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S U M M A R Y 

The global prevalence of organic pollutants presents a significant environmental challenge, 
necessitating sustainable remediation strategies. In situ biodegradation emerges as a cost- 
effective and eco-friendly solution. However, the real-time monitoring of in situ bacterial 
activities, particularly biodegradation processes, remains a challenge due to the limitations 
of traditional intrusive methods, including issues of representativeness, reproducibility and 

high-associated costs. Spectral induced polarization (SIP) has shown sensitivity to surface 
changes in subsurface environments, especially for biogeochemical reactivity monitoring in- 
cluding those associated with biodegradation. Despite this potential, advances have to be made 
to quantitatively link SIP parameters to in situ biodegradation processes. This study addresses 
this gap by conducting controlled biogeophysical experiments on a sand-packed column under- 
going biodegradation facilitated by Rhodococcus wratislaviensis IFP 2006. SIP measurements 
were paired with bacterial growth kinetics to develop a quantitative model estimating bacterial 
growth. The results demonstrate that SIP, coupled with routine laboratory measurements, can 

effectively and quantitatively assess bacterial growth and the biodegradation of organic pollu- 
tants. These findings highlight the potential of SIP as a non-intrusive and reliable method for 
monitoring biodegradation in contaminated subsurface environments. 

Key words: Electrical properties; Permeability and porosity. 
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 I N T RO D U C T I O N  

nvironmental pollution from organic compounds is a global is-
ue. Petroleum hydrocarbon leaks and accidental spills are frequent
ccurrences. These incidents, stemming from anthropogenic activi-
ies, can arise at any stage of the fuel production chain, including ex-
raction, refining, transportation and storage (M. Saeedi et al. 2024 ;

. Kamranifar et al. 2025 ). Once released into the environment,
ertain fractions of petroleum hydrocarbons exhibit high-toxicity
otential, posing significant risks to ecosystems (e.g. Chikere et al.
011 ), water resources (e.g. Truskewycz et al. 2019 ) and human
ealth (Ball & Truskewycz 2013 ). The challenge of a growing
lobal population necessitates the implementation of efficient re-
ediation techniques to mitigate adverse effects on health and the

nvironment. 
Bioremediation holds significant potential to effectively restore

olluted environments by harnessing the degradation capabilities of
icroorganisms (Warhurst & Fewson 1994 ; Martı́nková et al. 2009 ;
uyukina & Ivshina 2019 ). Enhanced and/or natural bioremedia-

ion has been recognized as a non-invasive and cost-efficient ap-
roach for remediating soil and aquifers contaminated with BTEX
C© The Author(s) 2025. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
benzene, toluene, ethylbenzene, xylene) hydrocarbons (e.g. van der
eize & Dijkhuizen 2004 a; Mellage et al. 2015 ). In situ monitoring
f biodegradation can be challenging due to the direct inacces-
ibility to pollution (De Souza et al. 2024 ; Kuppan et al. 2024 ).
owever, geoelectrical methods and spectral induced polarization

SIP) in particular have shown promise for indirectly monitoring
ubsurface microbial activity by detecting geoelectrical signatures
ssociated with biogeochemical processes (Kessouri et al. 2019 ).
ndeed, the sensitivity of SIP to bacterial activities and growth has
een successfully demonstrated through numerous laboratory ex-
eriments (Abdel Aal et al. 2004 , 2006 ; Ntarlagiannis et al. 2005 ;
avis et al. 2006 ; Mewafy et al. 2013 ; Zhang et al. 2014 ; Noel et al.
016 ; Rosier et al. 2019 ; Zhang & Furman 2023 ; Saneiyan et al.
024 ). Moreover, to better describe changes occurring in the chem-
cal properties of geological media, geoelectrical tools are used in
onjunction with geochemical measurements: pH, redox potential,
uid electrical conductivity and dissolved oxygen content (Noel
t al. 2016 ; Joo et al. 2021 ; Rembert et al. 2025 ). 

These past years, there has been an effort towards developing a
uantitative approach to mechanistically link SIP measurements to
acterial growth (Revil et al. 2012 ; Zhang et al. 2014 ; Mellage et al.
oyal Astronomical Society. This is an Open Access
https://creativecommons.org/licenses/by/4.0/), which
the original work is properly cited. 1
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2015 , 2018 ; Joo et al. 2021 ; Song et al. 2022 , 2024 ). However, all 
of these studies used glucose as the main carbon source or lactate, 
which is a by-product of glucose metabolism. Glucose is commonly 
used as the primary substrate for cultivating microorganisms under 
controlled conditions (Carreón-Rodrı́guez et al. 2023 ); however, it is 
not representative of substrates found in hydrocarbon contaminated 
environments. 

This paper investigates the use of the SIP method to monitor 
in real-time the in situ biodegradation processes and quantitatively 
link them with the measured SIP parameters. We investigate the 
degradation of toluene by Rhodococcus wratislaviensis IFP 2006 
( R. wratislaviensis ), growing on a toluene substrate. This substrate 
allows us to monitor biodegradation in conditions closer to the field 
conditions at a hydrocarbon-contaminated site. We present the com- 
plete biodeg radation process, star ting with bacterial colonization of 
an abiotic environment and demonstrating their growth using an or- 
ganic pollutant as the sole carbon source. Our objectives are twofold: 
(1) to assess the temporal evolution of SIP signals in a sand-packed 
column undergoing biodegradation by R. wratislaviensis, and (2) 
to apply a quantitative, SIP-based model proposed by Revil et al. 
( 2012 ) to estimate bacterial growth and decay kinetics. After some 
theoretical reminders and practical descriptions on the geophysical 
and biogeochemical methods used in this study, we introduce the 
geochemical monitoring results. We then present the SIP monitor- 
ing results and compare them with the biological tracers. We finish 
by discussing the biodegradation dynamics of toluene during our 
experimentations and the predicted bacterial evolution using Revil 
et al. ( 2012 ) model. 

2  T H E O R E T I C A L  B A C KG RO U N D  

2.1 Bacterial evolution 

The growth of a microbial population after colonizing a new envi- 
ronment follows a well-known cycle, consisting of the lag, expo- 
nential, stationary and decline phases (Buchanan 1918 ; Zwietering 
et al. 1990 ; Konhauser 2007 ; Madigan et al. 2010 ; Nelson & Cox 
2013 ). The lag phase corresponds to the time when bacteria adapt 
to their new environment, sometimes requiring the synthesis of new 

enzymes. During the exponential phase, once acclimated, cells be- 
gin to reproduce rapidly. This phase is characterized by a significant 
increase in biomass. However, exponential growth cannot continue 
indefinitely. This is due to nutrient depletion, the accumulation of 
toxic waste products and changes in the local culture environment 
that can negatively affect the cells. At the stationary phase, there 
is no net increase or decrease in the total number of cells. Some 
bacteria continue to grow actively while others die. As conditions 
continue to deteriorate for the population as a whole, a large number 
of cells die, leading to the decline phase. 

In liquid or solid media, bacteria can be present in two pheno- 
typic phases: either as planktonic (free floating) or immobilized in 
a surface attached biofilm (Moore-Ott et al. 2022 ). Biofilms are 
aggregations of bacterial cells attached to a surface. Their forma- 
tion is a multistep process beginning with the initial attachment 
of individual cells or small clusters. In this first step, planktonic 
cells are transported to the surface, where initial, reversible adhe- 
sion is facilitated by physical forces such as van der Waals inter- 
actions, electrostatic forces and hydrophobic interactions (Palmer 
et al. 2007 ). The transition to a mature biofilm occurs as these 
attached cells proliferate and secrete significant extracellular poly- 
meric matrix (Madigan et al. 2010 ). This matrix consists mainly 
of polysaccharides and can also contain proteins and nucleic acids 
(Madigan et al. 2010 ). It is considered that bacteria prefer growth 
in biofilm for four main reasons: microbial self-protection, main- 
tenance in a favourable environment, close association lifestyle for 
communication, gene transfers and natural growth mode (Madigan 
et al. 2010 ; Mirghani et al. 2022 ; Moore-Ott et al. 2022 ). 

Once mature, environmental stresses such as nutrient limitation or 
oxygen depletion can trigger a dispersion phase, during which cells 
are released from the biofilm into the surrounding liquid (Petrova 
& Sauer 2016 ; Berne et al. 2018 ). These dispersed cells can sub- 
sequently attach to new surfaces and initiate further colonization, 
completing the biofilm life cycle. 

2.2 SIP method and parameter definitions 

The SIP method extends the conventional electrical conductivity ap- 
proach, which measures a material’s response at a single frequency 
or under direct current, by measuring the complex conductivity over 
a wide frequency range (from the mHz to the kHz). This technique 
involves injecting a sinusoidal electrical current into a rock sample 
and measuring the resulting electrical potential difference. SIP pa- 
rameters are determined from measuring the impedance magnitude 
| Z | ( �) and the phase shift ϕ (rad) between the voltage measured 
and the injected current. In the SIP method, the measured electrical 
response is expressed in terms of complex conductivity, which can 
be described by the following relations: 

σ ∗ = 1 

ρ∗ = σ ′ + iσ ′′ , (1) 

where i = (−1 )1 / 2 is the imaginary unit and the real σ ′ (S m−1 ) 
and imaginary σ ′′ (S m−1 ) components of complex conductivity are 
frequency-dependent and calculated from the measured parameters 
as follows 

σ ′ = cos ( ϕ) / ( k | Z | ) = | σ | cos ( ϕ) , (2) 

σ
′′ = sin ( ϕ) / ( k | Z | ) = | σ | sin ( ϕ) , (3) 

where k (m) refers to the geometrical factor linked to the elec- 
trode configuration and cross-sectional area of the measured sample. 
These parameters can be linked to physical, chemical and biolog- 
ical properties of the medium through petrophysical relationships 
(e.g. Kemna et al. 2012 ). According to the formulation of Slater & 

Lesmes ( 2002 ), the complex conductivity for a saturated medium 

can be expressed as 

σ ∗ = [
σw φ

m + σ ′ 
surf 

] + iσ
′′ 
surf , (4) 

where σw (S m−1 ) is the conductivity of the electrolyte saturating the 
pores, φ is the porosity (-) and m is the cementation factor (-) from 

Archie ( 1942 ). The real component of the complex conductivity rep- 
resents ohmic conduction currents, including the conductivity of the 
pore-saturating fluid and a contribution from interfacial conductiv- 
ity σ ′ 

surf . The imaginary component of the complex conductivity 
σ

′′ 
surf represents the polarization effects within the samples that in- 

clude, below 10 kHz, interfacial polarization mechanisms: e.g. the 
Maxwell–Wagner effect, the electrical double layer polarization and 
the membrane polarization. In the absence of metallic minerals and 
presence of bacteria, both σ ′ 

surf (S m−1 ) and σ
′′ 
surf (S m−1 ) result from 

the formation of an electrical double layer (EDL) at the grain–fluid 
interface (Revil & Glover 1998 ) and bacteria–fluid interface (van 
der Wal et al. 1997 ). 
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Table 1. Chemical composition of growth medium. 

Compound Concentration (g L−1 ) 

Vitamins 0.44 
Oligo elements 5.9 
NH4 NO3 1.5 
MgSO4 0.5 
CaCl2 0.04 
KH2 PO4 140 
K2 HPO4 170 
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.3 SIP signature of bacterial growth 

he polarization mechanism of bacteria is due to their negatively
harged membrane. It is thought that the low-frequency ( < 100 Hz)
olarization mechanism of bacterial cells and clay particles is sim-
lar and relates to the formation of an EDL around their surfaces
van der Wal et al. 1997 ; Grosse 2002 ; Revil et al. 2012 ). 

Based on this assumption, Revil et al. ( 2012 ) proposed a quanti-
ative model to determine bacterial growth kinetics from knowing
he imaginary conductivity: 

′′ 
B ( t) =′ ( t0 ) exp 

{ 
Aexp 

[ 
−exp 

[ μm 

e 

A 

( τ − t ) + 1 
] ] } 

, (5) 

′′ ( t) = σ M ′′ 
B exp [ −kd ( t − t0 )] + σ

′′ 
S , (6) 

here ′ (t0 ) (S m−1 ) denotes the imaginary conductivity right after
he inoculation phase and t0 is the time (d) characterizing the begin-
ing of this phase, σ M ′′ 

B (S m−1 ) denotes the imaginary conductivity
t the beginning of the decay curve, 

A = ln
(
σ M ′′ 

B /′ 
)

, (7) 

μm 

(d−1 ) is the maximum specific growth rate coefficient, e =
xp (1) , τ (d) represents the lag time prior to bacterial rapid growth,
σ

′′ 
( t) is the total imaginary conductivity of the sand column, kd 

d−1 ) is the first-order rate coefficient for endogenous respiration,
nd σ

′′ 
S (S m−1 ) the imaginary conductivity of the sandy background.

The authors adapted two microbial growth models to predict the
maginary conductivity response during the bacterial growth and
ecay stages. The first of the two models is the Gompertz function
eparametrized by Zwietering et al. ( 1990 ) which predicts bacterial
rowth in the case where the substrate is a non-limiting factor, 

B ( t) = C0 
B ( t0 ) exp 

{ 
A′ exp 

[ 
−exp 

[ μm 

e 

A′ ( τ − t ) + 1 
] ] } 

, (8) 

nd the Monod equation which relates bacterial concentration to a
imiting nutrient (Monod 1949 ): 

( t) = C M 

B exp [ −kd ( t − t0 ) ] , (9) 

here CB (number of cells per mL) is the bacteria cell concen-
ration, C0 

B (number of cells per mL) denotes initial bacterial cell
oncentration, C M 

B (number of cells per mL) represents the maximal
acterial cell concentration, and 

A′ = ln 
(
C M 

B /C0 
B 

)
. (10) 

The principle behind these equations is quite straightforward.
ased on the bacterial evolution described in Section 2.1 , general
acterial growth can be modelled considering both the growth and
ortality rates. Bacterial growth exhibits a phase during which the

pecific growth rate starts at zero (lag phase) and then accelerates
ntil reaching a maximum value ( μm 

at the end of the exponential
hase) over a certain period. Additionally, growth curves show a
nal phase during which the rate gradually declines to zero, leading

o an asymptote ( A during the stationary phase). Finally, as condi-
ions deteriorate, the bacteria die following an exponential decline
haracterized by a decay rate kd . 

 M AT E R I A L S  A N D  M E T H O D S  

.1 Sample characterization and preparation 

he host porous medium used in this experiment was a silicate
and composed of 99 per cent quartz (BB 0.7/1.3, Sibelco, France).
he sand grain radius distribution ranged from 0.5 to 1.6 mm, with
 median value of 1.01 mm. Additionally, it served as a stable
ase material resistant to alteration up to a pH of 9.75 (Dove &
lston 1992 ), making it particularly useful for chemical analysis

nterpretation. The sand used in this study underwent a series of
terilization steps prior to the experiments. 

It has been treated with acidic (HCl) and basic (NaOH) solutions
o remove its CaCO3 , organic matter and metals content following
n adapted version of Ben Moshe et al. ( 2021 ) treatment proce-
ure. This procedure has been adopted to reduce the amount of
ons adsorbed on the sand particle surfaces, thereby minimizing
ny influence (other than ions from this study’s electrolytes) on the
IP response. The second treatment aimed at sterilizing the sand.
ndeed, it was placed in an oven at 100 ◦C for 36 hr to dry. Sub-
equently, it was autoclaved three times for 1 hr at 120 ◦C over 3
. Each autoclaving phase aimed at eliminating the active cells but
ot necessarily the spores. These can become active cells at 24-hr
ntervals (Noel et al. 2016 ). Thus, repeating the autoclave procedure
llowed for an important reduction in pre-existing bacterial strains.

.2 Bacterial culture preparation 

. wratislaviensis is an aerobic, rod-shaped and gram-positive bac-
erium. Its optimal growth conditions include a temperature in the
ange of 20–30 ◦C and a neutral pH (Kuyukina & Ivshina 2019 ).
he genus Rhodococcus has been extensively studied in literature
nd is known for its ability to degrade a broad range of organic com-
ounds such as petroleum hydrocarbons, chlorinated, nitrogenated
nd other complex organics (Auffret et al. 2009 ; Noel et al. 2016 ;
uyukina & Ivshina 2019 ). Its occurrence settings include soils,
aters and air. The biodegradation potential of this genus relates to

ts diverse catabolic and enzymatic capabilities (van der Geize &
ijkhuizen 2004 ; Martı́nková et al. 2009 ). In this study, the strain
f R. wratislaviensis has been used to biodegrade toluene, a major
omponent of diesel and oil contaminated sites. 

The growth medium was made up with solutions of vitamins,
ligo elements, mineral salts (NH4 NO3 : 1.5 g L−1 ; MgSO4 : 0.5 g
−1 ; CaCl2 : 0.04 g L−1 ; and potassium phosphate KH2 PO4 /K2 HPO4 

uffer solution) and toluene. The chemical composition of the
rowth medium is summarized in Table 1 . 

The bacterial solution used to inoculate the sand column has been
repared as follows. The strain was precultured for 3 d (towards the
nd of the exponential phase) to obtain a total volume of 6 L of bac-
erial solution. The centrifuged cells were placed into 2 L of a fresh
rowth medium containing 25 mg L−1 dissolved toluene. Then, this
olume was centrifuged at 4500 rpm (rotation per minute) for 10
in to extract bacterial cells without damaging their membranes

Peterson et al. 2012 ). The centrifugation process was aimed at
chieving a high-initial bacterial concentration. This highly con-
entrated bacterial solution was used as the inoculum for the sand
acked column. The initial bacterial concentration was estimated
t 2 × 1010 bacteria mL−1 from microscopic direct cell count on
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Figure 1. Schematic representation of the experimental setup: The porous column system is fed by a peristaltic pump providing a fixed flow rate. The effluent 
at the outlet is sampled using a fraction collector. SIP measurements are performed using the Portable SIP unit. 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/244/2/ggaf486/8361507 by Bureau D

e R
echerches G

eologiques Et M
inieres Brgm

 user on 13 January 2026
a Thoma cell with an optical microscope (Zeiss Axio Imager Z1, 
Göttingen, Germany). 

3.3 Experimental setup 

Fig. 1 presents the experimental setup used in this study. It has 
been designed as a flow-through experiment to allow the SIP mon- 
itoring of the degradation of toluene in controlled conditions. The 
experimental column was constructed from polyvinylidene diflu- 
oride (PVDF or Kynar R ©) with an inner diameter of 55 mm and 
a length of 250 mm. This column was designed in a previous 
experiment to study chlorinated solvents (Iravani et al. 2020 ). In 
practice, PVDF is generally used in applications requiring resis- 
tance to certain solvents because of its highly non-reactive proper- 
ties (Schweitzer 2004 ). Here, PVDF is used to prevent toluene ad- 
sorption. Fur ther more, all tubes and connectors used for pore fluid 
circulation are either made of tetrafluoroethylene to prevent the ad- 
sorption of toluene or from Phar med R © BPT (Bio-Phar maceutical 
Tubing) to withstand pressure from the peristaltic pump actions. 

The column was equipped with current injection and potential 
electrodes (Fig. 1 ). Two circular meshed stainless steel (316 L) 
plates, of 55 mm diameter, placed at both ends of the column, 
were used for current injection. This specific type of stainless steel 
was used to prevent oxidation due to the high salinity of the growth 
medium solution, and to have a homogeneous 1-D current flow in the 
column. Moreover, four non-polarizable custom-made Cu/CuSO4 

potential electrodes (adapted from Maineult et al. 2004 ) with regular 
spacing of 27 mm were installed along the height of the column and 
in between the current electrodes. These potential electrodes were 
named from 1 to 4 following the fluid circulation direction in the 
column meaning from bottom to top. In total, three measurement 
dipoles were made with each of the four consecutive electrodes 
(1–2, 2–3 and 3–4). 
To maintain the purity of the bacterial strain, the column, its top 
and bottom caps and all fittings were autoclaved before the start of 
the experiment. Electrodes were disinfected with 90 per cent ethanol 
and rinsed with autoclaved deionized water. 

SIP measurements were acquired by using a four-electrode con- 
figuration separating potential from current electrodes. These mea- 
surements were taken with a PSIP (Portable Spectral Induced Polar- 
ization) laboratory unit (Ontash and Ermac Inc., NJ). In this study, 
spectral acquisition of complex impedance (through amplitude | Z | 
and phase ϕ) was controlled to sweep from 1 mHz to 1 kHz with 
31 evenly spaced logarithmic intervals. σ ′ and σ ′′ of the complex 
conductivity are determined from eqs. ( 2 ) and ( 3 ). 

For this work, the geometrical factor k was determined experi- 
mentally by successively filling the sample holder with solutions of 
sodium chloride (NaCl) with various known electrical conductiv- 
ities: 46, 450 and 4150 μS cm−1 . The mean value was computed 
from all dipoles and found to be k = 0.081 m ± 0.002. In the 
electrode configuration used in this study, since the current lines 
are parallel close to the potential electrodes, the geometric factor 
can be calculated as the ratio between the column cross-sectional 
area A (m2 ) and the distance between the potential electrodes L (m) 
(Binley & Kemna 2005 ): k = A/L . It has been found that A/L is 
equal to 0.088 m. The difference between theoretical and experi- 
mental values of k is very low (7.9 per cent). The experimentally 
determined factor value was used in this work. 

3.4 Experimental procedure 

The washed, dried and autoclaved sand was carefully placed into 
the sample holder in a sterile manner under the sterile atmosphere 
provided by two Bunsen burners. The filling procedure was con- 
ducted in seven layers to ensure even compaction and homogeneity 
of the porosity. For each layer, the operator gently tapped each of the 
four sides of the column seven times. Sand porosity was estimated 

art/ggaf486_f1.eps
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Table 2. Summary of (a) experimental timeline, (b) monitoring frequencies 
and (c) initial conditions. 

(a ) 
Experimental phases Day 
Beginning of inoculation phase day 0 
End of inoculation phase/Beginning of post-inoculation day 1.5 
Addition of injecting toluene day 5 
End of experiment day 11 
(b ) 
Electrical and geochemical measurement Frequency 
SIP 1 ×/5 hr 
pH, fluid conductivity 1 ×/2 hr 
Toluene 1 ×/8 hr 
c ) 
Initial parameters (@ t = 0 s) Value 
Porosity 34.1 per cent 
Bacterial concentration 2 × 1010 bacteria 

mL−1 

Toluene concentration in bacterial solution 25 mg L−1 
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y calculating the weight difference before and after saturating the
olumn. The porosity was found to be 34.1 per cent ± 0.4 per cent
 n = 2). This porosity value is consistent with other studies on
imilar sand texture (Garba et al. 2019 ). 

Subsequent to the determination of the porosity, the column was
ushed several times with autoclaved deionized water and finally
ith a fresh growth medium. Then, the highly concentrated bacterial

olution (described in Section 2.2 ) was circulated within the porous
edium (day 0). Circulation was ensured by a peristaltic pump at
 fixed rate of 0.3 mL min−1 for two days which is equivalent to
 pore volumes. This step marked the inoculation phase. Its aim
as to allow for the bacterial colonization of the porous medium.
hereafter, began the post-inoculation phase which consisted of
ontinuously injecting fresh growth medium with dissolved toluene.
his phase lasted around 9 d. 
Throughout this experiment, oxygenation of the solution was

chieved by bubbling pressurized air (0.5 bar) directly into the
olution through a 0.22 μm filter while maintaining constant ho-
ogenization using a magnetic stir bar (Fig. 1 ). 

.5 Influent and effluent analysis 

uring this experiment, we employed SIP to monitor the evolution
f electrical properties and paired it with a suite of chemical sensors
o track key parameters (pH, σw , dissolved oxygen and toluene
oncentration) at both the inlet and outlet of the column. These
ombined data sets were then interpreted to infer the progression of
iodegradation processes. pH and σw were measured using probes
WTW of Xylem Analytics, Germany) and dissolved oxygen with
 PSt3 oxygen sensor spots (PreSens Precision Sensing, Germany).
oluene concentration measurement is explained in the next section
Section 3.6 ). 

To ensure precise temporal monitoring, electrical measurements
ere conducted consecutively across a spectrum from 1 mHz to
 kHz, with a complete sweep of the spectrum taking about 5 hr.
his means that the time interval between successive data points at
 given frequency is 5 hr. At the outlet, pH, fluid conductivity and
oluene concentration sampling were automated. Specifically, pH
nd fluid conductivity are sampled every 2 hr, and toluene concen-
ration every 8 hr. In contrast, inlet measurements, dissolved oxygen
nd SIP could not be automated and were therefore conducted man-
ally, resulting in a less frequent measurement interval for these
arameters. A summary of key experimental events and timeline is
rovided in Table 2 . 

In addition, microscope observation was carried out periodically,
n the one hand, and as a first approach to evaluate the cultured
acteria purity and absence of contamination by other species in the
ffluent (Tindall et al. 2010 ). On the other hand, to assess qualita-
ively bacterial abundance in the column. It is important to note
hat effluent bacterial concentrations reflect only the planktonic
unattached to solid grains) fraction of the microbial population
r those that have detached from biofilm. In open-flow systems like
urs, planktonic cells are constantly washed out by the fluid, whereas
he majority of bacterial biomass likely resides as surface-attached
iofilms within the porous medium (Moore-Ott et al. 2022 ). Obser-
ations were realized at 40 × objective with an optical microscope
Zeiss Axio Imager Z1, Göttingen, Germany). 

.6 Toluene concentration measurement 

oluene concentration was measured using gas chromatography–
ass spectrometry in headspace mode (Shimadzu, Kyoto, Japan).
eadspace gas chromatography–mass spectrometry (HS-GCMS)
as used to detect and quantify toluene in liquid samples. This

echnique allows for the analysis of volatile organic compounds
n the vapour phase equilibrated with the sample matrix. Detailed
escriptions of the method can be found in Vilas-Boas et al. ( 2024 )
nd related literature. 

GC-MS analysis was performed on a Shimadzu GC-2010 Plus
as chromatogram equipped with a 60 m column (length: 60 m, di-
meter: 0.25 mm, thickness: 0.25 μm, Rxi R ©-624 Sil MS). Effluent
amples (5 mL) were collected in amber glass vials with screw caps
10 mL). A gradient temperature programme was used for volatiles
nalysis; oven temperature was kept first at 40 ◦C for 3 min, then
ncreased to 220 ◦C at a rate of 15 ◦C min−1 , and finally ramped
t a rate of 20 ◦C min−1 to 260 ◦C and kept at this temperature for
 min. Helium was used as the gas carrier, at a flow rate of 2.71 mL
in−1 . The peak identification was performed using a quadruple
ass-spectrometer Shimadzu QP2020 directly attached to the GC

ystem. The interface and the ion source temperatures were both
et at 200 and 280 ◦C, respectively. The mass spectrometer was
perated at 70 kV. 

Quantification of toluene concentration was calculated using
 standard calibration curve prepared at serial dilutions anal-
sed under the same HS-GCMS conditions. Quantitative dilu-
ions were performed from a stock solution to prepare standard
olutions of 0.04, 0.08, 0.1, 0.4, 0.75 and 1 m L−1 of toluene.
hese concentrations were obtained by diluting the appropriate
olume of a pure toluene solution (99.9 per cent w/w) in deion-
zed water. The standard calibration curve for the toluene stan-
ard was found to be linear over this concentration range (0.04,
.08, 0.1, 0.4, 0.75, 1 m L−1 ) with a correlation coefficient of
.998. 

The limits of detection (LOD) and quantification (LOQ) were
valuated as follows: 

OD = ( 3 × γ ) /s (11) 

OQ = ( 10 × γ ) /s, (12) 

here γ is the standard deviation of blank samples (baseline noise)
nd s the slope of the calibration curve of toluene for the low
oncentrations (here 1 to 10 μg L−1 ). Based on these calculations,
he LOD was evaluated at 0.047 μg L−1 and the LOQ at 0.157 μg
−1 
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Figure 2. Monitoring of (a) electrical conductivity of the solutions, (b) pH, (c) toluene concentration and (d) dissolved oxygen, in the inflow and outflow fluid 
of the column throughout the experimental period. Unfilled square markers indicate measurements of the inflow and filled circles of the outflow. 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/244/2/ggaf486/8361507 by Bureau D

e R
echerches G

eologiques Et M
inieres Brgm

 user on 13 January 2026
Potential sources of error are related to dilutions of analysed sam- 
ples, as concentrations were much higher in samples compared to 
the LOD and LOQ of the analytical method. This was tempered by 
preparing and analysing at the same time large amounts of experi- 
mental samples. 
4  R E S U LT S  

4.1 Geochemical monitoring 

The figures below illustrate the temporal monitoring of σw (Fig. 2 a), 
pH (Fig. 2 b), toluene concentration (Fig. 2 c) and dissolved oxygen 

art/ggaf486_f2.eps
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Figure 3. Real (a, c) and imaginary (b, d) conductivity spectra of dipole 1 at selected days. Panels (a–b): signal growth phase (days 0–5); panels (c–d): signal 
decline phase (days 8–10). Blue and green arrows indicate signal increase and decrease, respectively. 
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Fig. 2 d) at the inlet and outlet of the column. The inoculation and
ost-inoculation phases are indicated on top of each figure. 

During the inoculation phase (i.e. the green backgrounds in
ig. 2 ), there was an increase in σw rising from 4700 to 5490 μS
m−1 . This was followed by a decrease to match the inlet solution
onductivity value (4850 μS cm−1 ) on day 2. This decline occurred
fter replacing the feeding bottle with fresh growth medium with
issolved toluene solution, effectively rinsing the column of the
revious solution. pH, initially at 6.50, was raised at the end of the
noculation phase to 6.67, which was slightly below the average pH
f the inlet solution at 6.77. Toluene concentration at the outlet was
ractically 0 mg L−1 while the inflow concentration was at 25 mg
−1 . 
From day 2 to 6, the pore fluid electrical conductivity increased

rom 4840 to 6450 μS cm−1 . The toluene inflow concentration was
t 20 mg L−1 whereas toluene concentration at the column outlet was
early 0 mg L−1 . In a bioaugmented medium, the complete removal
f toluene from the effluent strongly indicates active biodegrada-
ion, consistent with previous observations using the same bacterial
train under controlled conditions (e.g. Noel et al. 2016 ). On day 5,
e decided to increase the concentration of toluene (Fig. 2 c). The

ationale for increasing the inflow toluene concentration on day 5
as to stimulate further microbial activity by providing additional

ubstrate, especially as all of the toluene injected in the inlet (around
5 g L−1 ) appeared to be fully consumed (outlet toluene concen-
ration is 0 mg L−1 ). Following this increase, the lowest dissolved
xygen concentration (0.02 per cent) was recorded in the outflow. 

Between days 6 and 8, the medium acidified slightly, reaching a
H of 6.53. Similarly, σw declined rapidly to match that of the inlet
olution. Meanwhile, the previously negligible toluene concentra-
ion, at the outlet, rose to an average of around 30 mg L−1 until the
nd of the experiment, when the oxygen reached 50 per cent. 

It should be mentioned that the fluctuations observed in the inflow
oluene concentration over time were due to the replacement of the
eeding bottle. This was necessary as the reservoir had emptied
ue to continuous pumping. This change may have caused slight
 d
ariability in the toluene concentration during preparation. We do
ot interpret these fluctuations as evidence of contamination or
egradation occurring outside the column because all components
f the system (bottles, tubing and column) were sterilized and tightly
ontrolled throughout the experiment. 

.2 Real and imaginary conductivity 

.2.1 Spectral response 

igs 3 (a) and (c) present the real and imaginary conductivity spec-
ra at seven different dates. Here, for conciseness, we will focus
xclusively on the results from dipole 1 (located at the bottom of
he column). Real and imaginary conductivity spectra of dipoles
 and 3 are available in the Supplementary Information. Overall,
he real part of the conductivity shows minimal to no frequency
ependency. However, it exhibits two distinct temporal phases: an
nitial phase of increase from 880 to 1077 μS cm−1 between days 0
o 5 (Fig. 3 a), followed by a phase of decline to a value of 934 μS
m−1 on day 10 (Fig. 3 c). The missing SIP data for days 6 and 7 are
ue to a temporary interruption in measurements over a weekend
nd national holiday period, which limited manual data acquisition.
s SIP measurements in our setup could not be automated, no data

ould be collected during that time. 
Figs 3 (b) and (d) present the imaginary conductivity spectra at

he same seven dates. Contrary to the real conductivity, the imag-
nary conductivity spectra show frequency-dependent behaviour.
rom day 0 to 5 (Fig. 3 b), at low frequencies (below 10−2 Hz), we
bserve an increase of the imaginary conductivity whose amplitude
eaches its maximum value of 0.35 μS cm−1 on day 5. It might be
ossible that the complete polarization peak could be observed if
he measurements had covered lower frequencies, specifically be-
ow 1 mHz (i.e. below the instrumental range limit). Following day
, after the increase in the concentration of toluene injected into
he column, the amplitude at low frequencies (Fig. 3 d) gradually
ecreased and approached 0.05 μS cm−1 . 
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Figure 4. Percent variation of the imaginar y par t of the conductivity (at 1.5 mHz) in the column. The graph shows dipoles 1, 2 and 3, placed at heights 111.5, 
138.5 and 165.5 mm, respectively, from the bottom to the top of the column. 
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4.2.2 Relative change of imaginary conductivity at one frequency 
in time 

We selected 1.5 mHz as a reference for highlighting the temporal 
changes of the imaginary conductivity in this experiment. Following 
the recommendation of Rosier et al. ( 2019 a), we expressed the SIP 

response σ ′′ as a relative change 	σ ′′ to the geometric mean of the 
bacterial evolution, multiplied by a reference value σ

′′ 
ctrl , 

	σ ′′ = σ ′′ − σ
′′ 
ctrl √ 

σ ′′ × σ
′′ 
ctrl 

. (13) 

This reference ( σ
′′ 
ctrl ) is the SIP signature of the sand column at 

the end of the inoculation phase. The authors explained that using 
the geometric mean mitigates the influence of large variations in 
data sets, unlike the arithmetic mean, which often leads to overesti- 
mations. 

Fig. 4 shows the temporal evolution of 	σ ′′ expressed in per- 
centage. During the inoculation phase, dipoles 2 and 3 showed the 
same trends as dipole 1, with an increase in the electrical signal 
from the start of the experiment up to a maximum variation of 50 
per cent, followed by a decrease to 0 per cent on day 2. This de- 
crease could be explained by the loss of planktonic bacteria after 
inoculation ceased and the introduction of a fresh growth medium 

with dissolved toluene. Such a pattern is typical for microorganisms 
(with submicron sizes) in open-flow systems, where cells are car- 
ried by the circulating fluid (Wheeler et al. 2019 ). Indeed, between 
days 2 to 6, all dipoles exhibited different trends. Dipole 3′ s per 
cent variation decreased quickly, stabilizing around −50 per cent. 
In contrast, dipole 2 showed relatively minimal change during this 
period. Nevertheless, both dipoles experienced an increase, reach- 
ing 47 per cent on day 5. Dipole 1 showed the most substantial 
increase, with its variation percentage rising from 0 to 200 per cent. 

Following the increase in toluene concentration introduced on 
day 5, the per cent change in imaginary conductivity at dipole 1 
appeared to have entered a stationary phase until day 9, after which 
the per cent change in imaginary conductivity began to decrease. 
However, due to the absence of SIP data between days 5 and 7, the 
exact evolution of the signal during this period remains uncertain. 
In contrast, dipoles 2 and 3 showed no major changes during this 
time. 

4.3 Effluent bacterial density and biofilm production 

Figs 5 (a) and (b) show bacteria content in the effluent on day 2 and 
day 10, respectively. In Fig. 5 (a), bacteria are observed in individual 
form. These individuals exhibited elongated shapes. Based on previ- 
ous observations, this shape is characteristic of the R. wratislaviensis 
strain. The absence of other bacterial forms tends to confirm that 
only one bacterial strain was present at the end of the inoculation 
phase. Compared to Fig. 5 (a), the observation at day 10 (Fig. 5 b) 
shows a significant decrease in the bacterial population present in 
the effluent. This can be related to a decrease in the bacterial popu- 
lation inside the column. Indeed, a similar flow-through experiment 
conducted by Joo et al. ( 2021 ) revealed in their experiment that the 
bacterial content inside the column follows the same trend as that 
in the effluent. 

To characterize effective colonization of the grain surfaces inside 
the column, we renewed the experiment of this study following the 
same protocol and conditions (see Table 2 ). The experiment was 
run maintaining a constant toluene concentration of 25 mg L−1 over 
one week. Then, sand grains were sampled on day 5 for CryoSEM 

(Cryo-Scanning Electron Microscopy) observation (Fig. 6 ). 
CryoSEM imaging showed bacterial cells attached to sand grains 

(Fig. 6 ). The biofilm is identified as a diffuse, amorphous material 
with a smooth and less defined texture compared to the mineral 
grains or bacterial cells. It lacks distinct cellular boundaries and 
displays a gelatinous morphology typical of extracellular polymeric 
substances secreted by bacteria. However, biofilm production dur- 
ing this experiment has only been limited to a thin layer around the 
grains potentially with no bioclogging effects. This limited biofilm 

development is supported by comparison with Environmental Scan- 
ning Electron Microscopy images from Joo et al. ( 2021 ; their fig. 4), 
where biofilms are clearly visible without magnification and bio- 
clogging confirmed. In contrast, in our study, higher magnification 
was required to observe biofilm presence, indicating a much less 
developed structure. 
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Figure 5. Representative optical microscope observation of the outflow on the (a) second and (b) tenth days showing bacterial abundance in the effluent. 

Figure 6. (a) Cryo-SEM image of a sand grain sampled on day 5 from a replicate experiment under identical conditions. (b) Magnification on the surface of 
the sand grain to observe bacterial cells in a thin biofilm coating. 
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 D I S C U S S I O N  

.1 Biodegradation dynamics of toluene 

r yoSEM imaging confir med bacterial g rowth and biofilm for ma-
ion on grains (Fig. 6 ). In the column, R. wratislaviensis biode-
rades toluene, which is confirmed by the absence of toluene at
he column outlet (Fig. 2 c). Toluene biodegradation results in an
ncrease in fluid electrical conductivity. This increase is due to the
ise in ionic strength of the culture solution, resulting from the nu-
erous metabolites generated during the transformation of toluene
olecules by microorganisms (e.g. Kessouri et al. 2019 ). 
Between days 6 and 8, an increase in bacterial activity was ob-

erved, evidenced by a more pronounced acidification of the outlet
olution (Fig. 2 b), the absence of toluene (Fig. 2 c), and height-
ned respiratory activity reflected by low-dissolved oxygen levels
Fig. 2 d). This intensified bacterial activity was triggered by the
njection of a larger amount of toluene on day 5. Following this
hase of heightened activity, a decrease in the variation of imagi-
ary conductivity was observed, suggesting a reduction in bacterial
oncentration within the column. The biogeochemical mechanisms
nderlying this phenomenon will be explained in the subsequent
aragraphs. 

Toluene degradation occurs through the oxidation of carbon
onds, which requires the availability of oxygen atoms supplied
y dissolved oxygen in the culture medium. The biodegradation
r chemical transformation of toluene follows several degradation
athways in which electrons or hydrogen atoms are transferred
rom the molecule (or its metabolites) to molecular oxygen (O2 )
Hayaishi, 2005 ). The incorporation of molecular oxygen into var-
ous organic compounds is facilitated by enzymes known as oxy-
enases, which catalyse the addition of oxygen across a double
ond between two carbon atoms of the substrate (Krivoruchko et al.
023 ). To support aerobic biodegradation, oxygen demand can be
onsiderably high (Fragkou et al. 2021 ) as seen in oxygen consump-
ion after the increase in toluene concentration. R. wratislaviensis
s aerobic and cannot sustain prolonged anoxic stress conditions
Kuyukina & Ivshina 2019 ). This situation is the cause of the mor-
ality of part of the bacteria. 

On another note, the partial mortality of bacteria is not interpreted
s a consequence of toluene toxicity because of complementary
atch experiments. In these batch experiments (results not shown
n this paper), toluene at the tested concentrations (25 to 200 mg
−1 ) did not exhibit toxic effects on R. wratislaviensis . Based on

his work, the observed reduction in toluene removal is more plau-
ibly attributed to oxygen limitation rather than substrate toxicity or
utrient deficiency. 

Acidification occurred because the final degradation step of
oluene generates CO2 molecules (mineralization). In an aqueous

art/ggaf486_f5.eps
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Figure 7. Conceptual diagram of the polarization mechanism associated with biofilm growth on grain surfaces. As bacteria form a biofilm, an EDL develops 
at the interface, similar to mechanisms observed in clay coatings. 
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state, these molecules dissociate into H+ and HCO3 
− ions under 

specific conditions (particularly when pH is between 6 and 8), thus 
acidifying the environment. Previous studies (Abdel Aal et al. 2004 ; 
Atekwana et al. 2006 ) have also reported pH decreases during hy- 
drocarbon mineralization. 

While the reduction in toluene concentration in the effluent, the 
drop in pH, the oxygen depletion and the effective colonization 
of bacteria on sand grains from Cryo-SEM images collectively 
suggest biodegradation, we acknowledge that direct monitoring of 
bacterial evolution or the detection of metabolic by-products, were 
not obtained. Therefore, our interpretation of SIP signals as markers 
of microbial activity and degradation remains a plausible hypothesis 
supported by indirect evidence, but not confirmed. 

Between day 1 and day 2, which marked the end of the inoculation 
phase, the imaginary conductivity per cent change decreases from 

50 to 0 per cent on all three dipoles. This decline can be explained by 
the fact that planktonic cells (bacteria that have not attached to the 
sand grains) are rinsed out of the column with the injection of a fresh 
g rowth solution. Consequently, par t of the bacterial contribution is 
lost. The same evolution has been observed by Noel et al. ( 2016 ) 
who also worked on aerobic biodegradation of toluene using the 
same strain of bacteria. It is important to note that, under our flow 

conditions, one pore volume is replaced every 13 h which allows 
SIP monitoring of this event as seen from Fig. 4 . 

However, as bacterial cells develop inside the column as biofilms 
(see Fig. 6 ), no clear polarization peak is present over the whole 
spectrum. The presence or absence of a bacterial polarization peak 
attributed to bacterial presence varies across studies in the SIP 

literature. Studies such as Zhang et al. ( 2014 ), Rosier et al. ( 2019 ) 
and Joo et al. ( 2021 ) reported bacterial polarization peaks appearing 
between 0.05 and 10 Hz, while others such as Saneiyan et al. ( 2024 ) 
note no prominent bacterial peak which is the case in this study. This 
suggests that the polarization mechanism of R. wratislaviensis in the 
culture medium of this experiment may differ from those observed 
in the referenced studies. 

In fact, we think that the absence, in the measured frequencies, of 
a polarization peak is the result of two contributing factors: the rel- 
atively high salinity of the nutrient solution and the limited biofilm 

production by the bacteria. The elevated conductivity of the medium 

( ∼6 mS cm−1 ) likely attenuates the SIP signal. At high salinity, the 
diffuse layer of the electrical double layer, responsible for restrict- 
ing the transport of co-ions, is compressed, which reduces co-ions 
blocking and consequently diminishes the polarization effect (Vine- 
gar & Waxman 1984 ; Slater & Lesmes 2002 ). Additionally, the po- 
larization mechanism is likely connected to the formation of an EDL 

around the sand grains, induced by the presence of a biofilm partially 
or fully covering their surfaces. A schematic diagram is provided 
to illustrate the possible polarization source mechanism associated 
with the formation of a biofilm (Fig. 7 ). This mechanism closely 
resembles the model described for clay minerals that form coatings 
around sand grains (De Lima & Sharma 1990 ). Considering the 
following equation, which relates the average size of the polarizing 
objects a in the column to the relaxation time τ = a2 / 2 D, via a 
diffusion coefficient D (m2 s−1 ), and assuming a = 1 mm (median 
radius of the sand grain placed in the column) and D = 10–9 m2 

s−1 , we found that the corresponding polarization frequency is 3 
mHz. This first approximation confirms the observed results and is 
supported by the recent work of Song et al. ( 2024 ). In this work, 
the authors demonstrated that SIP is more sensitive to bacterial 
microcolonies than to individual bacterial cells. 

The low-biofilm production behaviour of R. wratislaviensis 
stands in contrast to that of Rhodococcus ruber , another species 
from the Rhodococcus genus. Studies on the latter have demon- 
strated a strong preference for a biofilm mode of growth (Sivan 
et al. 2006 ). Indeed, SEM observations characterizing biofilm pro- 
duction in their research reveal a tendency towards cell aggregation, 
even in liquid culture (Orr et al. 2004 ). Our study suggests that an 
individual cell growth pattern with limited biofilm production may 
be the preferential mode of development for R. wratislaviensis . Be- 
sides, reductions in charge transport caused by bioclogging have 
been identified as a significant source of polarization at low fre- 
quencies (Abdel Aal et al. 2004 ; Davis et al. 2006 ; Atekwana & 

Slater 2009 ; Joo et al. 2021 ). These findings highlight the impor- 
tance of microbial growth forms in influencing geophysical signals 
during biodegradation processes. 

5.2 Bacterial evolution predicted using the model of Revil 
et al. ( 2012 ) 

We used the approach proposed by Revil et al. ( 2012 ) to infer 
the growth and decay rate of bacteria in porous sand from time- 
lapse SIP. We also made the choice to only fit data from dipole 1 
which shows significant variation in imaginary conductivity (see 
Fig. 5 ). This decision is based on the expectation that bacterial 
abundance would be highest in the lower part of the column due 
to its proximity to the nutrient solution entry point (e.g. Mellage 
et al. 2015 ). Following the assumption by Revil et al. ( 2012 ), we 
made the assumption that in time-lapse, the change in imaginary 
conductivity reflects a direct change in bacterial concentration. 

Fig. 8 (a) shows the time-lapse evolution of the imaginary con- 
ductivity of dipole 1 at a frequency of 1.5 mHz, along with the fitted 
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Figure 8. (a) Fit of the models to the growth and decay stages of bacterial 
development to the imaginary conductivity of dipole 1 at a frequency of 1.5 
mHz. (b) Predicted bacterial evolution in the column from the calibrated 
parameters. 

m  

t
μ  

k  

b  

t  

i  

t  

t  

j
 

a  

e  

e  

e  

s  

o  

o  

p  

f  

t  

s  

I  

d

6

I  

c  

i  

f  

p  

t  

a  

m  

m  

m  

r  

s  

a  

s
 

m  

T  

m  

S  

i  

m  

p
 

p  

t  

c  

r  

a  

b
 

o  

o
 

k  

m  

s  

T  

r  

t  

F  

t  

c  

b

A

T  

p  

l  

N  

s  

z  

d  

P  

i  

S  

t

S

S

F  

d
F  

d
F  

different dates. 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/244/2/ggaf486/8361507 by Bureau D

e R
echerches G

eologiques Et M
inieres Brgm

 user on 13 January 2026
odels. By applying the least-squares fitting criteria to these equa-
ions, the following parameter values were obtained: ′ = 4.25.10–2 

S cm−1 ; σ M ′′ 
B = 2.84.10–1 μS cm−1 ; μm 

= 1 d−1 ; τ = 1 d and

d = 1 d−1 . Based on these parameter values, and taking an initial
acterial concentration of 2 × 1010 bacteria mL−1 , we predicted
he bacterial evolution below in the column (Fig. 8 b). Notably, the
maginary conductivity measured on day 10 remains slightly higher
han on day 2 (see Fig. 8 a). Since the growth model is fitted to
he temporal evolution of imaginary conductivity, this observation
ustifies the slightly elevated estimated bacterial density at day 10. 

Our fitted parameters are consistent with other studies on the
erobic biodegradation of toluene. Choi et al. ( 1992 ) and Vecht
t al. ( 1988 ) reported values for μm 

of 1.2 and 3.1 d−1 . Alvarez
t al. ( 1991 ) found a lag phase τ of 1 to 2 d, without specifying
xactly the value. As for Pedersen et al. ( 1997 ), they reported a
pecific decay rate kd of 1.15 d−1 . However, it needs to be pointed
ut that studies such as Ostendorf et al. ( 2007 ) on the biodegradation
f hydrocarbons found different values to those mentioned in this
aper: μm 

and kd between 0.02 to 0.32 d−1 and 0.05 to 0.1 d−1 . In
act, intrinsic values of Monod’s model or reparametrized model
o study biodegradation such as Zwietering et al. ( 1990 ) are highly
pecific to the strain and growth conditions (Alvarez et al. 1991 ).
n this context, one has to exert caution in comparing values from
ifferent studies. 

 C O N C LU S I O N  

n this study, a laboratory experiment was conducted to monitor and
haracterize the biodegradation of toluene in a porous medium us-
ng SIP. The results confirm the potential of SIP as a sensitive tool
or monitoring the biodegradation processes of toluene (BTEX),
articularly at low frequencies. However, it is important to note
hat translating this sensitivity to the field remains challenging,
s achieving the required measurement precision (i.e. below 0.1
rad) in noisy environmental settings is difficult. It is likely that the
aximum polarization frequency of R. wratislaviensis lies below 1
Hz under the growth conditions used in this study. However, the

elatively weak amplitude of the imaginary conductivity response
uggests that the strain’s limited biofilm-forming ability also played
 major role in controlling the overall imaginary conductivity re-
ponse. 

To quantify these observations, the bacterial growth and decay
odels proposed by Revil et al. ( 2012 ) were employed in this study.
he model predicted bacterial dynamics based on SIP measure-
ents and fitted parameters, supporting the possibility of integrating
IP with predictive modelling for in situ biodegradation monitor-

ng. These results pave the way for more accurate and non-invasive
ethods to assess microbial activity in contaminated environments,

roviding valuable insights for sustainable remediation strategies. 
In terms of potential improvements, it could be beneficial to

rovide an additional nutrient source for the bacteria beyond just
oluene. While some bacteria are capable of using toluene as a
arbon source, this compound remains challenging to degrade. En-
iching the culture medium with an alternative carbon source, such
s glucose, could enhance biostimulation and improve the system’s
iodegradation capacity (Roy et al. 2018 ; Fragkou et al. 2021 ). 

As for a more efficient way of oxygenating the bacterial solution,
ther methods such as addition of water peroxide could boost fluid
xygenation. 

From a methodological perspective, it is also important to ac-
nowledge certain limitations. Conducting time-lapse measure-
ents at very low frequencies, such as 1 mHz or below, presents

ignificant constraints due to the lengthy acquisition time required.
his approach may not be suitable for monitoring processes with

apid dynamics, which should be considered when contextualizing
hese results for real-time field-scale bioremediation applications.
ur ther more, it becomes obvious from the results of this study that

he choice of bacterial strain for biodegradation applications is a
ritical factor, as it directly influences the effectiveness and feasi-
ility of the process. 
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Figure S4 : Imaginary conductivity spectra of dipole 2 at seven 
different dates. 
Figure S5 : Resistivity magnitude and phase shift of the three dipoles 
measured on tap water (450 μS cm−1 ) at the end of the experiment. 
Please note: Oxford University Press is not responsible for the con- 
tent or functionality of any supporting materials supplied by the 
authors. Any queries (other than missing material) should be di- 
rected to the corresponding author for the paper. 
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indall , B.J. , Rosselló-Móra, R., Busse, H.-J., Ludwig, W. & Kämpfer, P.,
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