
HAL Id: insu-04033295
https://insu.hal.science/insu-04033295

Submitted on 17 Mar 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Quantification of biodegradation rate of hydrocarbons in
a contaminated aquifer by CO2 δ13C monitoring at

ground surface
Christophe Guimbaud, Stéfan Colombano, Cécile Noel, Elicia Verardo, Agnès

Grossel, Line Jourdain, Fabrice Jégou, Zhen Hu, Jérémy Jacob, Ioannis
Ignatiadis, et al.

To cite this version:
Christophe Guimbaud, Stéfan Colombano, Cécile Noel, Elicia Verardo, Agnès Grossel, et
al.. Quantification of biodegradation rate of hydrocarbons in a contaminated aquifer by CO2
δ13C monitoring at ground surface. Journal of Contaminant Hydrology, 2023, pp.104168.
�10.1016/j.jconhyd.2023.104168�. �insu-04033295�

https://insu.hal.science/insu-04033295
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


CO
RR

EC
TE

D
PR

OO
F

Journal of Contaminant Hydrology xxx (xxxx) 104168

Contents lists available at ScienceDirect

Journal of Contaminant Hydrology
journal homepage: www.elsevier.com/locate/jconhyd

Quantification of biodegradation rate of hydrocarbons in a contaminated
aquifer by CO2 δ13C monitoring at ground surface
Christophe Guimbaud a, ⁎, Stéfan Colombano b, Cécile Noel a, b, 1, Elicia Verardo c, 2, Agnès Grossel d,
Line Jourdain a, Fabrice Jégou a, Zhen Hu e, Jérémy Jacob f, Ioannis Ignatiadis b,
Michaela Blessing b, Jean Christophe Gourry b

a Laboratoire de Physique et de Chimie de l'Environnement et de l'Espace (LPC2E), CNRS et Université d'Orléans (UMR 7328), 3A av. de la recherche scientifique, 45071
Orléans cedex 2, France
b Bureau de Recherches Géologiques et Minières (BRGM), 3 av. Claude Guillemin, 45060 Orléans cedex 2, France
c Ecole Nationale Supérieure en Environnement, Géoressources et Ingénierie du Développement durable (ENSEGID), Université Bordeaux III, France
d Institut National de la Recherche pour l'Agriculture, l'Alimentation et l'Environnement (INRAE), UR 0272 Science du sol, Centre de recherche d'Orléans, CS 40001 Ardon,
45075 Orléans cedex, France
e Shandong Key Laboratory of Water Pollution Control and Resource Reuse, School of Environmental Science and Engineering, Shandong University, Qingdao 266237, China
f Laboratoire des Sciences du Climat et de l'Environnement, UMR 8212 CNRS-CEA-UVSQ, Domaine du CNRS, 91198 Gif sur Yvette, France

A R T I C L E  I N F O

Keywords:
Groundwater bioremediation
Hydrocarbon-BTEX
IRIS
δ13CCO2
δ13CTOLUENE
Rayleigh eqs

A B S T R A C T

Ground surface analysis of CO2 emissions with δ13C determination is experimentally demonstrated to be a poten-
tial methodology to monitor, on line, the dynamics of petroleum-hydrocarbon biodegradation in soil aquifers,
thanks to the improvement of the Isotopic Ratio Infra Red Spectroscopy technique. Biodegradation rate of remain-
ing hydrocarbon substrates in groundwater can be quantified using basic application of the Rayleigh equations,
by δ13CCO2 analysis released at ground surface above the pollution plume instead of usual approaches based on
groundwater hydrocarbons δ13C analysis, when physical and chemical properties for the contaminated site meet
appropriate conditions.

The validation approach for that gasoline contaminated specific site is discussed and verified by comparison of
first order attenuation rate constant determined from δ13CCO2 analysis emitted at ground surface and from
δ13CTOLUENE analysis in ground water. A kinetic fractionation factor α of 0.9979 (or ε value of −2.1 ± 0.5‰) is es-
timated for the biodegradation of the most reactive hydrocarbon substrates (TEX). The treatment of this Rayleigh
equations by linear regression of δ13CCO2 values along the predominant direction of groundwater flow leads to
the following results and conclusions for that site: (i) first order biodegradation rate constants (and annual varia-
tion) are maximum after the activation of a Permeable Reactive Barrier (PRB) in May 2014: 0.92(+0.29–0.17)
year−1, and during July and October: 0.46(+0.14–0.09) year−1 and minimum in mid-winter in February 2015:
0.17(+0.05–0.03) year−1, given by the estimation range for ε. These results are in the lower range with reported
in literature for similar contaminated sites (1.6–18 year−1) considering natural attenuation under sulfate reduc-
ing conditions and (ii) the seasonal variation of the first order biodegradation rate constant is mainly correlated
with the seasonal variation of the CO2 flux, where maximum values are in summers and minimum values in win-
ters. Both seasonal variations are mainly due to the annual cycle of the natural biodegradation activity at the
scale of the pollution plume, rather than the activation of the PRB.

This work demonstrates that δ13CCO2 analysis released at ground surface from biodegradation of groundwater
hydrocarbons could provide, under characterized and appropriate conditions, a non-intrusive (without soil sam-
plings), fast, and low-cost online method to monitor and therefore to optimize soil remediation processes in real
time. (Monitored Natural Attenuation or Enhanced Bioremediation).
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1. Introduction and challenges

Spills or leaks of petroleum hydrocarbons from gasoline station lead
to contamination of soil and groundwater especially by Benzene,
Toluene, Ethylbenzene, Xylene (BTEX) compounds. BTEX are the most
toxic petroleum hydrocarbons and are usually the primary drivers for
remediation (Barona et al., 2007; El-Naas et al., 2014). Monitored Nat-
ural Attenuation or Enhanced Bioremediation of BTEX are two major
site remediation technologies that rely on the occurrence of biodegra-
dation. Biodegradation processes of hydrocarbons (substrates) by mi-
cro-organisms usually induces unidirectional reactions (hydrocarbons
to the biologically-mediated product or final product such as CO2) with
isotope fractionation of carbon (C), involving an increase of the isotopic
ratio 13C/12C, RS, in the remaining substrate (S) and a decrease of the
isotopic ratio 13C/12C, RP, in the released product (P).

Associated kinetic fractionation factor α is expressed as in Mariotti
et al. (1981):

(Eq. 1)

Isotope δ13C values are more often used than isotope R values for
sample data analysis and discussion. δ13C value is defined for any sam-
ple according to Eq. 2:

(Eq. 2)

where, R and RVPDB are the isotopic concentration ratios 13C/12C of
the groundwater sample and of the international standard, the Vienna
Pee Dee Belemnite, respectively. RVPDB is 1.12372%, as defined by Craig
(1954).

The isotopic fractionation of groundwater hydrocarbon substrate
can be described using a simple Rayleigh model, which was originally
derived by Rayleigh (1896) for the case of fractional distillation of
mixed liquid, using the following equation:

(Eq. 3)

where RS,t1 and RS,0 are the 13C/12C of the unreacted substrate S at
time t1 and at the initial time t0, respectively, NS,t1 and NS,t0 are the mo-
lar or molecule number of the unreacted S at time t1 relative to time t0,
and thus f(t1-t0) is the molar or mass fraction of S remaining in the sam-
ple at time t1 relative to t0, measured in a well-mixed-aquifer, consider-
ing a closed system for the substrate, not movable, or movable such as a
plume carried by the stream of ground water. The Rayleigh model is
used to quantify the degradation of a single substrate in a well-mixed
aquifer to a single product assuming that other non-degradative physi-
cal processes such as dissolution, sorption, and volatilization do not
cause large carbon isotopic shifts at equilibrium (Mariotti et al., 1981).

U.S. EPA. (2008) guidance document on CSIA discusses how to
use and interpret compound specific stable isotope data in field set-
tings using Rayleigh model in a groundwater plume. In all discussion
provided in Sections 3.3, 4.2, Table 4.2, 5.3 and 7.4. of the U.S. EPA.
(2008) document, it is assumed that the difference in isotopic signa-
ture between two points A (Source or upgradient monitoring point)
and B (downgradient monitoring point) at a snapshot in time (t) in a
groundwater plume is due to the transformation that occurred during
the travel time (estimated as distance, L, between spots A and B di-
vided by groundwater velocity, v), as written in Eqs. 4. In other
words, this use of Rayleigh model is similar to changes in isotopic sig-
natures over time for a constituent in a closed system (say lab micro-
cosm or a batch reactor).

(Eq. 4)

To estimate the mass loss of S of groundwater hydrocarbon sub-
strates by δ13C analysis within the plume, the remaining substrate mass

fraction (ft) at time t between two spots A and B can be derived from the
kinetic fractionation factor α measured in laboratories (or assessed un-
der field conditions) and the isotopic concentration ratio 13C/12C of S,
RAS or RBS, measured in observation wells A and B at time t, with suffix t
removed from latter equations.

(Eq. 5)

with ε = (α - 1).1000, being the associated isotope fractionation
factor expressed in ‰,

Eqs. 5 are identical to Eq. 7.17 in the U.S. EPA. (2008) guidance doc-
ument on CSIA. The extent of the hydrocarbon biodegradation could be
expressed as the % Mass Loss of S in the time interval t, (MLt), as ex-
pressed in Eq. 6, to discuss in later section one of the boundary condi-
tion limiting the use of this Rayleigh equation form.

(Eq. 6)

The evolution of ML over time is also a key parameter to estimate
the time to achieve groundwater objectives due to natural or enhanced
bioremediation of hydrocarbons contaminated aquifers.

The main inconvenient of this monitoring approach based on hydro-
carbon substrate pollutants concentration and δ determination is that
monitoring wells to be drilled for sampling groundwater are needed.

It has been suggested that monitoring the isotope δ13C values of the
biodegradation product P CO2 (labeled δ13CCO2 or δ13CP) released at
ground surface, as a proxy of the hydrocarbon substrate pollutant δ val-
ues, could be a more convenient way to assess the groundwater hydro-
carbon biodegradation kinetic within high spatial and temporal resolu-
tions. Within the latter approach, soil drilling or excavation is not
needed. The Keeling plot method to measure δ values of the biodegrada-
tion product P CO2 released at ground surface only requires a mov-
able closed chamber set on ground surface where δ values of the accu-
mulated CO2 gas is directly measured online by Isotopic Ratio Infra
Red Spectroscopy (IRIS) technique (Noel et al., 2016a, 2016b;
Guimbaud et al., 2016), only for few minutes thanks to the precision
improvements made by IRIS techniques in the last decades in the gas
phase.

This paper aims to demonstrate that the biodegradation efficiency of
hydrocarbons in a gasoline contaminated aquifer (under Monitored
Natural Attenuation or Enhanced Bioremediation) could be monitored
by ground surface δCO2 emissions. As a first approximation, improving
then the ability to observe and assess quickly effects of remediation
processes that could be applied in the field. Boundary conditions for the
application of the Rayleigh model to assess biodegradation rate of the
groundwater hydrocarbon substrates from ground surface δ13CCO2 emis-
sions is discussed at the scale of the contaminated field.

2. Material and methods and theory/calculation

2.1. Characterization of the investigating site

The site widely described in Verardo (2016) and Verardo et al.
(2021) is a gas station near Paris (France) where gasoline and diesel fu-
els leaked from tanks. A simplified map of the site showing the Perme-
able Reactive Barrier (PRB) and the monitoring disposal of the gas me-
tering station is presented in Fig. 1. A Permeable Reactive Barrier (PRB)
was implemented 22 m downstream of the pollution source to stimulate
biodegradation, started on march 27, 2014 and ended on June 26,
2015. Diluted H2O2 is added continuously to pumped water from wells
located upstream the PRB. Then, oxygenated pumped water was in-
jected across the PRB.

That industrial site is composed of sandy and gravelly materials
(1.5 m thick at surface) and of a sandy lightly loamy layer containing
mainly gritstone (coarse-grained of siliceous sandstone from Brie-
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Fig. 1. Map of the site showing the reactive barrier and the monitoring disposal. Each number (1–21) refers to a collar number for gas metering stations (extracted
form Noel et al., 2016b).

Region) above 6 m depth. The aquifer layer varies from 2 to 3 m depth
on top (from end of winter to end of summer) and lies above the imper-
meable soil layer at 6 m depth. The gas station is still in activity but the
former tank (source of contamination) was removed in 1997. Since that
time, a large reservoir of residual hydrocarbons located in the vadose
zone (just below the former tanks) is continuously feeding the under-
neath groundwater with refined petroleum. Residual Light non-aqueous
phase liquid (LNAPL) was found in soil between 2 and 4 m depth at sat-
uration range between 0.5 and 2.4%. Localization of the residual
LNAPL is shown in Fig. 2, where collars 19, 20 and 21 are the only ones
located above the residual LNAPL area, ending upstream collar 11.

From these observations, the simplifying assumption that groundwater
system is ‘well mixed’ will be considered upstream and downstream the
PRB to estimate the mass loss of hydrocarbon substrates and their atten-
uation rate constant. Actually, the pollution plume in groundwater is
mainly composed of BTEX due to their longer resistance to biodegrada-
tion and their higher solubility, compared to other hydrocarbons
(Verardo et al., 2021). Groundwater analysis performed from 2012 to
2014 at the exit of the pollution plume (monitoring well P4, Fig. 2, lo-
cated 5 m upstream the front head of the PRB, 4 m upstream collar 11
and 17 m downstream the dismantled tanks in 1997) indicates max val-
ues of pollutants from the layer depth 2 m–4 m below soil surface, with
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Fig. 2. Hydrogeological conceptual model of the site.

max values (Verardo et al., 2021) for Benzene (11 mgL−1), Toluene
(3 mgL−1), Ethylbenzene (1 mgL−1), and Xylene (6 mgL−1). Total Petro-
leum Hydrocarbon (TPH) C10-C40 and MTBE (Methyl tert-butyl ether)
concentration max values are 1 mgL−1 and 100 μgL−1, respectively.
BTEX distribution, extracted from Verardo, 2016, is shown in Fig. 3.
BTEX are sampled from static headspace and analyzed by GC–MS ac-
cording to the NF ISO 11423-1 protocol with quantification limit of 1
μgL−1. TPH are sampled from liquid-liquid extraction and analyzed by
CG-FID according to the NF EN ISO 9377-2 protocol. Accuracy varied
from 30 to 50% (Blessing and Saada, 2013).

The biodegradation of BTEX can be carried out under aerobic,
anoxic or anaerobic conditions. In aerobic respiration, the terminal
electron acceptors (TEA) is O2, but in the absence of oxygen, a number
of less highly oxidized compounds may serve, assuming organisms ca-
pable of making use of them are present. Available TEAs are used in the
environment in decreasing order of oxidation–reduction potential
(NO3−, Fe(III), Mn(IV), SO42−, and CO2) (Davis et al., 1999; Johnson et
al., 2003; Lari et al., 2019). Groundwater at the contaminant plume is
anaerobic, as shown in Fig. 4 extracted from Verardo (2016). The con-
centrations of nitrates, iron II, manganese II and sulphates measured in
the groundwater of the site made it possible to define the redox zones of
biodegradation of hydrocarbons. The biodegradation mechanisms ex-
isting within the plume of contaminants are also presented in Fig. 4,
demonstrating that hydrocarbon biodegradation remains processed via
anaerobic conditions and more precisely via sulfate reduction before
enhanced bioremediation along the pollution plume, mainly within the
gas metering station zone . After activation of the PRB, no evolution of
the redox potential (stable between −100 and − 50 mV) in the
piezometers located near PRB was noticed, despite the injection of hy-
drogen peroxide. This result and the presence of sulphates, absence of
manganese II production and low Iron II production demonstrate that
biodegradation remains anaerobic and processed via sulfate reduction

due to a default of treatment (Verardo, 2016). According to these lower
limits of redox potential, biodegradation seems not to proceed via
methanogenenis. This could be notified by the absence of methane real-
ized at ground surface (< 0.1 nmol m−2 s−1) at one most active period
(July 1, 2015), corresponding the detection limit of the IR Greenhouse
Gas Analyzer (Los Gatos Research, Inc. CA) used and at least to one or-
der of magnitude lower than fluxes which can be found in literature for
water bodies or aerobic soil surfaces (Guimbaud et al., 2016). However,
hydrocarbon biodegradation under acetoclastic and hydrogenotrophic
reducing conditions (methanogenesis) may not be ignored within the
residual LNAPL (light non-aqueous phase liquid) source zone located
upstream the PRB according to high BTEX concentration found in Fig. 4
(Conrad et al., 1997). These methanogenesis paths are known to pro-
duce high δ13C values (13C enrichment) of both CO2 and CH4 gas and
DIC and dissolved methane in groundwater. In addition, aerobic oxida-
tion of overlying CH4 in the vadose zone may also produce additional
13C enrichment of CO2 (Conrad et al., 1997; Neumann et al., 2016, and
references therein). Despite concentration change in redox indicator
compounds do not play for significant methanogenesis processes, the
δ13C value decays less upstream than downstream the PRB (~ − 2.5‰
versus ~ − 4‰VPDB, Guimbaud et al., 2016). It implies that higher
δ13C-CO2 could be produced upstream the PRB from methanogenesis,
reducing then this δ13C value decays observed. The kinetic approach
given in that paper is thus limited by the relative importance of CO2
produced methanogenesis paths in residual LNAPL zone. Methanogene-
sis is assumed to be neglected in our study case, as data including the
LNAPL zone do not affect the general trend of δ13C-CO2 and BTEX. In
order to assess the significance of CO2 contribution by (in)direct
methanogenesis, Conrad et al., 1997, suggested that combined δ13C and
14C analyses of soil CO2 gas and groundwater DIC can yield to valuable
insights into modes of microbial petroleum hydrocarbon degradation.
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Fig. 3. Representative or average concentrations of benzene, toluene, ethylbenzene and xylenes in the groundwater of the site before the treatment phase between
June 2012 and February 2014 (the limits of quantification (LOQ) are 0.5 μg/L for benzene and 1 μg/L for TEX).

Geophysical methods (electrical resistivity and induced polariza-
tion) had shown a high conductive and chargeable zone, around 2 to
3 m depth, which matches the polluted zone defined by geochemical
borehole analyses, at the top layer of the water table (Noel et al.,
2016b). Authors conclude that pollutant degradation mainly occurs in
the top layer of the groundwater table where numerous chargeable bac-
teria produce conductive metabolites. The age of the hydrocarbon leak-
age (almost twenty years ago) is sufficient to allow the development of
natural bacterial flora able to degrade hydrocarbon.

The direction of the groundwater flow is oriented toward the north-
west by 30° relative to the north (Fig. 1) and obtained from piezometric
maps using krigeage interpolation. This direction defines also the pollu-
tion plume coordinate relative to the PRB (Verardo, 2016). The average
groundwater velocity (17 m yr−1) is derived from the kinematic poros-
ity of 15%, the hydraulic gradient of 1% and an average hydraulic con-
ductivity of 8.10−6 m s−1 measured in that site.

Material and methods for CO2 flux and δ13C characterization on
each 21 gaz metric station (see Fig.1 for the position of the 21 collars set
on ground surface) are described in Guimbaud et al. (2016). LPC2E-
CNRS developed home built high-resolution infra-red spectrometers,
which performances are discussed elsewhere (Guimbaud et al., 2011,
Guimbaud et al., 2016; Catoire et al., 2017), among them the IRIS in-
strument named SPIRIT-BIOPHY to measure CO2 volume mixing ratio
and δ13C released at ground surface (Guimbaud et al., 2016). Measure-
ments were made using the closed chamber method and the Keeling plot
approach (Pataki et al., 2003). Precision and accuracy for δ13CCO2 usu-
ally varies from 0.15‰ to 0.5 ‰ from a single Keeling plot extraction,
with best precision obtained for high CO2 flux intensity (in summer)
and for high temperature stability of the instrument (under cloudy and
low wind periods).

It has been shown (Guimbaud et al., 2016; Noel et al., 2016b) that,
before and after biodegradation stimulation, a correlation is observed
(from upstream to downstream the pollution plume) between (i) CO2
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Fig. 4. Left: average dissolved O2 concentrations at a depth of 3 m below the static level, recorded in September 2013 and February 2014; On the right: redox zone
of biodegradation of petroleum hydrocarbons established from the concentrations of sulphates, iron II, manganese II and nitrates measured in the groundwater be-
tween June 2012 and February 2014.

flux emitted at the surface and the BTEX concentration in the aquifer
and (ii) δ13C values of CO2 emitted at the surface (δ13CCO2) and δ13C val-
ues of BTEX in groundwater (δ13CBTEX), as representative main hydro-
carbons in that site. From upstream to downstream the pollution plume,
δ13CCO2 values at ground surface are correlated with δ13C values of
BTEX hydrocarbons (Benzene B, and Toluene T in that site) in the
aquifer, with a difference Δ (δ13CCO2 – δ13CBT) ≈ −3 ‰, mainly for
toluene (See Guimbaud et al., 2016 and result section). This difference
observed is mainly due to preferential selection of light isotopes (12C)
during bacterial metabolism, hydrocarbon redox degradation path-
ways, and hence release of 13C-depleted CO2, slightly magnified by frac-
tionation during vertical diffusion of CO2 to the surface, assuming that
no other fractionation process occurs. Other fractionation processes
leading to high δ13C-CO2 may interact and complexify the system
(Conrad et al., 1997), such as CO2 issued from atmospheric contamina-
tion, CO2 produced from methanogenic activity, dissolution of carbon-
ate minerals, biodegradation of endogenous soil organic matter).

Such depleted δ13CCO2 values observed in that site could indicate
that hydrocarbon biodegradation occurs via sulfate reduction (Conrad
et al., 1997; Landmeyer et al., 1996; Wanner et al., 2019). The Guide
for assessing biodegradation and source identification of organic
ground water contaminants using Compound Specific Isotope Analysis
(CSIA) from the United States Environmental Protection Agency (U.S.
EPA., 2008) provides the recommended isotope enrichment factors
(εPS) under sulfate reducing conditions for main BTEX ranging from
−3.7‰ to −0.8‰, as summarized in Table 1.

It is commonly observed that the rate of benzene biodegradation is
much slower than TEX and other petroleum hydrocarbon constituents
under anaerobic conditions (Atteia and Guillot, 2007; Guimbaud et al.,
2016; Kolhatkar and Schnobrich, 2017; Toth et al., 2021; Sra et al.,
2022). Half-lives for natural degradation of gasoline compounds in
anaerobic groundwater under sulfate reducing conditions were found
to be larger than 800 days for benzene, significantly higher than for
other TEX: 230 days for ethylbenzene, 120 days for Toluene, 125 to
180 days for Xylenes, and 160 to 180 days for Naphthalene and
Trimethylbenzene (Thierrin et al., 1993), equivalent to first order atten-
uation rates <0.5 year−1 for benzene and 1.6 to 3.0 year−1 for TEX.
Kolhatkar and Schnobrich (2017) reported natural attenuation rate
constants for benzene under sulphate reducing condition

Table 1
Isotope enrichment factor (εPS) under sulfate reducing conditions for main
BTEX Using Compound Specific Isotope Analysis (CSIA) according to U.S.
EPA. (2008).
Organic
compound

13C/12C
fractionation factor
εPS (‰)

References Bacteria

Benzene −3.6 Mancini et al., 2003 Enrichment culture
Toluene −0.8 Ahad et al., 2000 Enrichment culture
Toluene −1.5 Meckenstock et al.,

1999
Column experiment

Toluene −2.2 Morasch et al.,
2001

Desulfobacterium
cetonicum

Toluene −1.7 Meckenstock et al.,
1999

Strain TRM1

Ethylbenzene −3.7 Wilkes et al., 2000 Enrichment culture
m-Xylene −1.8 Morasch et al.,

2004
Strain OX39

o-Xylene −1.1 Richnow et al.,
2003

Column experiment

o-Xylene −3.2 Wilkes et al., 2000 Enrichment culture

εPS is the Isotope enrichment factor for the entire molecule of substrate S with:
εPS = (αPS - 1)0.1000 = (KH/KL -1)0.1000; αPS is the isotope fractionation en-
richment factor given by the ratio of the rate constant for reaction of molecules
with a heavy isotope (KH) anywhere in the molecule (substrate S) compared to
the rate constant for reaction of molecules with light isotopes only (KL)).

0.20–0.46 year−1. Under such conditions, Verardo (2016) reported
from literature review first order natural degradation rates 1 to 2 order
of magnitude lower for benzene, 1.8 × 10−2–1.8 year−1, than for TEX,
1.8–18 year−1).

Due to the higher concentration of TEX in the pollution plume and
to the higher reactivity of TEX (having similar first order attenuation
rates) than benzene, it is considered that attenuation is mainly due from
these most abundant and reactive species, where TEX have also similar
δ13Chydrocarbon value (see next section) and similar estimated attenuation
first order rate constants under sulfate reducing conditions. An εPS
range is found to be −2.1‰ with a mean deviation of ± − 0.5‰ for
typical concentration values 9/3/1 for X/T/E respectively using εPS
from Table 1 given from the CSIA data base (U.S. EPA., 2008).
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2.2. Approach to monitor the biodegradation rate of hydrocarbon substrates
by δ13CCO2 analysis released from ground surface within an expanding
plume

The quantification of pollutant substrate biodegradation efficiency
within an expanding plume from the source to an observation well us-
ing solution of Rayleigh model based on single substrate concentration
and δ analysis is well documented (Richnow et al., 2003; Fischer et al.,
2007; Thullner et al., 2012; Denk et al., 2017; Van Breukelen, 2007a;
Van Breukelen, 2007b). Boundary conditions for the application of the
Rayleigh model are given from assumption (A) 1 to 3:

(A1) The pollutant plume is only fed by the dissolution of the hydro-
carbon source located upstream in the former gasoline tank area and
groundwater pollutants are well-mixed systems downstream the area of
extension the LNAPL, as discussed in Verardo (2016).

(A2) Biodegradation is the dominant process over others affecting
the dissolved pollutant migration such as volatilization or sorption-
desorption, as discussed in Verardo (2016).

(A3) Low percentage mass loss of substrate should occurs from two
monitoring wells or during migration of the plume within the period of
investigation, ideally considered below 10% to assume mass balance
conservation made a boundary condition for this derived form of the
Rayleigh equation.

Additional Boundary conditions or hypothesis are required to assess
biodegradation rate of the groundwater hydrocarbon substrates from
ground surface δCO2 emissions analysis.

In real conditions, hydrocarbon pollutants in contaminated aquifer
are present as a mixture. Biodegradation kinetic fractionation factor α
depends mainly on the chemical composition of hydrocarbon contami-
nant and biochemical pathways of biodegradation associated with re-
dox conditions. To assess an average dynamic for a pool of hydrocar-
bons substrate biodegradation in contaminated aquifer, one can assume
(A4) that considered contaminants starts with similar average initial δ
value, same biodegradation rate, and same αPS (P CO2 resulting from
biodegradation of S substrates).

This site is characterized by close δ values of BTEX: benzene
(−28‰), toluene and m-p Xylenes (−27.5‰) and ethyl benzene
(−27‰) upstream/nearby the PRB, with isotopic enrichment from 0.5
to 1 ‰ after bioactivation of the PBR, the highest for toluene (Verardo,
2016). A common biodegradation rate could be assumed in previous
section for the largest pool of reactive substrates with a common kinetic
fractionation factor α =0.9979 or ε = −2.1‰.

The apparent fractionation factor αapp from the transformation of
the hydrocarbon substrate S solubilized in the top layer of groundwater
to CO2 product P released to the atmosphere ground surface is given by:

(Eq. 7)

where the substrate S concentration in groundwater at spot X along
the main migration axis at time t is given by CXS,t and the isotopic con-
centration ratio 13C/12C of S in groundwater and of the biodegradation
product (P=CO2) released at soil surface to the atmosphere are given
by RXS and RXP, respectively.

αapp results from the kinetic fractionation factor of P relative to S in
the water aquifer, α, and from the fractionation factor due to selective
vertical diffusion of the lighter isotope of CO2 product from the top
layer of groundwater to the ground surface, αdiff, if one assume (A5)
that the source of CO2 released at ground surface from hydrocarbons
biodegradation at water table of the aquifer should be dominant versus
CO2 released from other potential sources such as CO2 issued from at-
mospheric contamination, (i) dissolution/precipitation of carbonate
minerals, (ii) biodegradation of endogenous soil organic matter, reduc-
ing then the effect of other type of fractionation processes.

(i) The groundwater is also in equilibrium with calcite (Verardo,
2016), meaning that there is no precipitation of carbonate or dissolu-
tion of from sediment which could affect the content of mineral carbon

in the aquifers and its isotopic composition. The aquifer is characterized
by high alkalinity (5 × 10−3 M) with a stable pH (6.8), with no signifi-
cant changes after biostimulation. During treatment, anaerobic condi-
tions remained mainly unchanged as regards O2 dissolved concentra-
tion collected from P1, P2 and Pz29 relative to data shown in Fig. 4 (left
panel) just before treatment (February 2014), except for P4 above the
PRB at the beginning and at the end of treatment, where O2 dissolved
concentration could reach 5 mg L−1 (Verardo, 2016). (ii) Possible com-
petition and seasonal effects occurring for the natural soil respiration
and petroleum hydrocarbon biodegradation (BenIsrael et al., 2019;
Wanner et al., 2019). In this specific site, natural soil respiration can be
neglected due to the low amount of organic matter inside the soil. Sur-
face vegetation is homogeneous, covered by a layer of grass during the
high vegetation season which almost disappears during the winter sea-
son. In order to minimize the contribution of natural soil respiration the
15 cm top layer of the ground surface was removed before installation
of collars into the soil for each metering station. CO2 fluxes from uncon-
taminated or less contaminated area (collars 7 and 8 located out of the
contamination plume) vary from ~0.7 to 2.5 μmol m−2 s−1) from end of
winter to summer. This is assumed to be the maximum contribution of
soil respiration or other processes of CO2 released above the hydrocar-
bon underground layer. As a consequence, fluxes observed under conta-
minated areas with typical values varying from 5 to 45 μmol m−2·s−1

imply that CO2 natural soil respiration represents at most 5% of CO2
emissions relative to hydrocarbon biodegradation, from winter to sum-
mer. As a consequence, under that specific site, the low emissions levels
of CO2 outside the pollution plume imply that the fraction of CO2 emis-
sions issued from natural soil respiration is assumed to be negligible
compared to CO2 emitted from gasoline hydrocarbon biodegradation.

Previous studies revealed that diffusion through the non-saturated
zone could lead to isotope distillation effects with negative Δ values for
CO2 (Cerling et al., 1991) and for organic compounds (Bouchard et al.,
2008a; Bouchard et al., 2008b); the isotope effect due to CO2 volatiliza-
tion in the non-saturated zone to soil surface is assessed by measuring
gas phase δ13CCO2 directly on top of the water table (through monitor-
ing wells above the reactive barriers to bypass the underground soil in-
termediate) and δ13CCO2 on soil surface (i.e., from closest collars). July
2014 data provides δ13CCO2 values of (−29.2‰ ± 0.6‰ VPDB) from
monitoring wells versus (−29.9 ± 0.4‰ VPDB) from collars surround-
ing the reactive barriers, respectively. Values are found to be more
spread (−28.4‰ ± 0.7‰ VPDB) versus (−29.2 ± 0.5‰ VPDB) in Oc-
tober 2014. This indicate vertical diffusion Δdiff value of ~ −0.7‰ lead-
ing to a vertical diffusion fractionation factor αdiff value of ~0.9993.
Therefore, possible negative Δ values fractionated CO2 produced from
volatilized fractionated organic compounds in the non-saturated zone is
neglected because the loss of organic compounds by volatilization is in-
significant relative to their mass balance in the aquifer.

Under our study site αapp = 0.997 (obtained from Δ (δ13CCO2 –
δ13CBTEX) = −3 ‰) results approximatively from the kinetic fractiona-
tion factor of CO2 relative to TEX estimated in the water aquifer (α
=0.9979 or ε = −2.1‰) and from the fractionation factor due to selec-
tive vertical diffusion of the lighter isotope of CO2 product from the top
layer of groundwater to the ground surface (αdiff, of 0.9993 or
ε = −0.7‰), where αapp is then given by:

(Eq. 8)

Among α values, αapp is the only assessable variable from field mea-
surable data: δP of CO2 released in atmosphere at ground surface and δS
of hydrocarbon substrate solubilized in top layer of aquifer. αapp can be
expressed from Eq. 7:

(Eq. 9)
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α, αdiff and thus αapp are generally assumed to be invariable with
time, t, (Mariotti et al., 1981) and remained constant along the horizon-
tal migration of S at the scale of the pollution plume (A6).

Solving RBS and RAS from Eq. 7 and replacing into the left member of
Eq. 5, yields to Eq. 10, by removal of αapp:

(Eq. 10a)

(Eq. 10b)

with P CO2 and

(Eq. 11)

being the associated isotope fractionation factor expressed in ‰.
To support derivation of Eq. 10 from Eqs. 5 and 7, CO2 realized at

ground surface should be directly issued from the biodegradation of the
underneath hydrocarbons substrate in the saturated zone, meaning ad-
ditional assumption are made:

(A7) horizontal migration velocity of the well mixed hydrocarbon
substrates is assimilated to the velocity of the groundwater flow, be-
cause sorption and desorption are neglected processes in this site.

(A8) Sorption and desorption during advective horizontal and verti-
cal migrations in the saturated zone are not leading to isotope fractiona-
tion, as neglected in this site and from discussion in Elsner et al. (2005)
and Schmidt et al. (2004).

(A9) vertical diffusion of CO2 within the unsaturated zone (from top
layer of the aquifer to ground surface) is assumed to be “extremely fast”
relative to advective (horizontal) migration of CO2 in the saturated
zone (in the aquifer along the pollution plume), according to Abreu and
Johnson (2006) and to Luo et al. (2009). Under this site, the soil effec-
tive porosity of 15% is known to be characterized by efficient gas trans-
port in air filled pores according to De Robert (2006) where the author
also mentioned that CO2 exchange through water-filled pores is very
slow relatively to air filled pores because CO2 diffusion coefficient in
water is 10,000 less than in air.

The percentage of mass loss for a pool of substrates between spot A
and B, ML [%], with similar initial δ value and biodegradation rate can
be derived from Eq. 12 (assuming A6) if an average α value can be ob-
tained either (i) from field data (by derivation of an αapp value from Eq.
7 with measurements RXP, and RXS followed by assessment of α from Eq.
8, i.e. α = αapp/αdiff) or (ii) from estimated value of α from the CSIA
data base (U.S. EPA., 2008). Derivation of ML [%]. From conditions (i)
an assessment of αdiff is needed from field data to verify assumption
A10: │αdiff − 1│ < < │α - 1│ or │εdiff/1000│ < < │ε/1000, leading
then to α = ~ αapp, where αapp is extracted from field study.

The percentage of mass loss from biodegradation for a pool of sub-
strates between spot A and B, ML [%]), is obtained from solving f from
Eq. 10, and replacing it into Eq. 6:

(Eq. 12a)

(Eq. 12b)

As a summary, percentage of mass loss ML [%] from biodegradation
of hydrocarbons along a pollution plume, migrating horizontally with
the flow of groundwater from spot A to spot B, could be obtained by
measuring the isotopic concentration ratio 13C/12C, Rp, values of the
CO2 product P released at ground surface above spots A and B, at time t,
when physical and chemical properties for the contaminated site meet
appropriate conditions in addition to the usual approaches based on
groundwater hydrocarbons δ13C substrate S analysis (Eq. 12c),

(Eq. 12c)

The first-order kinetic approach of the Monod model is commonly
used for remediation site (Bekins et al., 1998; Bauer et al., 2006), with
good approximation for upper limits of BTEX concentration of
5 mg.L−1, according to Bekins et al. (1998) and Cozzarelli et al. (2010).
First-order kinetic approach is used along the pollution plume accord-
ing to the BTEX mixing ratios monitored in well P4, located 5 m up-
stream the front head of the PRB (Section II.1).

The estimated first order attenuation rate constant is commonly pre-
sented to discuss and compare biodegradation rate in aquifers between
2 monitoring points along a flow path (U.S. EPA., 2008). The first order
kinetic assumption is usually an appropriate simplification to describe
the biodegradation in aquifers because (i) mass transfer limiting factors
are often rate limits in porous media and (ii) Fickian diffusion is a first
order process with respect to the substrate concentration in the bulk liq-
uid ((Alvarez De Pedro and Ilman, 2005); Wiedemeier et al., 2007).
Biodegradation rate between spot A and spot B is calculated from trav-
elling time t of substrates between the two spots, given by the ratio of
the distance L between spots A and B and the horizontal velocity, v, of
the substrate migration. Thus, the 1st order biodegradation rate con-
stant, k, is given in Eq. 13e based on the δ13CCO2 product monitoring .

(Eq. 13a)

(Eq. 13b)
(Eq. 13c)
(Eq. 13d)

(Eq. 13e)

in addition to usual Eq. 13f, based on the δ13CBTEX substrate moni-
toring .

(Eq. 13f)

3. Results and discussion: Assessment of the biodegradation rate,
BR f(t), of the groundwater hydrocarbon substrates using δ13CCO2
surface analysis

3.1. δ13CCO2 values at the scale of the pollution plume and spatial resolution

This work uses additional data set compared to Guimbaud et al.
(2016) from the less bioactive season and new data from the year 2015
period. δ13CCO2 values increase (13C enrichment) as a function of the
pollution plume coordinate (Figs. 5 and 6a–c). Fig. 5 shows that δ13C
values of toluene increase by 3.7‰ and 2.1‰ in May and December
2014, respectively, over a distance of 40 m along the pollution plume.
In the same conditions, δ13C values of benzene increase by 1.8‰ and
1.2‰ according also to linear regression given in Fig. 5. This is the con-
sequence of selective biodegradation of the lighter carbon isotope 12C
for toluene and benzene leading then to 13C enrichment of toluene and
benzene during their migration in the groundwater. The higher 13C en-
richment for toluene is due to its faster biodegradation rate than ben-
zene. As a consequence, δ13C values of CO2 released at ground surface
follows the same trend with and increase by 4.4‰ and 2.7‰ in May
and December 2014, respectively. From upstream to downstream the
pollution plume, δ13CCO2 values at ground surface are correlated with
δ13C values in groundwater, with a difference Δ (δ13CCO2 -
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Fig. 5. Ground water δ13C Toluene-Benzene values sampled from piezometers and surface emitted δ13CCO2 values (‰ versus VPDB as a function of pollution
plume coordinate, m), when both data are collected during the same campaign (labeled at the first day of 2 days campaign duration mainly): May and December
2014 campaigns after activation of the Permeable Reactive Barrier (PRB).
The Y axis represents δ13C values measured for CO2 emitted at ground surface with a movable flux chamber set on collars (for a 5 to 20 min of duration) of the gas
metering station (see Fig.1) or δ13C values measured for toluene and benzene sampled in groundwater through piezometers labeled P or Pz (see in Figs. 2–4).This di-
rection of the pollution plume defines the pollution plume coordinate relative to the reactive barrier. The pollution plume coordinate (X axis) represents the alge-
braic distance between the reactive barrier and the position of the collar where δ13C values are collected, within the direction of the aquifer flow.The 0 coordinates
(Y-X axis intercept) is where the front line of the PRB is installed. Negative coordinates in the X axis (m) are located upstream the flow of the pollution plume (to-
ward the former tank installation) whereas positive coordinates (m) in the X axis are located downstream the flow of the pollution plume relative to the PRB.Linear
regressions for δ13C values are provided to calculate the average percentage of mass loss ML [%] (Eqs. 12b and 12c) and the 1st order rate biodegradation constant,
k (Eqs. 13e and 13f) along the pollution plume, based on the δ13CCO2 product and δ13CTOLUENE substrate monitoring, both.

δ13CHYDROCARBON) = −2.0 ‰ and − 0.9 ‰, for toluene and benzene, re-
spectively, at PRB 0 coordinate (Fig. 5). This difference observed is also
due to preferential selection of light isotopes (12C) during bacterial me-
tabolism leading to 13C depletion of CO2 produced and then released at
ground surface.

Geophysical methods (electrical resistivity and induced polariza-
tion: Noel et al., 2016b) combined with gas analyses (CO2 fluxes
mainly: Guimbaud et al., 2016) have demonstrated that the amplitude
of natural biodegradation changes due to seasonal variations is much
more pronounced at the all scale of the pollution plume than at the
scale of the PRB (local effect around or downstream of the PRB) during
the period of investigation.

According to this point mentioned above, the percentage mass loss
of the hydrocarbon substrate (ML, in %, given in Eqs. 12 along the axis
of the pollution plume) is best determined at the relevant scale of the
site with the aim to identify a seasonal variation. Linear enrichment of
δ13CBT (and thus δ13CCO2) heavy isotopes as a function of the distance to
the source is expected for biodegradation in a contaminant plume
(Aelion et al., 2010). Due to the few numbers of collars set right above
the axis of the pollution plume and the precision given for δ13CCO2 and
δ13CBT data along the axis of the pollution plume, attenuation rate for
hydrocarbon degradation is not given between two monitoring collars
(or wells as commonly done) but along the axis the pollution plume by
reporting each collar position as a function of a pollution plume coordi-
nate. Then, a linear function is adjusted along the axis of the pollution

plume. From data shown in Figs. 5 and 6a–c, best fit is confirmed to be
linear for the δ13CCO2 and δ13CBT trend as a function of the pollution
plume coordinate. However, linear regression of δ13CCO2 values as a
function of plume coordinates is significant at the 0.05 level (p-value)
only in 05/06/2014 (0.01), 10/07/2014 (0.03) and 12/02/2014 (0.04)
and at the 0.1 level (p-value) in 07/01/2014 (0.10) and 02/03/2015
(0.08), when higher emission of CO2 lead to higher precision on δ13CCO2
values (summer or early falls) or when experimental conditions (stable
weather conditions) lead to more frequent and accurate data (See Figs.
5 and 6a–c for R2 and p values). Linear regression becomes significant at
the 0.05 level for Fig. 6a and b using their whole dataset due to the
higher number of data points used, but with degraded R2 values
(R2 = 0.20, p-value = 0.015 for Fig. 6a: R2 = 0.14, p-value = 0.019
for Fig. 6b) because this aggregation approach is not theoretically justi-
fied due to the overall degradation rate of hydrocarbons which depends
on a seasonal cycle. This linear trend is disrupted just above the PRB
where fresh deeper hydrocarbons (with lower δ13Chydrocabon value) may
have migrated to the upper bioactive layer from pumping wells. Low
spatial resolution for δ13CCO2 above and just around the PRB is ex-
plained by the too few effective hours per day available for measure-
ments on that site and priority has been focused to perform measure-
ments at the scale of the pollution plume area. Therefore, quantification
of the bioremediation efficiency at the resolution scale of the PRB had
to be suppressed as mentioned above, but could be discussed from addi-
tional observations.
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Fig. 6. δ13CCO2 values (‰ versus VPDB) as a function of pollution plume coordi-
nate (m),
These data sets are showing the δ13CCO2 trends, with fitted linear functions used
to calculate the average 1st order biodegradation rate constant k for each cam-
paign date. The Y axis represents δ13CCO2 values measured from chamber exper-
iments (‰ versus VPDB) at ground surface along the pollution plume. Similar
labeled (squares, circles, diamonds, crosses) are data collected during the same
campaign (labeled at the first day of the 2 days campaign).a) July 1 and Octo-
ber 7, 2014 data set, after activation of the PRB.December 2014, February,
April and June 2015 data set, showing CO2 δ13C trends after activation of the
PRB.September 2013 and July 2014 data set, comparing δ13CCO2 trends over a
larger previous period, before and after activation of the PRB.

3.2. Biodegradation rate of the groundwater residual hydrocarbon substrate

The percentage of mass loss for the pool of hydrocarbon substrates
ML [%] and the 1st order biodegradation rate constant, k, are deter-
mined (i) from Eqs. 12b and 13e respectively, based on the δ13CCO2
product monitoring and (ii) from Eqs. 12c and 13f respectively, based
on the δ13CTOLUENE substrate monitoring. ML and k values are deter-
mined by using the kinetic fractionation factor of CO2 relative to the
most reactive substrates (TEX) estimated in the water aquifer (α
=0.9979 or ε = −2.1‰) from the CSIA data base (U.S. EPA., 2008)
(approach ii used for data presented in Table 2 and 5). Approach ii is
consistent with the other possible approach (i) made in earlier section:
measurements in the field of an overall αapp = 0.997 (obtained from Δ
(δ13CCO2 – δ13CBTEX) = −3 ‰) and of a fractionation factor due to selec-
tive vertical diffusion of the lighter isotope of CO2 product from the top
layer of groundwater to the ground surface (αdiff, of 0.9993 or
εdiff = −0.7‰), resulting then to the kinetic fractionation factor of CO2
relative to TEX estimated in the water aquifer from Eq.8: (α =0.9993 or
ε = −2.3‰), similar to the one estimated from CSIA (α =0.9979 or
ε = −(2.1 ± 0.5) ‰).

According to previous discussions, ML [% month−1] and k (Years−1)
values given in Table 2 are best derived from the linear regression of
δ13C as a function of the pollution plume coordinate in Figs. 5 and 6a–c,
where the slope of the fitted linear function provides the δ13C values of
CO2 or toluene per unit of travelling distance L. The travelling time t of
hydrocarbon substrates in ground water between spots are given by the
ratio of the travelling distance L and the horizontal velocity, v, of the
substrate migration.

ML and k values are discussed for data with p value <0.1 and to
have enough data for significant precision on data sensitivity versus
seasonal variation. ML and k maximum values are obtained 6 weeks af-
ter the activation of the PRB in May 2014: 7.4(+2.2–1.4) % month−1

and 0.92(+0.29–0.17) year−1, and during July and October with closed
averaged value: 3.8(+1.1–0.7) % month−1 and 0.46(+0.14–0.09)
year−1. ML and k minimum values are obtained 10 months after activa-
tion of the PRB in mid-winter in February 2015: 1.4(+0.4–0.3) %
month−1 and 0.17(+0.05–0.03) year−1. These values are close or lower
than the one obtained 6 months before activation the PRB in September
2013: 2.2(+0.7–0.4) % month−1 and 0.27(+0.09–0.05) year−1.

In addition, k values obtained after the activation of the PRB in May
and December 2014 from δ13CCO2 monitoring: 0.92(+0.29–0.17)
year−1 and 0.28(+0.08–0.06) year−1, respectively, are consistent with
the ones obtained from simultaneous δ13CTOLUENE monitoring: 0.78
(+0.24–0.15) year−1 and 0.44(+0.13–0.09) year−1, according to the
precision on d(δ13C)/d(L) (‰ m−1) derived from the linear regression
on each data set. Indeed, ML and k precision depends also on the preci-
sion on d(δ13C)/d(L) (‰ m−1) derived from the linear regression of the
linear fit (±5 to 30%) linked to precision on each δ13CCO2 value
(±0.15‰ at the best), all best obtained in summer for the highest flux
of CO2. Precision decays in winter and in early spring due to lower pre-
cision for individual δ13CCO2 determination from Keeling plot approach.
The small fluxes of CO2 in that periods increases the duration (from 5 to
30 min) for enough CO2 accumulation (usually up to 800 ppmv) in the
chamber for accurate δ13CCO2 value determination from Keeling plot ap-
proach, competing then with the stability drift of the instrument. In ad-
dition, in such small flux conditions, linear fits used less numbers of
δ13CCO2 values at low active seasons because of this longer period
needed to obtain one δ13CCO2 value, acknowledging that each field cam-
paign were limited to the same duration (7 to 8 effective hours per day).

The similar simultaneous δ13C-trends for Toluene and Benzene and
δ13C-trends for CO2 along the GW path coordinates as well as the agree-
ment of first order attenuation rate constants derived from δ13C-trend
for CO2 with the one derived from δ13C-trend for Toluene (considered
as a representative hydrocarbon for attenuation rate of gasoline com-
pounds in the contaminated site) argue that 13C enrichment of CO2
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Table 2
Average % mass loss per month, ML [% month−1], and first order biodegradation rate constant, k (year−1), along the pollution plume, assuming fractionation fac-
tors ε = (−2.1 ± 0.5) ‰ from TEX as representative petroleum hydrocarbons monitored by δ13CCO2 released at ground surface; ML and k values are compared
with the one monitored by δ13CTOLUENE sampled in groundwater, as assumed to be the most representative substrate being degrading in ground water.

Linear regression information ML [% month−1]
for ε =

k (Years−1)
for ε =

Date Month/Day/Year Species d(δ13C)/d(L)
‰ m−1

δ13C at PRB
‰

R2 p-value −2.6 ‰ −2.1 ‰ −1.6 ‰ −2.6 ‰ −2.1 ‰ −1.6 ‰

09/10/2013 CO2 0.0326 −29.78 0.04 0.43 1.8 2.2 2.9 0.22 0.27 0.36
05/06/2014 CO2 0.1107 −28.76 0.78 0.01 6.0 7.4 9.6 0.75 0.92 1.21
05/06/2014 TOLUENE 0.0931 −26.74 0.41 0.06 5.1 6.3 8.1 0.63 0.78 1.02
07/01/2014 CO2 0.0524 −29.37 0.19 0.10 2.9 3.6 4.7 0.35 0.44 0.57
10/07/2014 CO2 0.0574 −27.88 0.36 0.03 3.2 3.9 5.1 0.39 0.48 0.63
12/02/2014 CO2 0.0332 −27.79 0.48 0.04 1.8 2.3 3.0 0.22 0.28 0.36
12/02/2014 TOLUENE 0.0525 −27.03 0.62 0.02 2.9 3.6 4.7 0.35 0.44 0.57
02/03/2015 CO2 0.0203 −27.44 0.41 0.08 1.1 1.4 1.8 0.14 0.17 0.22
04/08/2015 CO2 0.0311 −27.24 0.09 0.37 1.7 2.1 2.8 0.21 0.26 0.34
06/04/2015 CO2 0.0196 −27.08 0.13 0.23 1.1 1.4 1.8 0.13 0.16 0.21

along the pollution plume is more triggered from BTEX biodegradation
(toluene mainly) than 13C enrichment of CO2 produced from possible
indirect processes implying methanogenesis intermediates.

3.3. Seasonal variation of the biodegradation rate and effect of the PRB

3.3.1. Seasonal variation of the biodegradation rate
Fig. 7 presents the CO2 average flux (μmol m−2 s−1) along the pollu-

tion plume (upstream, above and downstream the PRB). CO2 emission
intensity is also a proxy of biodegradation efficiency. For a better visu-
alization, the Y-X axis intercept is set on March 27, 2014 which is the
starting date for the activation of the PRB.

CO2 emissions are observed to be stimulated during the high micro-
bial activity season (September 2013, June, July and August 2014,
June 2015), varying in a similar way downstream, above and upstream
the PRB, from 5 to 45 μmol m−2·s−1, from winter to summer. CO2 emis-
sions are correlated to the annual cycle of the soil temperature and
anti-correlated with the groundwater table level (Guimbaud et al.,
2016; Noel et al., 2016a), in agreement with stimulation factors of
biodegradation efficiency (temperature increase).

First order attenuation rate constant k (Table 2) are mainly corre-
lated with the seasonal variation of CO2 fluxes (Fig. 7), where max val-
ues are in summers and min values in winters, except for June 2015
where k value derived from d(δ13C)/d(L) has high level of imprecision
(p-value = 0.23). Both values seasonal variation is mainly due to the
annual cycle of the natural biodegradation activity at the scale of the
pollution plume.

3.3.2. Effect of the PRB on the biodegradation rate
k and CO2 fluxes values rise after activation of the PRB due to possi-

ble biodegradation stimulation. Indeed, geophysics measurements in
Noel et al. (2016b) argued that an efficient natural biodegradation al-
ready prevails before activation of the PRB.

Despite δ13CCO2 low spatial resolution that do not cover the zone af-
fected by the biostimulation and the short duration of the biostimula-
tion (~ 1 year), a CO2 flux increase (Fig. 7) and a δ13CCO2 decrease or
some more negative value (Fig. 6a–c) are observed above the PRB,
meaning that possible effect of the PRB can be discussed hereafter:

-1) After aerobic biostimulation, CO2 emissions increase signifi-
cantly just above the PRB relative to upstream and downstream the bar-

Fig. 7. CO2 average flux (μmol m−2 s−1) along the pollution plume (upstream, above and downstream the Permeable bioRremediation Barrier) versus time, showing
that after aerobic bioactivation a more active biodegradation above the PRB occurs in summers. Aerobic Biostimulation started on March 27, 2014 (Y-X axis inter-
cept).
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rier during the highest season (summer 2014, and June 2015 in Fig. 7).
This is also shown from data provided in Table 3. Table 3 presents the
average changes of CO2 fluxes over a one-year lapse time, i.e. the ratio
“year +1 average flux” to “year flux” at given date for upstream, above
and downstream the PRB. The one-year lapse time is chosen for ratios
to remove seasonal variation of natural biodegradation in order to pro-
vide a better evaluation of the stimulated bioremediation efficiency
(started on March 27, 2014). Ratio of average flux are the highest above
the PRB when calculated after biostimulation relative to before biostim-
ulation (3.9, 2.6 and 3.5 in Sep. 14, Oct. 14 and Feb. 15, respectively).
Late effect of the PRB is also observed downstream the pollution plume.
More than one year after aerobic biostimulation the ratio of average
flux in 2015 (2.1, 1.2, 2.4) reached higher values than in 2014 (1.0 and
1.2).

-2) More negative values of δ13CCO2 observed at ground surface
above the reactive barrier after biostimulation (Fig. 6a–c) may be ex-
plained by possible remobilization of fresh unreacted contaminants
(BTEX) from the lower to upper level of the saturated zone of the
aquifer. Table 4 presents the BTEX concentration (mg L−1) measured as
the main hydrocarbon substrates in the groundwater. Surface aquifer
BTEX concentration reported along the axis of the pollution plume in-
creased above and near the PRB after its treatment starting in March 27,
2014, within the accuracies given for data in Table 4. The consequence
could be an underestimation (more negative values observed than ex-
pected) for the δ13CCO2 emissions after biostimulation above and down-
stream the PRB leading to degraded R2 values for linearity observed in
Fig. 6a–c.

One can note that CO2 fluxes combined with isotopic analysis are
complementary to interpret biodegradation processes at the scale of the
PRB. Indeed, in the basis of isotopic analysis only, no effect of the PRB
on the biodegradation efficiency would have been specifically noticed
as a result of the two following observations: (i) Summer k value ob-
tained in September 2013 (p-value =0.43) is note accurate enough to
compare with summer 2014 k values (Fig. 6c) and (ii) the only ground
water BTEX analysis performed before and at early stage of the BIOPHY
project was a Benzene δ13C analysis performed on June 1, 2012, ex-
hibiting similar d(δ13C)/d(L) value (0.0345; R2 = 0.77) than in April
2014 (0.0240; R2 = 0.78) and May 2014 (0.0404; R2 = 0.59) and De-
cember 2014 (0.0331; R2 = 0.13), arguing that the activation of the
PRB did not have an obvious effect on benzene biodegradation.

Table 3
Average changes of CO2 fluxes over one-year lapse time: average and mean
deviation of the ratio “year +1 flux” to “year flux” at given date for up-
stream, above and downstream the bioremediation barrier.

Sep. 14
/ Sep. 13

Oct. 14
/ Oct. 13

Feb. 15
/ Feb. 14

Apr. 15
/ Apr. 14

Jun. 15
/ Jun. 14

Upstream 1.6 ± 0.2 1.9 ± 0.6 1.7 ± 0.5 1.6 ± 0.2 N/A
PRB 3.9 ± 1.1 2.6 ± 0.7 3.5 ± 0.8 1.4 ± 0.3 2.0 ± 0.6
Downstream 1.0 ± 0.1 1.2 ± 0.2 2.1 ± 0.4 1.2 ± 0.2 2.4 ± 0.3
Status After relative to before bioactivation After biostimulation

Table 4
BTEX concentration (mg L−1) measured in the groundwater along the axis co-
ordinate of the pollution plume; Accuracies are given at 30% level (Blessing
and Saada, 2013; Verardo, 2016). Negative coordinates are located upstream
the flow of the pollution plume relative to the bioactive barrier.
Piezo N° Pz2 Pz24 Pz29 P1

Axis coordinate (m) −20.5 −7 −1.5 9
Apr. 2015 17.4 27.0 34.2 25.8
Feb. 2015 22.6 18.7 35.2 20.1
Dec. 2014 24.2 13.4 30.0 32.1
Oct. 2014 12.2 7.6 34.1 23.5
Jul. 2014 6.2 6.9 68.3 19.9
Feb. 2014 9.1 3.7 11.4 10.3

4. Conclusions and perspectives

It has been demonstrated that natural remediation efficiency of con-
taminated soil aquifers by gasoline hydrocarbons (BTEX mainly) can be
quantified using the Rayleigh equations for δ13CCO2 released at ground
surface above the pollution plume, instead of usual approaches based
on groundwater hydrocarbons δ13C analysis, when physical and chemi-
cal properties for the contaminated site are appropriate. The validation
approach for that specific site is discussed and verified by comparison
of first order attenuation rate constant determined from δ13CCO2 analy-
sis emitted at ground surface and from δ13CTOLUENE analysis in ground
water and also supported by seasonal variation of CO2 flux analysis in
that field.

First order biodegradation rate constants (and annual variation) cal-
culated from this approach shows max values after the activation of the
PRB in May 2014: 0.92(+0.29–0.17) year−1, and during July and Octo-
ber: 0.46(+0.14–0.09) year−1 and minimum values in mid-winter in
February 2015: 0.17(+0.05–0.03) year−1. These values are close or
lower than the one obtained before activation the PRB in September
2013: 0.27(+0.09–0.05) year−1, supporting that biodegradation still
remained process under anaerobic reducing conditions, as it was before
activation of the PRB during natural attenuation. First order biodegra-
dation rate constants values are triggered by seasonal variation of mi-
crobial activities rather than activation of the PRB at the scale of the
pollution plume.

These first order biodegradation rate constants (0.14–1.21 year−1)
are in the lower range with reported in literature for similar contami-
nated sites (1.6–18 year−1) considering natural attenuation under sul-
fate reducing conditions.

As regards improvements for fields' studies and investigation (for that
and future sites):

(i) higher spatial resolutions analysis with an extension period
would have been needed to assess the bioremediation efficiency around
the PRB. Due to the large spatial variability of CO2 flux and δ13C mea-
sured (also linked to a large spatial inhomogeneity of biodegradation,
soil structure and diffusivity), higher spatial resolution for samples
(grid of 5 m or less instead of 10 m around the bioremediation barrier)
would have been needed for that specific site to get a better precision
on biodegradation rate constant values and to assess the bioremedia-
tion efficiency around the PRB. Remediation process should have been
pursued for a longer period (at least until end of 2015) to assess the rel-
ative efficiency of this bioactivation through a significant migration
plume distance and the post effect after steady state remobilization of
BTEX in the upper layer of the aquifer. Indeed, the important delay for
the settlement of the pilot site within the limited period of the ANR-
ECOTECH-BIOPHY project and the short periods available for investi-
gation (1 day.month−1 in average) had limited spatial resolution and
the period of measurements after bioactivation. One can note that such
spatial resolution and delay are less needed for homogenous soils struc-
ture or for natural attenuation, by opposition to Enhanced Bioremedia-
tion where the installation of the treatment process (PRB or other tech-
niques) may remobilize contaminants leading to complex interpreta-
tion of the dynamic process of biodegradation. This remobilization
problematic is unfortunately common to whatever kind of the approach
(substrate or product) used for biodegradation monitoring.

(ii) To improve assessment of bioremediation rate kinetic, more ac-
curate values of ε fractionation factor for the representative hydrocar-
bon contaminants are also required. As a consequence, more experi-
ments need to be done in surrogate soils and pollutants on large labora-
tory well characterized soil macrocosms. Such soil experimental plat-
form is under construction at BRGM within the joint Region Centre –
Europe funded project “ARD2020 PIVOTS-PRIME”.

As regards economical aspect, the ability to quantify the biodegrada-
tion rate of hydrocarbons in a contaminated aquifer using the δ13CCO2 ap-
proach analysis is of great interest. The δ13CCO2 online surface gas mon-

12



CO
RR

EC
TE

D
PR

OO
F

C. Guimbaud et al. Journal of Contaminant Hydrology xxx (xxxx) 104168

itoring approach is an efficient substitute of the classical methods
where the monitoring of groundwater hydrocarbon substrates δ13C
analysis requires land manipulations and underground sampling.
δ13CCO2 surface gas monitoring is fast to be set up and of low-cost in-
stallation because no boreholes or wells have to be dug and only
movable manual chambers are needed. Therefore, δ13CCO2 surface gas
monitoring provides fast analysis of the status of the contaminated
sites, if mechanisms of CO2 production and transfer could be under-
stood. A strong economic interest can be found in this gas monitor-
ing approach: the best cost efficiency policy for the choice of the re-
mediation process for contaminated hydrocarbon sites in agreement
with the future use of lands; fast adaptation of biotreatment can be
also done in real time if needed.
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