along an anoxic 

ETBE plume could result from anaerobic ETBE biodeg-

radation (Bombach et al. 2015), this trend may also reflect 

the biodegradation of co-contaminants such a BTEX com-

pounds, potentially confounding the evidence for direct 

biodegradation of ETBE (Thornton et al. 2016).

Demonstration of the presence and activity 
of microorganisms with ETBE or TBA biodegradation 
potential

DNA- and RNA-based molecular tools can be valuable 

in establishing the biodegradation potential of specific 

pollutants at contaminated sites (Lovley 2003; Babé et al. 

2007). Quantitative real-time PCR (qPCR), reverse tran-

scriptase PCR (RT-PCR), and next-generation sequencing 

(NGS) are now commonly deployed in the assessment of 

natural attenuation and enhanced bioremediation at sites 

polluted by organic contaminants (Alvarez and Illman 

2009; Thornton et al. 2016). An increasing abundance of 

microorganisms with specific biodegradation capacities 

can, for example, be demonstrated by the quantification 

of 16S rRNA genes of known degrading species or genes 

of functional enzymes (Nicholls et al. 2021).

Cleavage of the ether bond at the tertiary carbon of 

ETBE may require specific microorganisms in anoxic 

environments (Somsamak et al. 2001; Thornton et al. 

2020). Limited studies provide evidence of in situ 

anaerobic biodegradation of ETBE and TBA in soil and 

groundwater (Hernandez-Perez et al. 2001; Le Digabel 

et al. 2014; Bombach et al. 2015; Thornton et al. 2020). 

Possibly, microorganisms with enzymes capable of anaer-

obic ETBE and/or TBA biodegradation are sparsely dis-

tributed in the environment. Alternatively, the chemical 

and microbiological conditions necessary for biodegra-

dation may be site-specific and sporadically developed 

(Thornton et al. 2020). Even if microorganisms facili-

tating anaerobic biodegradation of ETBE and/or TBA 

were present, the development of this potential may be 

constrained by the preferential metabolism of co-con-

taminants in gasoline-contaminated groundwater (Thorn-

ton et al. 2020). However, since knowledge concerning 

anaerobic ETBE- and/or TBA-degrading microorganisms 

is lacking, it is hard to provide evidence from microbio-

logical field data to support in situ biotransformation. 

Thus, at present, it is essential to infer the potential for in 

situ biodegradation otherwise, e.g., using stable isotope 

methods, and combine the obtained information with 

other site data, such as geochemical data and microbial 

community compositions.
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Isotopic methods to assess anaerobic 
biodegradation of ETBE and TBA

Stable isotope fractionation

Isotopes of a chemical element have the same atomic num-

ber, determined by the number of protons, but a different 

mass, determined by the number of neutrons. Chemical 

bonds containing the heavier isotope are stronger and, 

hence, a higher activation energy is required for their 

cleavage (Meckenstock et al. 2004). Therefore, chemical 

bonds containing the lighter isotopes are cleaved preferen-

tially (Höhener and Aelion 2009; Hunkeler and Morasch 

2009). A unique feature of isotope analysis is to obtain 

information on the origin and fate of compounds in the 

environment (e.g., Fry 2006). Assessing isotopic fractiona-

tion of contaminants in the subsurface has become a valu-

able tool to track biodegradation of organic pollutants in 

the environment (e.g., Rosell et al. 2007a, b; Julien et al. 

2015; Remaud et al. 2015).

The isotopic compositions of materials are usually 

reported relative to an international reference standard 

according to the δ-notation (Table 1) (Kendall and Cald-

well 1998). The Rayleigh equation (δ13C(t) = δ13C(0) + ε 

* ln (F)), in which δ13C(0) is the initial δ13C, δ13C(t) is the 

δ13C at time t, ε is the isotope enrichment factor, and F is 

the ratio of the contaminant concentrations at time t and 

time t (0), is used to calculate the extent of in situ biodeg-

radation from measured stable isotope ratios. The isotope 

fractionation factor (α) indicates the change in the ratio of 

two isotopes during a chemical reaction or a physical pro-

cess (Braeckevelt et al. 2012). Since values of α are always 

very close to 1, the isotope enrichment factor ε, defined 

as ε = (α − 1) × 1000, is more commonly used (Table 1) 

(Hunkeler and Elsner 2009). Isotope enrichment factors 

are obtained in controlled laboratory studies (Rosell et al. 

2007a, b). By combining carbon and hydrogen isotope 

enrichment factors, different biodegradation mechanisms 

of specific contaminants can be distinguished (Zwank et al. 

2005; Hunkeler and Morasch 2009).

Stable isotope ratios of 13C/12C reported from the original 

source material or obtained from subsurface contaminant 

source zones are needed to differentiate isotope fractionation 

as a result of biodegradation. Reported δ13C(0) values of 

source contamination range from −21 to −27‰ for ETBE 

and from −25.5 to −31‰ for TBA, respectively (Table 2).

The use of CSIA for the identification of in situ biodeg-

radation of fuel oxygenates requires the determination of 

the isotope fractionation factors for specific biotic reactions 

(Rosell et al. 2012). The isotope fractionation during aerobic 

ETBE biodegradation was determined with batch experi-

ments and different bacterial isolates to obtain stable isotope 

enrichment factors for carbon and hydrogen (εC, εH), (Rosell 

et al. 2007a, b). The isotope enrichment factors for Aquincola 

tertiaricarbonis L108 were εC = −0.68 ± 0.06‰ and εH = 

−14 ± 2‰, and for Rhodococcus ruber IFP 2001 were εC = 

−0.8 ± 0.1‰ and εH = −11 ± 4‰ (Table 3). The relatively 

low enrichment factors for both carbon and hydrogen sug-

gest that these strains catalyse a hydrolysis reaction for ether-

bond cleavage (Rosell et al. 2007a, b). Hunkeler et al. (2001) 

Table 1  Key parameters and nomenclature used in stable isotope analysis

Based on Kendall and Caldwell (1998), Braeckevelt et al. (2012), and Vogt et al. (2016)

Parameter Abbreviation Equation Used for

Isotope fractionation factor α
� =

R
P

R
S

R = ratio heavy to light isotope

P = product

S = substrate (reactant)

Extent of isotope fractionation

Isotope enrichment factor ε ε = (α − 1) × 1000 Extent of isotope fractionation

Rayleigh equation δ13C or δ2H General form: R = R0 * f (α − 1)

Approximate form: δ ≅ δ0 + ε * ln(f)

R = isotope ratio of reactant

R0 = initial isotope ratio of reactant

f = fraction remaining

δ0 = initial isotopic composition

Quantify isotope fractionation for ε < 20‰

Apparent kinetic isotope effect AKIE AKIE =
1

1+z∗�rp

z = number ‘z’ of atoms of an ele-

ment at identical reactive positions

εrp = isotope enrichment factor for 

reactive position ε (rp)

Differentiation specific reaction rate 

between the light and heavy isotope

Vienna-Pee Dee Belemnite standard for 

carbon

VPDB Reference standard carbon isotopes

Vienna-Standard-Mean-Ocean-Water VSMOW Reference standard hydrogen isotopes
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reported εC = −4.2 ± 0.1‰ for aerobic TBA biodegradation. 

To our knowledge, there are currently no published values of 

ε for anaerobic ETBE or TBA biodegradation.

Stable isotope probing (SIP) and bulk stable isotope 
analysis

One approach to investigate degradation processes is to 

expose microorganisms to synthesized substrates that have 

been enriched in a specific isotope (e.g., 13C). For instance, 

microbes could be grown in a microcosm with 13C-enriched 

ETBE or TBA. The generated microbial biomass will then 

have a unique isotopic signature that can be used to identify 

the biodegrading microorganisms, by identifying the lipids, 

proteins or DNA, which incorporated 13C during biodegra-

dation (e.g., Dumont and Murrell 2005). This approach is 

referred to as Stable Isotope Probing (SIP). Further infor-

mation on SIP is provided in section ‘Use of isotopically 

labelled compounds’.

Bulk stable isotope analysis is the determination of natu-

ral isotope ratios such as 2H/1H, 13C/12C, 15N/14N, 18O/16O, 

or 34S/32S of the bulk sediment and/or groundwater (Höhener 

and Aelion 2009). It is widely applied in ecology, but not 

for studies of the (bio)degradation of specific compounds 

(Höhener and Aelion 2009; Andersson et al. 2021). In most 

cases, the interpretation of bulk isotope analysis relating to 

specific compound biodegradation is ambiguous because 

it is masked by the presence of many (natural) organic 

compounds.

Compound‑specific stable isotope analysis

CSIA routinely uses gas or liquid chromatography cou-

pled to isotope ratio mass spectrometry (GC-IRMS and 

LC-IRMS, respectively) and has become a state-of-the-

art analytical method, which is being applied in many 

areas (Schmidt et al. 2004a, b; Thullner et al. 2012). It 

is used to detect the change in stable isotope ratios of a 

Table 2  Different isotope 

ratios for ETBE or TBA source 

material

nd not measured/determined

Compound Condition δ13C (‰) δ2H (‰) Comments Reference

ETBE Anoxic −25.4 to −25.8 −126 to −148 Field value Bombach et al. (2015)

Anoxic −27.3 ± 0.3 −200 ± 7 Field value Fayolle-Guichard et al. (2012)

TBA Anoxic −27 to −31 nd Field value van der Waals et al. (2018)

Anoxic −26.0 ± 1.0 nd Field value McKelvie et al. (2007)

Anoxic −29.0 nd Field value Kuder et al. (2005)

Anoxic −25.5 ± 0.1 nd Field value Zwank et al. (2005)

Anoxic −28.5 to −29.0 nd Source material Day and Gulliver (2003)

Anoxic −27.3 to −25.6 nd Field value Kolhatkar et al. (2002)

Table 3  CSIA studies for ETBE and TBA

Compound Conditions Element investigated Lab/field Maximum fractionation/

enrichment factor

Reference

ETBE Anoxic Carbon

Hydrogen

Field δ13C = Insignificant

δ2H = +14‰

Bombach et al. (2015)

ETBE Anoxic Carbon

Hydrogen

Field No degradation Fayolle-Guichard et al. (2012)

ETBE Oxic Carbon

Hydrogen

Lab εC = −1.7 ± 0.2‰

εH = −73 ± 7‰

McKelvie et al. (2009)

ETBE Oxic Carbon

Hydrogen

Lab εC = −0.68 ± 0.06‰

−0.8 ± 0.1‰

εH = −14 ± 2‰

−11 ± 4‰

Rosell et al. (2007a, b)

TBA Anoxic Carbon Field No degradation McKelvie et al. (2007)

TBA Anoxic Carbon Field No degradation Kuder et al. (2005)

TBA Anoxic Carbon Field δ13C = +6.5‰ Day and Gulliver (2003)

TBA Oxic Carbon Lab δ13C = +4.3‰ Hunkeler et al. (2002)

TBA Anoxic Carbon Field No degradation Kolhatkar et al. (2002)

TBA Oxic Carbon Lab εC = −4.2 ± 0.1‰ Hunkeler et al. (2001)
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specific compound (e.g., ETBE and TBA) due to biodeg-

radation, often resulting in the enrichment of heavy iso-

topes in the residual mass of those compounds (Bombach 

et al. 2015). CSIA can be applied to 2H, 13C, 15N, 18O, 

or 34S isotopes, depending on the substances of interest 

(Négrel et al. 2012). Analyses of carbon and hydrogen-

isotope ratios are applied most frequently to determine 

organic substance degradation. Organic compounds are 

separated by gas chromatography during GC-IRMS and 

fed into a combustion oven resulting in the production of 

simple gases such as  CO2 or  H2 (Jochmann and Schmidt 

2007). These are subsequently transferred to the isotope-

ratio mass spectrometer (IRMS) which is targeted to the 

collection of specific masses. In the case of carbon, the 

masses of 12CO2 (44) and 13CO2 (45) are collected and 

quantified. Thus, possible isotope ratio shifts of carbon 

and hydrogen can be measured and used as an indicator for 

biodegradation. Aerobic and anaerobic biodegradation of 

MTBE was effectively discriminated by the combined use 

of carbon and hydrogen isotope fractionation in laboratory 

and field studies (Kuder et al. 2005; Zwank et al. 2005). 

However, no significant δ13C fractionation was found in an 

onsite pilot reactor amended with groundwater and aerobic 

ETBE degraders (Fayolle-Guichard et al. 2012). Similarly, 

no significant δ13C fractionation was found in MTBE at 

a field site with proven MTBE biodegradation potential 

using 14C assays (Thornton et al. 2011). 13C CSIA also 

produced inconclusive results on MTBE biodegradation 

at another polluted field site (Lesser et al. 2008). Aerobic 

laboratory microcosms indicated that biodegradation of 

90–99% of the initial MTBE concentration resulted in a 

5.5 to 6.4 ± 0.2‰ enrichment of 13C. The enrichment dur-

ing aerobic treatment at the field site was only 25% of that 

found in the microcosm studies and did not deviate from 

the background noise in the data, although the decrease 

in MTBE concentration was similar (Lesser et al. 2008). 

Possible explanations for these observations are mixing 

during sampling of the groundwater, or the simultaneous 

occurrence of different biodegradation mechanisms in situ 

(Lesser et al. 2008; Thornton et al. 2011). Including the 

analysis of oxygen isotopes may improve the sensitivity 

of CSIA analyses for the detection of MTBE, ETBE, or 

TBA degradation (Kendall and Caldwell 1998). However, 

the determination of shifts in the 18O/16O ratios in organic 

molecules requires a special high-temperature combustion 

oven in which the organic O is specifically converted into 

CO, which cannot be done with current GC-IRMS equip-

ment (Hitzfeld et al. 2017).

The interpretation of (lack of) isotope enrichment in field 

studies may be complicated by the presence of different 

initial ETBE isotope ratios in fuels from different sources 

(Table 2) or by the inherent microscale heterogeneity of 

soil and groundwater, which creates spatial variation in bio-

degradation potential (Thornton et al. 2011; Thullner et al. 

2012). Heterogeneity may lead to local variations in isotope 

enrichment factors due to variations in environmental con-

ditions and differences between the biodegrading microor-

ganisms, as described above (Thornton et al. 2011). Hence, 

the variability of carbon and hydrogen enrichment factors 

resulting from small-scale heterogeneity and mixing dur-

ing sampling must be considered when isotope patterns are 

interpreted, to assess biodegradation in contaminant plumes.

The application of CSIA to assess the anaerobic biodegra-

dation at ETBE- and/or TBA-impacted sites is visualized in 

Fig. 2. CSIA can be used to analyse more than one element 

in the interpretation step (Vogt et al. 2016).

Fig. 2  Stable isotope 

approaches to assess anaerobic 

biodegradation at ETBE- and/

or TBA-contaminated sites 

(adapted from Vogt et al. 2016). 

The red rectangles indicate 

the knowledge gaps in the 

use of ETBE and TBA stable 

isotope approaches to determine 

biodegradation. Biodegrada-

tion of ETBE and TBA can be 

determined using CSIA and 

PSIA. PSIA gives additional 

information on the behaviour of 

atoms within the molecule

Unknown degrada�on pathway

Biodegrada�on experiments applying stable 

isotope approaches (field/laboratory)

CSIA PSIA

Characteriza�on of the 

reac�on mechanism (2-D)

Quan�fica�on of the 

biodegrada�on process

PSIA � unraveling 

metabolic pathways by 

labeled isotopes in 

metabolites
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Case studies to assess ETBE and TBA biodegradation 
using CSIA

CSIA has mainly been applied to assess the biodegradation 

of aromatic hydrocarbons, chlorinated hydrocarbons and 

MTBE (e.g., Meckenstock et al. 1999; Bloom et al. 2000; 

Thornton et al. 2011, 2016). Only two field studies examin-

ing anoxic ETBE biodegradation with CSIA are available 

and these showed different results (Fayolle-Guichard et al. 

2012; Bombach et al. 2015) (Table 3). One study revealed 

no significant fractionation in carbon, while hydrogen frac-

tionation, with respect to the most enriched ETBE found 

in the contaminant source zone (−126‰), was significant, 

with a +14‰ increase in two out of five monitoring wells 

with relatively low ETBE concentrations (<100μg/L), while 

the analytical standard deviation for hydrogen was ≤±7‰ 

(Bombach et al. 2015). Bombach et al. (2015) attributed 

the lack of significant hydrogen isotope fractionation in the 

three other monitoring wells to the presence of micro-envi-

ronments with different ETBE biodegradation capacities that 

had developed along the plume flow path, similar to previous 

observations with MTBE (Lesser et al. 2008; Thornton et al. 

2011). Another study reported no anaerobic ETBE degra-

dation, nor significant fractionation of carbon or hydrogen 

along an anoxic plume, with ETBE concentrations up to 

300 mg/L (Fayolle-Guichard et al. 2012). Thus, the potential 

use of isotope methods in ETBE and TBA biodegradation 

studies needs to be further investigated, especially at the 

field scale. As is the case for MTBE and TBA, no oxygen 

isotope fractionation studies for anaerobic ETBE or TBA 

biodegradation have been published and this is an important 

factor limiting the deployment of CSIA for these substances.

Several CSIA studies examining anaerobic TBA bio-

degradation are available (e.g., Hunkeler et al. 2001; Day 

and Gulliver 2003) (Table 3). The occurrence of TBA in 

groundwater is often associated with MTBE, which com-

plicates studies of its fate in the field (Day and Gulliver 

2003). Carbon isotope analysis can be used to establish in 

situ anaerobic or aerobic TBA biodegradation regardless of 

the presence of MTBE (Hunkeler et al. 2001; Schmidt et al. 

2004a, b). An enrichment factor, εC, of −4.2 ± 0.1‰ was 

determined for TBA biodegradation in aerobic cometabolic 

microcosms (Hunkeler et al. 2001). Anaerobic biodegrada-

tion of TBA has been inferred from the enrichment of TBA 

in 13C along a groundwater flow path (Day and Gulliver 

2003). However, in other CSIA studies no evidence of in situ 

anaerobic TBA biodegradation was found (Kolhatkar et al. 

2002; Kuder et al. 2005; McKelvie et al. 2007).

Position‑specific stable isotope analysis

Position-specific stable isotope analysis (PSIA), or site-spe-

cific stable isotope analysis, determines the isotopic ratio of 

the atoms at a particular position within a molecule. Valu-

able information is potentially lost in the analyses of bulk 

isotopic composition and CSIA since modification processes 

will affect the isotopic ratio specifically at the positions in 

the molecule where the reactions occur (Akoka and Remaud 

2020). Thus, PSIA potentially provides a more sensitive 

measurement, by excluding non-reactive positions from the 

analysis (Gauchotte et al. 2009; Julien et al. 2015). There-

fore, PSIA can provide more detailed and specific informa-

tion to investigate the biodegradation of organic compounds 

in soil and water (Julien et al. 2015). Moreover, the atoms 

within a molecule may be enriched in 13C in one position, 

while being depleted in 13C at another position during a 

reaction (Remaud et al. 2015). Thus, the compound-specific 

stable isotope ratio may appear constant, while the position-

specific stable isotope ratios change in opposite directions 

(Gauchotte et al. 2009). We are not aware of PSIA studies for 

ETBE or TBA focussing on 2H/1H or 18O/16O fractionation.

PSIA can be performed in various ways (Julien et al. 

2015):

1. Analysis of δ13C by IRM-MS after chemical and/or 

enzymatic pre-treatment to fragment the compounds 

(Julien et al. 2015). If necessary, the overall compound-

specific isotopic ratio can be calculated from the δ13C 

of the individual fragments.

2. Pyrolysis coupled to IRMS. Pyrolysis works well for 

small molecules such as MTBE. It is therefore assumed 

that this technique would also be effective for similar 

molecules, such as ETBE and TBA.

3. Quantitative 2H or 13C nuclear magnetic resonance spec-

trometry (NMR) can also be used for position-specific 

measurements. This technique has been found to be use-

ful for the analysis of position-specific carbon isotope 

fractionation caused by both abiotic and biotic phenom-

ena. Since NMR requires odd isotope numbers, it is not 

applicable for δ-18O measurements.

In a few studies, PSIA was applied to demonstrate the 

(bio)degradation of contaminants in situ. GC-IRMS com-

bined with combustion or pyrolysis (CG-c-IRMS or GC-

Py-GC-TOFMS/c-IRMS) and NMR was effectively applied 

to obtain position-specific carbon isotope data for various 

compounds, e.g., MTBE, toluene and trichloroethene (Gau-

chotte et al. 2009; Julien et al. 2015; Remaud et al. 2015). 

Intramolecular differences in the fractionation of 13C appear 

to occur during the evaporation of these compounds, as a 

result of variation in the interaction with water, e.g., H-bond-

ing (Julien et al. 2015). 13C NMR has been used previously 

to determine metabolites (i.e., ethanol, TBA, 2-HIBA) 

formed during the biodegradation of 13C-labelled ETBE 

at micro-oxic conditions in an algal-bacterial culture (van 

der Waals et al. 2019). No PSIA studies on anaerobic TBA 
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biodegradation have been found. It will be of added value 

to apply PSIA at field sites to detect anaerobic TBA bio-

degradation. Hyman (2013) noted that PSIA is a promis-

ing approach to characterize key reactions involved in the 

biodegradation of ether oxygenates. Besides looking at the 

carbon molecule, PSIA on other elements, such as hydrogen, 

will be interesting to perform since this can reveal additional 

information on biodegradation mechanisms. With NMR, the 

ratio of isotopes at different positions in a molecule can be 

determined, which makes it promising to perform PSIA for 

the assessment of contaminant biodegradation (Akoka and 

Remaud 2020).

Limitations of isotope approaches

CSIA and PSIA have the potential to determine the in situ 

anaerobic biodegradation of organic contaminants, such as 

ETBE and TBA. In general, the isotopic fractionation pro-

cess proceeds according to the Rayleigh equation, which 

requires significant contaminant biodegradation (e.g., >27 

to 99% conversion for ETBE) for its detection using CSIA 

(Fig. 3) (Bombach et al. 2015). This implies that at sites 

where limited ETBE or TBA biodegradation has occurred 

additional information (e.g., hydrogeochemical conditions 

and the determination of predominant biodegradation path-

ways) is needed to confirm the results (Thullner et al. 2012; 

Nicholls et al. 2021).

In contrast to conventional methods to determine bio-

degradation (e.g., contaminant loss, change in macro-

chemical parameters and presence of microorganisms with 

contaminant degrading potential), isotope approaches trace 

and detect the origin and fate of pollutants (e.g., Remaud 

et al. 2015). A disadvantage of isotope approaches is that 

both CSIA analysis using GC-IRMS and PSIA analysis 

using NMR have a relatively low sensitivity for hydrogen 

isotopes (Zwank et al. 2003; Jochmann et al. 2006; Remaud 

et al. 2015). If the sensitivity of CSIA could be enhanced, 

it could be used more often for the assessment of in situ 

biodegradation (Zwank et al. 2003). Preconcentration is a 

way to improve the sensitivities of CSIA and PSIA. In a 

thorough evaluation of sample preconcentration and injec-

tion methods, purge and trap (P&T) was found to be an effi-

cient and reproducible concentration technique enabling the 

detection of 0.63 μg/L for 13C MTBE (Zwank et al. 2003). 

Next to P&T, on-column injection, split/splitless injection, 

and SPME were tested. The detection limit for 2H/1H ratios 

was 10–20 times higher than for 13C/12C, depending on the 

method of choice. P&T and SPME can also be used to con-

centrate analytes for 18O/16O analysis. Once such methods 

for pre-concentration are used, it should be checked whether 

they affect the original isotopic composition of samples 

(Schmidt 2003). Otherwise, non-representative results may 

be obtained, especially when the isotopic fractionation due 

to biodegradation is not very pronounced (Thornton et al. 

2011). SPME, in both headspace and direct-immersion 

modes, was successfully applied to measure the increase of 

δ13C of MTBE and TBA during aerobic TBA biodegrada-

tion, despite small but reproducible changes of δ13C from 

the SPME and partitioning between the water and the head-

space (Hunkeler et al. 2001). Current developments in using 

NMR pulse sequences, 2D NMR (two frequency axes), and 

more efficient probes can increase sensitivity, thus reducing 

the amount of material required for PSIA by about 10-fold 

(Remaud et al. 2015; Julien et al. 2016).

A second disadvantage of isotope approaches relates to 

the fact that these analyses do not demonstrate the activ-

ity of specific biodegradation processes at the time of sam-

pling (Kuder and Philp 2008). Furthermore, hydrogen iso-

topes in alcohol molecules are often easily exchangeable 

with hydrogen isotopes from water. Therefore, 2H CSIA of 

Fig. 3  Rayleigh equation and 

corresponding 13C MTBE deg-

radation graph
13 = 13 0 + ∙ ln ( )

13 = 13 at time t
13 0 = ini�al 13 = -32‰

= isotope enrichment factor = -12‰

F = ra�o of contaminant concentra�ons at �me t and 0
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alcohols, such as TBA, can yield unclear results. Hence, 

it is better to study other nuclei for CSIA and PSIA, such 

as 13C (Akoka and Remaud 2020). The error in the CSIA 

and PSIA measurements must be smaller than the variation 

resulting from fractionation during degradation. Fractiona-

tion is much more pronounced for H than for C, because 

of the relative difference of the masses which are involved 

(2H/1H vs 13C/12C). As a result, more accurate measurements 

are needed for C.

Use of isotopically labelled compounds

Isotopically labelled compounds have been used to deter-

mine MTBE, ETBE, or TBA biodegradation and to iden-

tify the microorganisms involved. To detect MTBE or TBA 

biodegradation in the laboratory, the complete biodegrada-

tion to  CO2 and/or  CH4 can be reconstructed in microcosms 

that contain unlabelled growth material and are spiked with 

an isotopically labelled compound, e.g., 14C (e.g., Thorn-

ton et al. 2011). Thus, substantial MTBE and TBA deg-

radation to 14CO2 was found under oxic, denitrifying and 

manganese (IV)-reducing conditions (Bradley et al. 1999; 

Bradley et al. 2002). Similarly, Wei and Finneran (2011) 

observed mineralization of TBA in anoxic incubations of 

fuel-contaminated sediment, with or without amendment 

with Fe(III) or sulphate, but reported that nitrate inhibited 

TBA mineralization. In contrast, no significant 14C-MTBE 

mineralization was observed in sediments regardless of elec-

tron acceptor amendment. This sensitive approach will not 

be useful in the field to determine TBA biodegradation since 

adding 14C-labeled substrates to the groundwater will con-

taminate the groundwater. Also, while the use of 14C-labeled 

substrates can indicate general potential for biodegradation 

of fuel oxygenates in groundwater (according to production 

of 14CO2), it cannot deduce the pathway involved (unless 

radiolabelled intermediates are sampled) or the relevant 

microorganisms that are responsible (Thornton et al. 2011).

Alternatively, 13C-labelled compounds can be used to 

trace biodegradation and assimilation into microbial bio-

mass (Aslett et al. 2011; Bastida et al. 2010; Sun et al. 2012; 

Key et al. 2013; Bombach et al. 2015; Liu et al. 2016; van 

der Waals et al. 2019). During biodegradation, 13C-label 

released in intermediates (e.g., 13C-TBA) or end products 

(e.g., 13C-CO2 or 13C-CH4), indicates the catabolism of the 

labelled substrates. Stable isotope probing (SIP) has been 

successfully applied in laboratory and in situ microcosms 

and bioreactors. Through the addition of 13C-MTBE or 
13C-TBA, the in situ activity of known aerobic MTBE- and 

TBA-degrading members of the order of Burkholdariales 

was confirmed (Aslett et al. 2011; Key et al. 2013). In an 

anoxic laboratory incubation of wastewater treatment plant 

samples with 13C-MTBE, the dominant putative degraders 

were classified to the family Ruminococcaceae and to the 

genus Sphingopyxis, belonging to the family Sphingomona-

daceae (Sun et al. 2012). Sphingopyxis species are typically 

described as strict aerobes, but some strains appear capa-

ble of anaerobic growth with nitrate as terminal electron 

acceptor (García-Romero et al. 2016). SIP experiments with 

anoxic sediment incubated with 13C-MTBE confirmed the 

role of Ruminococcaceae species as MTBE-degrading bac-

teria (Liu et al. 2016). Such studies may provide the basis to 

screen ETBE- and TBA-impacted sites for microorganisms 

with the metabolic capability to undertake the biotransfor-

mation of these compounds (linked to the complementary 

functional gene assessment).

In one study, on site incubations of tubes filled with beads 

loaded with 13C-labeled TBA indicated that iron-reducing 

(Geobacter and Geothrix) and sulfate-reducing bacteria 

(Desulfobulbus, Desulfovibrio and Desulfuromonas) may be 

involved in anaerobic TBA biodegradation (Key et al. 2013). 

In situ microcosms may constitute a promising approach 

to assess ETBE biodegradation. In situ microcosms typi-

cally consist of a porous cartridge filled with sand or beads 

which have been loaded with a 13C-labelled compound such 

as ETBE or TBA (Bombach et al. 2010). During exposure 

in a groundwater monitoring well (typically 2–4 months), 

the microcosms are colonized by microorganisms that 

biodegrade the adsorbed, isotope-labelled substrate. After 

removal, fatty acids, DNA, or amino acids of the microbial 

populations that colonized the in situ microcosms can be 

extracted and identified, and their respective 13C/12C isotopic 

values determined. Significant 13C accumulation in biofilms 

formed in 13C-ETBE labelled in situ microcosms indicated 

ETBE biodegradation and assimilation into microbial bio-

mass (Bombach et al. 2015). Fatty acid analysis indicated the 

activity of gram-negative ETBE-degrading microorganisms. 

Thus, the in situ microcosms allowed a sensitive detection of 

ETBE biodegradation at a contaminated site, but a quantita-

tive evaluation and identification of responsible microbial 

species remains challenging (Bombach et al. 2015).

Conclusion and research directions

Biodegradation, whether part of an engineered biostimu-

lation/bioaugmentation project or a monitored natural 

attenuation strategy, has to be established using multiple 

lines-of-evidence, including (i) changes in contaminant 

concentrations and composition, (ii) changes in the geo-

chemical composition of groundwater, and (iii) demonstra-

tion of the presence of microorganisms actively biodegrad-

ing the contaminants of concern. The biodegradation of 

petroleum hydrocarbons and methyl ether fuel oxygenates, 

such as MTBE and TAME, has been demonstrated using 

this approach as discussed above. It is however difficult to 

extrapolate these observations to anaerobic ETBE and TBA 
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biodegradation due to a lack of knowledge of the microor-

ganisms and metabolic pathways involved. While aerobic 

ETBE/TBA biodegradation is widely reported, it is more 

challenging to confidently infer anaerobic biodegradation of 

ETBE and TBA. The following recommendations are made 

to stimulate further research in key areas, deepen the current 

understanding of anaerobic ETBE and TBA biodegradation, 

and guide practitioners in the assessment and management 

of ETBE-impacted sites.

1. This review highlights that stable isotope techniques 

such as CSIA and PSIA are potentially powerful meth-

ods to detect anaerobic ETBE and TBA biodegradation. 

Such techniques could support assessment of quantifica-

tion of in situ anaerobic biodegradation, in other words 

provide insight on the fate of ETBE and TBA in the 

subsurface. Nevertheless, only a few CSIA and no PSIA 

case studies on natural attenuation or biodegradation of 

ETBE and TBA are described in the literature to date. 

Therefore, more applications of CSIA and PSIA to 

ETBE/TBA plumes at field-scale are needed to deter-

mine if anaerobic biodegradation of ETBE and TBA 

occurs, and to estimate the respective isotope enrich-

ment factors that enable a quantitative prediction of bio-

degradation to be made. If anaerobic ETBE and TBA 

biodegradation is occurring at a field site, it is assumed 

that CSIA is sufficient to demonstrate biodegradation. 

However, PSIA may be more sensitive than CSIA and 

reveal additional insight into the biodegradation mecha-

nisms.

2. It has been shown that two-dimensional analysis of car-

bon and hydrogen fractionation is a powerful method 

to reveal pathways of MTBE biodegradation. Further 

insights into the biodegradation potential and mecha-

nisms may be obtained when oxygen fractionation can 

be included, as highlighted in the literature. It is there-

fore recommended to combine CSIA and PSIA targeted 

at C, H, and O fractionation to evaluate ETBE and TBA 

biodegradation.

3. Current research suggests that anaerobic biodegradation 

of ETBE and TBA in soil and groundwater is not widely 

observed and has not been demonstrated with the lim-

ited studies undertaken. The application of CSIA and 

PSIA, together with molecular microbial analyses, may 

provide a solution to survey multiple sites to demon-

strate ETBE and TBA biodegradation. A focus on sites 

where anaerobic biodegradation occurs would facilitate 

the isolation and identification of the microorganisms 

with ETBE and TBA biodegradation capability and 

the expression of their key enzymes. Thus, the ETBE 

and TBA biodegradation pathway(s) and key metabo-

lites can be unravelled, and isotope enrichment factors 

determined. Such laboratory research forms an impor-

tant basis, required to develop isotopic and molecular 

tools to deduce anaerobic ETBE and TBA biodegrada-

tion at impacted locations. Hence, this may enable the 

potential for anaerobic ETBE and TBA biodegradation 

to be assessed at contaminated sites via the integration 

of stable isotope and molecular techniques.

4. Science end-users responsible for managing ETBE/TBA 

impacted sites are suggested to have regard to the cur-

rent limited evidence for anaerobic biodegradation of 

these oxygenates in developing their risk assessments 

and risk management strategies.

5. At the current time, it is recommended that risk manag-

ers of ETBE-impacted sites focus on monitored natural 

attenuation or stimulated biodegradation by maintaining 

or enhancing aerobic aquifer conditions (e.g., by sparg-

ing) as the most practicable in situ ETBE/TBA (bio)

remediation approach.

Acknowledgements The authors are grateful for the insights of four 

anonymous reviewers.

Author contribution Luc Rock, Marcelle J. van der Waals, and Jan 

Gerritse contributed to the conceptualization, design, and scope of the 

manuscript. The first draft of the manuscript was prepared by Marcelle 

J. van der Waals. The manuscript was subsequently critically reviewed 

and edited by Steve F. Thornton, Stephen A. Rolfe, Luc Rock, Jona-

than W.N. Smith, Tom N.P. Bosma, and Jan Gerritse. All the authors 

listed made substantial contributions to the manuscript and qualify for 

authorship. Jan Gerritse made the final revision of the manuscript. All 

authors read and approved the final manuscript.

Funding This work was funded by the Shell Global Solutions Interna-

tional B.V., grant nr. PO: 4550203478.

Declarations 

Disclaimer The work reflects the views of the authors alone and may 

not reflect the views or opinions of Shell Global Solutions.

Ethics approval This is not applicable.

Consent to participate All authors consent to participate.

Consent for publication All authors consent to publish.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-

bution 4.0 International License, which permits use, sharing, adapta-

tion, distribution and reproduction in any medium or format, as long 

as you give appropriate credit to the original author(s) and the source, 

provide a link to the Creative Commons licence, and indicate if changes 

were made. The images or other third party material in this article are 

included in the article’s Creative Commons licence, unless indicated 

otherwise in a credit line to the material. If material is not included in 

the article’s Creative Commons licence and your intended use is not 

permitted by statutory regulation or exceeds the permitted use, you will 

need to obtain permission directly from the copyright holder. To view a 

copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

http://creativecommons.org/licenses/by/4.0/


 Environmental Science and Pollution Research

References

Akoka S, Remaud GS (2020) NMR-based isotopic and isotopomic 

analysis. Prog Nucl Magn Reson Spectrosc 120-121:1–24. https:// 

doi. org/ 10. 1016/j. pnmrs. 2020. 07. 001

Alvarez PJ, Illman WA (2006) Bioremediation and natural attenuation: 

process fundamentals and mathematical models. Wiley

Alvarez PJ, Illman WA (2009) Performance assessment of bioreme-

diation and natural attenuation. Crit Rev Environ Sci Technol 

39:209–270

Andersson AA, Gibson L, Baker DM, Cybulski JD, Wang S, Leung 

B, Dingle C (2021) Stable isotope analysis as a tool to detect 

illegal trade in critically endangered cockatoos. Anim Conserv. 

https:// doi. org/ 10. 1111/ acv. 12705

Aslett D, Haas J, Hyman M (2011) Identification of tertiary butyl 

alcohol (TBA)-utilizing organisms in BioGAC reactors using 
13C-DNA stable isotope probing. Biodegradation 22:961–972. 

https:// doi. org/ 10. 1007/ s10532- 011- 9455-3

Babé A, Labbé D, Monot F, Greer CW, Fayolle-Guichard F (2007) 

Biodegradability of oxygenates by microflora from MTBE-con-

taminated sites: new molecular tools. In: Barceló D (ed) Fuel 

Oxygenates. Springer Berlin Heidelberg, Berlin, Heidelberg, 

pp 75–98

Bastida F, Rosell M, Franchini AG, Seifert J, Finsterbusch S, Jehmlich 

N, Jechalke S, Von Bergen M, Richnow HH (2010) Elucidating 

MTBE degradation in a mixed consortium using a multidiscipli-

nary approach. FEMS Microbiol Ecol 73(2):370–384. https:// doi. 

org/ 10. 1111/j. 1574- 6941. 2010. 00889.x

Beguin P, Chauvaux S, Miras I, François A, Fayolle F, Monot F (2003) 

Genes involved in the degradation of ether fuels by bacteria of 

the mycobacterium/Rhodococcus group. Oil Gas Sci Technol 

58(4):489–495. https:// doi. org/ 10. 2516/ ogst: 20030 32

Bekins B, Rittmann BE, MacDonald JA (2001) Natural attenuation 

strategy for groundwater cleanup focuses on demonstrating cause 

and effect. Eos Trans Am Geophys Union 82(5):53–58. https:// doi. 

org/ 10. 1029/ 01EO0 0028

Bloom Y, Aravena R, Hunkeler D, Edwards E, Frape SK (2000) Carbon 

isotope fractionation during microbial dechlorination of trichlo-

roethene, cis-1,2-dichloroethene, and vinyl chloride: implica-

tions for assessment of natural attenuation. Environ Sci Technol 

34(13):2768–2772. https:// doi. org/ 10. 1021/ es991 179k

Bombach P, Chatzinotas A, Neu TR, Kästner M, Lueders T, Vogt C 

(2010) Enrichment and characterization of a sulfate-reducing tol-

uene-degrading microbial consortium by combining in situ micro-

cosms and stable isotope probing techniques. FEMS Microbiol 

Ecol 71(2):237–246. https:// doi. org/ 10. 1111/j. 1574- 6941. 2009. 

00809.x

Bombach P, Nägele N, Rosell M, Richnow HH, Fischer A (2015) Eval-

uation of ethyl tert-butyl ether biodegradation in a contaminated 

aquifer by compound-specific isotope analysis and in situ micro-

cosms. J Hazard Mater 286:100–106. https:// doi. org/ 10. 1016/j. 

jhazm at. 2014. 12. 028

Bradley PM, Landmeyer JE, Chapelle FH (1999) Aerobic minerali-

zation of MTBE and tert-butyl alcohol by stream-bed sediment 

microorganisms. Environ Sci Technol 33:1877–1879. https:// doi. 

org/ 10. 1021/ es990 062t

Bradley PM, Landmeyer JE, Chapelle FH (2002) TBA biodegradation 

in surface-water sediments under aerobic and anaerobic condi-

tions. Environ Sci Technol 36(19):4087–4090. https:// doi. org/ 10. 

1021/ es011 480c

Braeckevelt M, Fischer A, Kästner M (2012) Field applicability of 

compound-specific isotope analysis (CSIA) for characterization 

and quantification of in situ contaminant degradation in aquifers. 

Appl Microbiol Biotechnol 94(6):1401–1421. https:// doi. org/ 10. 

1007/ s00253- 012- 4077-1

Concawe (2012). Gasoline ether oxygenate occurrence in Europe, and 

a review of their fate and transport characteristics in the environ-

ment. Report no. 4/12, CONCAWE, Brussels, June 2012.

Concawe. (2020). Effect of environmental conditions and microbial 

communities on ETBE biodegradation potential in groundwater. 

Report no. 19/20, CONCAWE, Brussels, September 2020.

Day MJ, Gulliver T (2003) Rate of natural attenuation of tert-butyl 

alcohol at a chemical plant. Soil Sediment Contam 12(1):119–

138. https:// doi. org/ 10. 1080/ 71361 0964

Deeb R, Chu K, Shih T, Linder S, Suffet I, Kavanaugh M, Alvarez 

Cohen L (2003) MTBE and other oxygenates: environmental 

sources, analysis, occurrence, and treatment. Environ Eng Sci 

20:433–447

Dumont MG, Murrell JC (2005) Stable isotope probing — linking 

microbial identity to function. Nat Rev Microbiol 3:499–504

Fayolle F, Vandecasteele JP, Monot F (2001) Microbial degradation 

and fate in the environment of methyl tert-butyl ether and related 

fuel oxygenates. Appl Microbiol Biotechnol 56(3-4):339–349. 

https:// doi. org/ 10. 1007/ s0025 30100 647

Fayolle-Guichard F, Durand J, Cheucle M, Rosell M, Michelland RJ, 

Tracol JP, . . . Benoit Y (2012) Study of an aquifer contaminated 

by ethyl tert-butyl ether (ETBE): site characterization and on-site 

bioremediation. J Hazard Mater 201-202, 236-243. https:// doi. org/ 

10. 1016/j. jhazm at. 2011. 11. 074

Finneran KT, Lovley DR (2001) Anaerobic degradation of methyl 

tert-butyl ether (MTBE) and tert-butyl alcohol (TBA). Environ 

Sci Technol 35(9):1785–1790. https:// doi. org/ 10. 1021/ es001 596t

Fry B (2006) Stable Isotope Ecology. Springer, New York, NY

García-Romero I, Pérez-Pulido AJ, González-Flores YE, Reyes-

Ramírez F, Santero E, Floriano B (2016) Genomic analysis of the 

nitrate-respiring Sphingopyxis granuli (formerly Sphingomonas 

macrogoltabida) strain TFA. BMC Genomics 17:93. https:// doi. 

org/ 10. 1186/ s12864- 016- 2411-1

Gauchotte C, O'Sullivan G, Davis S, Kalin RM (2009) Development of 

an advanced on-line position-specific stable carbon isotope system 

and application to methyl tert-butyl ether. Rapid Commun Mass 

Spectrom 23(19):3183–3193. https:// doi. org/ 10. 1002/ rcm. 4222

Gilbert RO (1987) Statistical methods for environmental pollution 

monitoring. Van Nostrand Reinhold, New York

Grbić-Galić D (1990) Methanogenic transformation of aromatic hydro-

carbons and phenols in groundwater aquifers. Geomicrobiol J 8(3-

4):167–200. https:// doi. org/ 10. 1080/ 01490 45900 93778 93

Häggblom MM, Youngster LKG, Somsamak P, Richnow HH (2007) 

Anaerobic biodegradation of methyl tert-butyl ether (MTBE) and 

related fuel oxygenates. Adv Appl Microbiol 62:1–20. https:// doi. 

org/ 10. 1016/ S0065- 2164(07) 62001-2

Hernandez-Perez G, Fayolle F, Vandecasteele JP (2001) Biodegrada-

tion of ethyl t-butyl ether (ETBE), methyl t-butyl ether (MTBE) 

and t-amyl methyl ether (TAME) by Gordonia terrae. Appl Micro-

biol Biotechnol 55(1):117–121. https:// doi. org/ 10. 1007/ s0025 

30000 482

Hitzfeld KL, Gehre M, Richnow H-H (2017) Evaluation of the perfor-

mance of high temperature conversion reactors for compound-

specific oxygen stable isotope analysis. Isot Environ Health Stud 

53(2):116–133. https:// doi. org/ 10. 1080/ 10256 016. 2016. 12159 83

Höhener P, Aelion M (2009) Fundamentals of environmental isotopes 

and their use in biodegradation. In: Aelion CM et al (eds) Envi-

ronmental isotopes in biodegradation and bioremediation. Taylor 

and Francis, CRC Press, pp 3–22

Hunkeler D, Butler BJ, Aravena R, Barker JF (2001) Monitoring bio-

degradation of methyl tert-butyl ether (MTBE) using compound-

specific carbon isotope analysis. Environ Sci Technol 35(4):676–

681. https:// doi. org/ 10. 1021/ es001 338w

Hunkeler D, Butler BJ, Aravena R, Barker JF (2002) Stable isotope 

ratios as a tool to assess biodegradation of methyl tert-butyl 

ether (MTBE) and tert-butyl alcohol (TBA). IAHS-AISH Publ 

https://doi.org/10.1016/j.pnmrs.2020.07.001
https://doi.org/10.1016/j.pnmrs.2020.07.001
https://doi.org/10.1111/acv.12705
https://doi.org/10.1007/s10532-011-9455-3
https://doi.org/10.1111/j.1574-6941.2010.00889.x
https://doi.org/10.1111/j.1574-6941.2010.00889.x
https://doi.org/10.2516/ogst:2003032
https://doi.org/10.1029/01EO00028
https://doi.org/10.1029/01EO00028
https://doi.org/10.1021/es991179k
https://doi.org/10.1111/j.1574-6941.2009.00809.x
https://doi.org/10.1111/j.1574-6941.2009.00809.x
https://doi.org/10.1016/j.jhazmat.2014.12.028
https://doi.org/10.1016/j.jhazmat.2014.12.028
https://doi.org/10.1021/es990062t
https://doi.org/10.1021/es990062t
https://doi.org/10.1021/es011480c
https://doi.org/10.1021/es011480c
https://doi.org/10.1007/s00253-012-4077-1
https://doi.org/10.1007/s00253-012-4077-1
https://doi.org/10.1080/713610964
https://doi.org/10.1007/s002530100647
https://doi.org/10.1016/j.jhazmat.2011.11.074
https://doi.org/10.1016/j.jhazmat.2011.11.074
https://doi.org/10.1021/es001596t
https://doi.org/10.1186/s12864-016-2411-1
https://doi.org/10.1186/s12864-016-2411-1
https://doi.org/10.1002/rcm.4222
https://doi.org/10.1080/01490459009377893
https://doi.org/10.1016/S0065-2164(07)62001-2
https://doi.org/10.1016/S0065-2164(07)62001-2
https://doi.org/10.1007/s002530000482
https://doi.org/10.1007/s002530000482
https://doi.org/10.1080/10256016.2016.1215983
https://doi.org/10.1021/es001338w


Environmental Science and Pollution Research 

275:283–286 https:// www. scopus. com/ inward/ record. uri? eid=2- 

s2.0- 00363 77717 & partn erID= 40& md5= d89c9 cb248 864c8 aac32 

a24a4 02e84 88

Hunkeler D, Elsner R (2009) Principles and mechanisms of isotope 

fractionation. In: Aelion CM et al (eds) Environmental isotopes 

in biodegradation and bioremediation. Taylor and Francis, CRC 

Press, pp 43–78

Hunkeler D, Morasch B (2009) Isotope fractionation during transfor-

mation processes. In: Aelion CM et al (eds) Environmental iso-

topes in biodegradation and bioremediation. Taylor and Francis, 

CRC Press, pp 79–128

Hyman M (2013) Biodegradation of gasoline ether oxygenates. Curr 

Opinion Biotechnol 24:443–450

Illman WA, Alvarez PJ (2009) Performance assessment of bioreme-

diation and natural attenuation. Crit Rev Environ Sci Technol 

39(4):209–270. https:// doi. org/ 10. 1080/ 10643 38070 14133 85

Jochmann MA, Blessing M, Haderlein SB, Schmidt TC (2006) A new 

approach to determine method detection limits for compound-

specific isotope analysis of volatile organic compounds. Rapid 

Commun Mass Spectrom 20(24):3639–3648. https:// doi. org/ 10. 

1002/ rcm. 2784

Jochmann MA and Schmidt TC (2007) Novel analytical methods for 

the determination of fuel oxygenates in water. In: Vol. 5 R. Hand-

book of Environmental Chemistry, Volume 5: Water Pollution 

(pp. 1-30)

Julien M, Nun P, Höhener P, Parinet J, Robins RJ, Remaud GS (2016) 

Enhanced forensic discrimination of pollutants by position-

specific isotope analysis using isotope ratio monitoring by 13C 

nuclear magnetic resonance spectrometry. Talanta 147:383–389. 

https:// doi. org/ 10. 1016/j. talan ta. 2015. 10. 010

Julien M, Parinet J, Nun P, Bayle K, Höhener P, Robins RJ, Remaud 

GS (2015) Fractionation in position-specific isotope composition 

during vaporization of environmental pollutants measured with 

isotope ratio monitoring by 13C nuclear magnetic resonance spec-

trometry. Environ Pollut 205:299–306. https:// doi. org/ 10. 1016/j. 

envpol. 2015. 05. 047

Kendall C, Caldwell EA (1998) Chapter 2 — Fundamentals of isotope 

geochemistry. In: Kendall C, McDonnell JJ (eds) Isotope tracers 

in catchment Hydrology. Elsevier, Amsterdam, pp 51–86

Key KC, Sublette KL, Duncan K, Mackay DM, Scow KM, Ogles D 

(2013) Using DNA-stable isotope probing to identify MTBE- and 

TBA-degrading microorganisms in contaminated groundwater. 

Ground Water Monit Remediat 33(4):57–68. https:// doi. org/ 10. 

1111/ gwmr. 12031

Kolhatkar R, Kuder T, Philp PR, Allen J, Wilson JT (2002) Use of 

compound-specific stable carbon isotope analyses to demonstrate 

anaerobic biodegradation of MTBE in groundwater at a gasoline 

release site. Environ Sci Technol 36(23):5139–5146

Kuder T, Philp P (2008) Modern geochemical and molecular tools 

for monitoring in-situ biodegradation of MTBE and TBA. Rev 

Environ Sci Biotechnol 7(1):79–91. https:// doi. org/ 10. 1007/ 

s11157- 007- 9123-6

Kuder T, Wilson JT, Kaiser P, Kolhatkar R, Philp P, Allen J (2005) 

Enrichment of stable carbon and hydrogen isotopes during anaer-

obic biodegradation of MTBE: microcosm and field evidence. 

Environ Sci Technol 39(1):213–220. https:// doi. org/ 10. 1021/ 

es040 420e

Landmeyer JE, Bradley PM, Trego DA, Hale KG, Haas JE 2nd (2010) 

MTBE, TBA, and TAME attenuation in diverse hyporheic zones. 

Ground Water 48(1):30–41. https:// doi. org/ 10. 1111/j. 1745- 6584. 

2009. 00608.x

Le Digabel Y, Demanèche S, Benoit Y, Fayolle-Guichard F, Vogel TM 

(2014) Ethyl tert-butyl ether (ETBE)-degrading microbial com-

munities in enrichments from polluted environments. J Hazard 

Mater 279:502–510

Le Digabel Y, Demaneche S, Benoit Y, Vogel TM, Fayolle-Guichard 

F (2013) Ethyl tert-butyl ether (ETBE) biodegradation by a syn-

trophic association of Rhodococcus sp. IFP 2042 and Bradyrhizo-

bium sp. IFP 2049 isolated from a polluted aquifer. Appl Micro-

bial Biotechnol 97(24):10531–10539. https:// doi. org/ 10. 1007/ 

s00253- 013- 4803-3

Lesser LE, Johnson PC, Aravena R, Spinnler GE, Bruce CL, Salanitro 

JP (2008) An evaluation of compound-specific isotope analyses 

for assessing the biodegradation of MTBE at Port Hueneme, CA. 

Environ Sci Technol 42:6637–6643

Liu T, Ahn H, Sun W, McGuinness LR, Kerkhof LJ, Häggblom MM 

(2016) Identification of a Ruminococcaceae species as the methyl 

tert-butyl ether (MTBE) degrading bacterium in a methanogenic 

consortium. Environ Sci Technol 50(3):1455–1464. https:// doi. 

org/ 10. 7282/ T3JS9 SHN

Lopes Ferreira N, Malandain C, Fayolle-Guichard F (2006) Enzymes 

and genes involved in the aerobic biodegradation of methyl tert-

butyl ether (MTBE). Appl Microbiol Biotechnol 72(2):252–262. 

https:// doi. org/ 10. 1007/ s00253- 006- 0494-3

Lovley DR (2003) Cleaning up with genomics: applying molecular 

biology to bioremediation. Nat Rev Microbiol 1(1):35–44. https:// 

doi. org/ 10. 1038/ nrmic ro731

McKelvie JR, Hyman MR, Elsner M, Smith C, Aslett DM, Lacrampe-

Couloume G, Lollar BS (2009) Isotopic fractionation of methyl 

tert-butyl ether suggests different initial reaction mechanisms 

during aerobic biodegradation. Environ Sci Technol 43(8):2793–

2799. https:// doi. org/ 10. 1021/ es803 307y

McKelvie JR, Mackay DM, de Sieyes NR, Lacrampe-Couloume G, 

Sherwood Lollar B (2007) Quantifying MTBE biodegradation in 

the Vandenberg Air Force Base ethanol release study using stable 

carbon isotopes. J Contam Hydrol 94(3-4):157–165. https:// doi. 

org/ 10. 1016/j. jconh yd. 2007. 05. 008

Meckenstock RU, Morasch B, Griebler C, Richnow HH (2004) Stable 

isotope fractionation analysis as a tool to monitor biodegrada-

tion in contaminated acquifers. J Contam Hydrol 75(3):215–255. 

https:// doi. org/ 10. 1016/j. jconh yd. 2004. 06. 003

Meckenstock RU, Morasch B, Warthmann R, Schink B, Annweiler E, 

Michaelis W, Richnow HH (1999) 13C/12C isotope fractionation 

of aromatic hydrocarbons during microbial degradation. Environ 

Microbiol 1(5):409–414. https:// doi. org/ 10. 1046/j. 1462- 2920. 

1999. 00050.x

Mormile MR, Liu S, Suflita JM (1994) Anaerobic biodegradation of 

gasoline oxygenates: extrapolation of information to multiple sites 

and redox conditions. Environ Sci Technol 28(9):1727–1732. 

https:// doi. org/ 10. 1021/ es000 58a026

Müller RH, Rohwerder T, Harms H (2007) Carbon conversion effi-

ciency and limits of productive bacterial degradation of methyl-

tert-butyl ether and related compounds. Appl Environ Microbiol 

73(6):1783–1791. https:// doi. org/ 10. 1128/ aem. 01899- 06

National Institutes of Health (n.d.) PubChem, tert-Butyl alcohol, open 

chemistry database at the National Institutes of Health (NIH). 

https:// pubch em. ncbi. nlm. nih. gov/ compo und/ tert- Butan ol. 

Accessed 26 Nov 2021

National Research Council (1993) In situ bioremediation: when does it 

work? The National Academies Press, Washington, DC

Négrel P, Blessing M, Millot R, Petelet-Giraud E, Innocent C (2012) 

Isotopic methods give clues about the origins of trace metals and 

organic pollutants in the environment. Trends Anal Chem 38:143–

153. https:// doi. org/ 10. 1016/j. trac. 2012. 03. 017

Nicholls HCG, Mallinson HEH, Rolfe SA, Hjort M, Spence MJ, Thorn-

ton SF (2020) Influence of contaminant exposure on the devel-

opment of aerobic ETBE biodegradation potential in microbial 

communities from a gasoline impacted aquifer. J Hazard Mater 

388:122022. https:// doi. org/ 10. 1016/j. jhazm at. 2020. 122022

Nicholls HCG, Rolfe SA, Mallinson HEH, Hjort M, Spence MJ, 

Bonte M, Thornton SF (2021) Distribution of ETBE-degrading 

https://www.scopus.com/inward/record.uri?eid=2-s2.0-0036377717&partnerID=40&md5=d89c9cb248864c8aac32a24a402e8488
https://www.scopus.com/inward/record.uri?eid=2-s2.0-0036377717&partnerID=40&md5=d89c9cb248864c8aac32a24a402e8488
https://www.scopus.com/inward/record.uri?eid=2-s2.0-0036377717&partnerID=40&md5=d89c9cb248864c8aac32a24a402e8488
https://doi.org/10.1080/10643380701413385
https://doi.org/10.1002/rcm.2784
https://doi.org/10.1002/rcm.2784
https://doi.org/10.1016/j.talanta.2015.10.010
https://doi.org/10.1016/j.envpol.2015.05.047
https://doi.org/10.1016/j.envpol.2015.05.047
https://doi.org/10.1111/gwmr.12031
https://doi.org/10.1111/gwmr.12031
https://doi.org/10.1007/s11157-007-9123-6
https://doi.org/10.1007/s11157-007-9123-6
https://doi.org/10.1021/es040420e
https://doi.org/10.1021/es040420e
https://doi.org/10.1111/j.1745-6584.2009.00608.x
https://doi.org/10.1111/j.1745-6584.2009.00608.x
https://doi.org/10.1007/s00253-013-4803-3
https://doi.org/10.1007/s00253-013-4803-3
https://doi.org/10.7282/T3JS9SHN
https://doi.org/10.7282/T3JS9SHN
https://doi.org/10.1007/s00253-006-0494-3
https://doi.org/10.1038/nrmicro731
https://doi.org/10.1038/nrmicro731
https://doi.org/10.1021/es803307y
https://doi.org/10.1016/j.jconhyd.2007.05.008
https://doi.org/10.1016/j.jconhyd.2007.05.008
https://doi.org/10.1016/j.jconhyd.2004.06.003
https://doi.org/10.1046/j.1462-2920.1999.00050.x
https://doi.org/10.1046/j.1462-2920.1999.00050.x
https://doi.org/10.1021/es00058a026
https://doi.org/10.1128/aem.01899-06
https://pubchem.ncbi.nlm.nih.gov/compound/tert-Butanol
https://doi.org/10.1016/j.trac.2012.03.017
https://doi.org/10.1016/j.jhazmat.2020.122022


 Environmental Science and Pollution Research

microorganisms in groundwater and implications for characteris-

ing aquifer biodegradation potential: evidence from laboratory 

and field studies. Environ Sci Pollut Res:16. https:// doi. org/ 10. 

1007/ s11356- 021- 15606-7

Pedersen CR, Essenberg C and Turnbull M (2022) Methyl tert-butyl 

ether pathway map. http:// eawag- bbd. ethz. ch/ mtb/ mtb_ map. html

Piveteau P, Fayolle F, Vandecasteele J, Monot F (2001) Biodegradation 

of tert-butyl alcohol and related xenobiotics by a methylotrophic 

bacterial isolate. Appl Microbiol Biotechnol 55:369–373

Remaud GS, Julien M, Parinet J, Nun P, Robins RJ, Höhener P (2015) 

Position-specific isotope analysis by isotopic NMR spectrometry: 

new insights on environmental pollution studies. Procedia Earth 

Planet Sci 13:92–95. https:// doi. org/ 10. 1016/j. proeps. 2015. 07. 022

Rivett MO, Thornton SF (2008) Monitored natural attenuation of 

organic contaminants in groundwater: principles and application. 

Proc Inst Civil Eng Water Manag 161:381–392. https:// doi. org/ 

10. 1680/ wama. 2008. 161.6. 381

Rosell M, Barceló D, Rohwerder T, Breuer U, Gehre M, Richnow 

HH (2007a) Variations in 13C/12C and D/H enrichment factors 

of aerobic bacterial fuel oxygenate degradation. Environ Sci 

Technol 41(6):2036–2043. https:// doi. org/ 10. 1021/ es061 6175

Rosell M, Gonzalez-Olmos R, Rohwerder T, Rusevova K, Georgi 

A, Kopinke FD, Richnow HH (2012) Critical evaluation of the 

2D-CSIA scheme for distinguishing fuel oxygenate degradation 

reaction mechanisms. Environ Sci Technol 46(9):4757–4766. 

https:// doi. org/ 10. 1021/ es203 6543

Rosell M, Häggblom MM and Richnow HH (2007b) Compound-

specific isotope analysis (CSIA) to characterise degradation 

pathways and to quantify in-situ degradation of fuel oxygenates 

and other fuel-derived contaminants. In: Vol. 5 Y. Handbook 

of Environmental Chemistry, Volume 5: Water Pollution (pp. 

99-119)

Schmidt TC (2003) Analysis of methyl tert-butyl ether (MTBE) and 

tert-butyl alcohol (TBA) in ground and surface water. Trends 

Anal Chem 22(10):776–784. https:// doi. org/ 10. 1016/ S0165- 

9936(03) 01002-1

Schmidt TC, Schirmer M, Weiß H, Haderlein SB (2004a) Microbial 

degradation of methyl tert-butyl ether and tert-butyl alcohol in 

the subsurface. J Contam Hydrol 70(3-4):173–203. https:// doi. 

org/ 10. 1016/j. jconh yd. 2003. 09. 001

Schmidt TC, Zwank L, Elsner M, Berg M, Meckenstock RU, Had-

erlein SB (2004b) Compound-specific stable isotope analysis 

of organic contaminants in natural environments: a critical 

review of the state of the art, prospects, and future challenges. 

Anal Bioanal Chem 378(2):283–300. https:// doi. org/ 10. 1007/ 

s00216- 003- 2350-y

Schuster J, Purswani J, Breuer U, Pozo C, Harms H, Müller RH, 

Rohwerder T (2013) Constitutive expression of the cytochrome 

P450 EthABCD monooxygenase system enables degradation 

of synthetic dialkyl ethers in Aquincola tertiaricarbonis L108. 

Appl Environ Microbiol 79(7):2321–2327. https:// doi. org/ 10. 

1128/ aem. 03348- 12

Somsamak P, Cowan RM, Häggblom MM (2001) Anaerobic biotrans-

formation of fuel oxygenates under sulfate-reducing conditions. 

FEMS Microbiol Ecol 37(3):259–264

Sun W, Sun X, Cupples AM (2012) Anaerobic methyl tert-butyl 

ether-degrading microorganisms identified in wastewater treat-

ment plant samples by stable isotope probing. Appl Environ 

Microbiol 78(8):2973–2980. https:// doi. org/ 10. 1128/ AEM. 

07253- 11

Thornton SF (2019) Natural attenuation of hydrocarbons in ground-

water. In: Steffan R (ed) Consequences of microbial interac-

tions with hydrocarbons, oils, and lipids: biodegradation and 

bioremediation, Handbook of hydrocarbon and lipid microbiol-

ogy. Springer International Publishing, pp 171–195. https:// doi. 

org/ 10. 1007/ 978-3- 319- 44535-9_ 3-1

Thornton SF, Bottrell SH, Spence KS, Pickup R, Spence MJ, Shah 

N, Mallinson HEH, Richnow HH (2011) Assessment of MTBE 

biodegradation in contaminated groundwater using 13C and 14C 

analysis: field and laboratory microcosm studies. Appl Geochem 

26:828–837. https:// doi. org/ 10. 1016/j. apgeo chem. 2011. 02. 004

Thornton SF, Morgan PM, Rolfe SA (2016) Bioremediation of 

hydrocarbons and chlorinated solvents in groundwater: charac-

terisation, design and performance assessment. In: McGenity 

TJ, Timmis KN, Nogales B (eds) Protocols for Hydrocarbon 

and Lipid Microbiology. Springer Verlag, Berlin Heidelberg, 

pp 11–64. https:// doi. org/ 10. 1007/ 8623_ 2016_ 207

Thornton SF, Nicholls HCG, Rolfe SA, Mallinson HEH, Spence MJ 

(2020) Biodegradation and fate of ethyl tert-butyl ether (ETBE) 

in soil and groundwater: a review. J Hazard Mater 391:122046. 

https:// doi. org/ 10. 1016/j. jhazm at. 2020. 122046

Thullner M, Centler F, Richnow H-H, Fischer A (2012) Quantifica-

tion of organic pollutant degradation in contaminated aquifers 

using compound specific stable isotope analysis — review of 

recent developments. Org Geochem 42(12):1440–1460. https:// 

doi. org/ 10. 1016/j. orgge ochem. 2011. 10. 011

van der Waals MJ, Pijls C, Sinke AJC, Langenhoff AAM, Smidt 

H, Gerritse J (2018) Anaerobic degradation of a mixture of 

MTBE, ETBE, TBA, and benzene under different redox condi-

tions. Appl Microbiol Biotechnol 102(7):3387–3397. https:// 

doi. org/ 10. 1007/ s00253- 018- 8853-4

van der Waals MJ, Plugge C, Meima-Franke M, de Waard P, Bodelier 

PL, Smidt H, Gerritse J (2019) Ethyl tert-butyl ether (ETBE) 

degradation by an algal-bacterial culture obtained from con-

taminated groundwater. Water Res 148:314–323. https:// doi. org/ 

10. 1016/j. watres. 2018. 10. 050

Vogt C, Dorer C, Musat F, Richnow H-H (2016) Multi-element iso-

tope fractionation concepts to characterize the biodegradation 

of hydrocarbons — from enzymes to the environment. Curr 

Opinion Biotechnol 41:90–98. https:// doi. org/ 10. 1016/j. copbio. 

2016. 04. 027

Wei N, Finneran KT (2011) Microbial community composition 

during anaerobic mineralization of tert -butyl alcohol (TBA) 

in fuel-contaminated aquifer material. Environ Sci Technol 

45(7):3012–3018. https:// doi. org/ 10. 1021/ es103 362k

Wilson JT and Adair C (2007) Monitored natural attenuation of ter-

tiary butyl alcohol (TBA) in ground water at gasoline spill sites 

(NTIS/10320074)

Yeh CK, Novak JT (1994) Anaerobic biodegradation of gasoline 

oxygenates in soils. Water Environ Res 66(5):744–752 http:// 

www. jstor. org/ stable/ 25044 472

Zwank L, Berg M, Elsner M, Schmidt TC, Schwarzenbach RP, Had-

erlein SB (2005) New evaluation scheme for two-dimensional 

isotope analysis to decipher biodegradation processes: appli-

cation to groundwater contamination by MTBE. Environ Sci 

Technol 39(4):1018–1029. https:// doi. org/ 10. 1021/ es049 650j

Zwank L, Berg M, Schmidt TC, Haderlein SB (2003) Compound-

specific carbon isotope analysis of volatile organic compounds 

in the low-microgram per liter range. Anal Chem 75(20):5575–

5583. https:// doi. org/ 10. 1021/ ac034 230i

Publisher’s Note Springer Nature remains neutral with regard to 

jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s11356-021-15606-7
https://doi.org/10.1007/s11356-021-15606-7
http://eawag-bbd.ethz.ch/mtb/mtb_map.html
https://doi.org/10.1016/j.proeps.2015.07.022
https://doi.org/10.1680/wama.2008.161.6.381
https://doi.org/10.1680/wama.2008.161.6.381
https://doi.org/10.1021/es0616175
https://doi.org/10.1021/es2036543
https://doi.org/10.1016/S0165-9936(03)01002-1
https://doi.org/10.1016/S0165-9936(03)01002-1
https://doi.org/10.1016/j.jconhyd.2003.09.001
https://doi.org/10.1016/j.jconhyd.2003.09.001
https://doi.org/10.1007/s00216-003-2350-y
https://doi.org/10.1007/s00216-003-2350-y
https://doi.org/10.1128/aem.03348-12
https://doi.org/10.1128/aem.03348-12
https://doi.org/10.1128/AEM.07253-11
https://doi.org/10.1128/AEM.07253-11
https://doi.org/10.1007/978-3-319-44535-9_3-1
https://doi.org/10.1007/978-3-319-44535-9_3-1
https://doi.org/10.1016/j.apgeochem.2011.02.004
https://doi.org/10.1007/8623_2016_207
https://doi.org/10.1016/j.jhazmat.2020.122046
https://doi.org/10.1016/j.orggeochem.2011.10.011
https://doi.org/10.1016/j.orggeochem.2011.10.011
https://doi.org/10.1007/s00253-018-8853-4
https://doi.org/10.1007/s00253-018-8853-4
https://doi.org/10.1016/j.watres.2018.10.050
https://doi.org/10.1016/j.watres.2018.10.050
https://doi.org/10.1016/j.copbio.2016.04.027
https://doi.org/10.1016/j.copbio.2016.04.027
https://doi.org/10.1021/es103362k
http://www.jstor.org/stable/25044472
http://www.jstor.org/stable/25044472
https://doi.org/10.1021/es049650j
https://doi.org/10.1021/ac034230i

	Potential of stable isotope analysis to deduce anaerobic biodegradation of ethyl tert-butyl ether (ETBE) and tert-butyl alcohol (TBA) in groundwater: a review
	Abstract 
	Introduction
	Natural attenuation of ETBE and TBA
	Biodegradation of ETBE and TBA
	Non-isotopic methods to assess anaerobic biodegradation of ETBE and TBA
	Contaminant mass loss
	Detection of organic metabolites
	Changes in groundwater composition
	Demonstration of the presence and activity of microorganisms with ETBE or TBA biodegradation potential

	Isotopic methods to assess anaerobic biodegradation of ETBE and TBA
	Stable isotope fractionation
	Stable isotope probing (SIP) and bulk stable isotope analysis
	Compound-specific stable isotope analysis
	Case studies to assess ETBE and TBA biodegradation using CSIA
	Position-specific stable isotope analysis
	Limitations of isotope approaches
	Use of isotopically labelled compounds

	Conclusion and research directions
	Acknowledgements 
	References


