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Abstract Spectral induced polarization (SIP) exhibits potential to be a nonintrusive approach to monitor
bacterial activity in biological hotspots associated with the critical zone of the earth. The polarization of bacteria
in a low‐frequency electrical field is related to the polarization of their electrical double layer coating their
surface. However, few studies have quantified the induced polarization responses on both gram‐negative (GN)
and gram‐positive (GP) bacteria in soil column experiments. To address this gap, 17 experiments using two
strains, Pseudomonas aeruginosa O1 (PAO1, GN) and Brevibacillus centrosporus (L3, GP) are conducted.
Complex conductivity spectra are collected in the frequency range 10 mHz–10 kHz during bacterial growth and
decay phases in soils. The complex conductivity spectra are fitted using a double Cole‐Cole model to remove the
effect of Maxwell‐Wagner polarization. The change in the magnitude of the polarization (quadrature
conductivity or normalized chargeability of the low‐frequency contribution) is linearly related to the bacterial
density, regardless of the type of bacteria. The changes in the normalized chargeability and Cole‐Cole relaxation
time are directly proportional to the density of bacteria. Furthermore, it is inferred that the thickness of
microcolonies plays a critical role in the relaxation time rather than the diameter of individual bacteria. This
study expands the potential of SIP for in situ monitoring of microbial activity in soils.

Plain Language Summary Microorganisms are ubiquitous in the environment. Understanding their
impact on the critical zone is crucial in the context of climate change. Spectral induced polarization is a
geophysical method that has been proven to be sensitive to the presence of bacteria in porous media, but no
specific works have been done for both gram‐negative and gram‐positive bacteria in soils. Column reactor
experiments are conducted using the same soil, inoculated with either gram‐negative or gram‐positive strains.
Experimental results indicate a direct proportionality between the magnitude of the low‐frequency electrical
polarization of the soil and the density of bacteria. It is inferred that the size of microcolonies plays a critical role
in the value of the relaxation time. This study provides new quantitative insights into the relationship between
the electrical properties and bacterial activity in soils with applications to the nonintrusive monitoring of
biological hotspots in the critical zone of the earth.

1. Introduction
The important role of bacteria in various biogeochemical processes occurring in the critical zone of the earth have
been thoroughly documented in the literature (Atekwana et al., 2006). For instance, microbially mediated re-
actions can significantly enhance the in situ biodegradation of organic contaminants in groundwater (Kimak
et al., 2019; Personna et al., 2013). Effective monitoring and quantification of microbial growth and decay rates is
crucial for predicting the efficiency of organic matter degradation through microbially mediated processes in
aquifers (McCarty et al., 1981; Schultz and Urban, 2008). Conventional methods of microbial analysis in porous
media generally rely on in situ sampling, which is limited by both temporal and spatial resolution among other
issues (e.g., Douterelo et al., 2016). Additionally, these methods may disrupt subtle redox‐sensitive biogeo-
chemical processes because bacteria are often located on the surface of the grains rather than in the pore water
(Borch et al., 2010; Griebler & Lueders, 2009). Therefore, noninvasive monitoring of microbial activity is
essential for understanding microbially mediated reactions in porous media.

In recent years, spectral induced polarization (SIP) has emerged as a viable, nonintrusive, and qualitative approach
to explore changes in the complex conductivity of rocks and soils (e.g., Abdel Aal et al., 2004, 2006; Martin
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et al., 2022; Olhoeft, 1985; Panwar et al., 2021; Revil, 2012; Saneiyan and Slater, 2021; Schwartz and Fur-
man, 2012; Vinegar and Waxman, 1984). This geophysical method is also currently used to monitor the reme-
diation of organic pollution plumes in groundwater environments (Deng et al., 2018, 2020; Orozco et al., 2015,
2021). In porous media, in the absence of metallic particles and within the low‐frequency range (1 mHz–1 kHz),
charge storage is primarily controlled by the polarization of the electrical double layer (EDL) surrounding the
charged surfaces of minerals, especially clay minerals (e.g., Leroy & Revil, 2009; Vanhala et al., 1992). The EDL
consists of an inner Stern layer surrounded by the so‐called (Gouy‐Chapman) diffuse layer (e.g., Oldham, 2008).

The polarization of bacteria is considered analogous to the polarization of clay particles by Revil, Atekwana,
et al. (2012). This is because the surface of bacteria contains charged functional groupswith complexation reactions
giving birth to a surface charge density like in clay minerals. For bacteria, Stern layer polarization and surface
conduction within the polymeric brush layer drive significant charge storage, resulting in a high value of the
quadrature conductivity (Poortinga et al., 2002;Revil, Atekwana, et al., 2012). Consequently,microbes present in a
soil can be conceptualized as additional particles contributing to the overall complex conductivity of the mixture
(Mellage et al., 2019; Revil, Atekwana, et al., 2012; Sanchis et al., 2007; Strobel et al., 2023). Various authors have
demonstrated that SIP represents a viable technique for monitoring bacterial activities in porousmedia (e.g., Abdel
Aal et al., 2009; Atekwana, Atekwana, Legall, & Krishnamurthy, 2004; Atekwana, Atekwana, Rowe, et al., 2004;
Atekwana, Atekwana, Werkema, et al., 2004; Atekwana & Slater, 2009). Rosier et al. (2019) and Zhang
et al. (2014) have connected the SIP responses to the density of bacteria in colloidal suspensions of bacteria. Davis
et al. (2006) and Ntarlagiannis et al. (2005) have shown the dependence of quadrature conductivity on bacterial
density in sands. Furthermore,Mellage et al. (2018, 2019) have evidenced a linear relationship between the change
in the quadrature conductivity and the density of bacteria in a pure silica‐based sand. Even under high‐salinity
conditions, bacterial activities can be effectively monitored using SIP (Joo et al., 2021). However, soils are
complex media, and the presence of clays can also enhance their induced polarization response (Revil, Ghorbani,
Jougnot, & Yven, 2023; Revil, Ghorbani, Jougnot, Yven, Grgic, et al., 2023; Revil et al., 2021). Recently, Song
et al. (2022) conducted laboratory experiments to monitor the growth and decay of the bacteria in natural soil
columns, in which the presence of clays in the overall polarization response of the mixture was considered. Based
on the complex conductivity data obtained from SIP and the in situ bacterial density, a linear physics‐based
quantitative relationship was established between the quadrature conductivity and the density of bacteria.

Previous studies have only focused on GN bacteria (Abdel Aal, Atekwana, & Atekwana, 2010; Abdel Aal,
Atekwana, Rossbach, & Werkema, 2010; Joo et al., 2021; Mellage et al., 2018; Rosier et al., 2019; Song
et al., 2022; Zhang et al., 2014), and both GN andGP bacteria can be found in natural habitats of the critical zone of
the earth (e.g., Tong et al., 2010). It is understood that the induced polarization of soils is sensitive to their cation‐
exchange capacity (CEC, see for instance Revil et al., 2013). The CEC denotes the amount of exchangeable cation
on its surface per unit mass of grains (Revil et al., 2014). It can be measured through potentiometric titrations, for
example, using the cobaltithemanine method (Aran et al., 2008). The CEC of a specific strain of bacteria may be
distinctive due to the unique surface density of counterions on the bacterial surface (Van derWal et al., 1997). The
surfaces of GP and GN bacteria contain peptidoglycan and lipopolysaccharides polymers, respectively. The
peptidoglycan chain in GP bacteria is rich in three types of reactive charged surface groups: carboxylic acid,
amine, and phosphate. In contrast, the GN bacteria contain charged phosphate and carboxyl groups (Leone
et al., 2007). The CEC value of the bacteria typically ranges from 16 to 600 cmol/kg (1 cmol/kg = 1 meq/100 g),
and generally, the CEC of GP bacteria is typically higher than that of GN bacteria (Dittrich & Sibler, 2005;
Hadjoudja et al., 2010; Revil, Atekwana, et al., 2012; Walker et al., 2005). Previous studies have demonstrated
that quadrature conductivity can be influenced by CEC as it enhances EDL polarization due to increased ionic
exchange and storage at the surface of bacteria or clay particles (Okay et al., 2014; Revil, 2013; Weller
et al., 2013). Therefore, it is of great importance to evaluating the electrical responses of both GN and GP bacteria.

In order to interpret complex conductivity spectra, the Cole‐Cole complex conductivity model can be used as a
parametric model to fit the complex conductivity spectra (Cole & Cole, 1941). The model assumes that the
distribution of the polarization length scales responsible for the distribution of the relaxation time can be
approximated by a log‐normal distribution (Cole & Cole, 1941; Revil, Ghorbani, Jougnot, & Yven, 2023).
Analyzing the relationship between Cole‐Cole parameters and bacterial density is a key aspect to reveal how the
SIP response is sensitive to the bacterial density. In previously published studies, conflicting evidence about
whether bacterial density affects the relaxation time or not is noted. For instance, no correlation between the
density of bacteria (without porous media) and the relaxation time was found in the case of colloidal suspension of
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bacteria (Rosier et al., 2019), likely suggesting that the polarization is associated with individual bacteria.
However, a decrease in the relaxation time with an increase in the number of inoculated bacteria with silica sand
was observed by Joo et al. (2021). However, both these results were interpreted with the single Cole‐Cole model.
A double Cole‐Cole complex resistivity model was employed by Strobel et al. (2023) to distinguish the matrix
polarization (without bacteria) and bacteria‐related polarization. However, in Strobel et al. (2023), the fitting
results for the relaxation times were still affected by Maxwell‐Wagner polarization due to the frequency at which
the complex conductivity spectra was measured (1 kHz). Generally, the Maxwell‐Wagner polarization typically
appears in the frequency range from 103 to 106 Hz (Ferris et al., 1990; Irimajiri et al., 1987). It was shown from
recent studies that Maxwell‐Wagner polarization can actually be observed at 100 Hz and sometimes even be
dominating at lower frequency (1–10 Hz) when the CEC of the background material is low (Cheng et al., 2024;
Revil et al., 2018). The use of the double Cole‐Cole model was discussed for instance by Revil, Ghorbani,
Jougnot, and Yven (2023) and Revil, Ghorbani, Jougnot, Yven, Grgic, et al. (2023), as a way to remove the
Maxwell‐Wagner contribution. To date, there has been no investigation of using double Cole‐Cole model to
separate the contribution of the induced polarization (soil plus bacteria) from the Maxwell‐Wagner polarization
since the two are overlapped at low frequency. Since there is a superposition of the spectra associated with both
mechanisms, it is essential to distinguish the two polarization mechanisms to ensure that Cole‐Cole parameters
variations are only associated with the low‐frequency‐induced polarization of the soil plus the bacteria.

2. Materials and Methods
2.1. Experimental Setup

12 cm‐long polytetrafluoroethylene (PTFE) columns with an inner diameter of 2 cm were used, and two filters
with a pore diameter of 0.074 mmwere placed at the ends of these columns. Two Ag‐AgCl potential electrodes M
and Nwere placed between the current stainless‐steel electrodes A and B (Figure 1) in chambers fitted through the
sides of the column. A peristaltic pump (Longer pump, L100‐1S‐2) at an initial flow rate of 1 mL/min was used to
continuously feed the soil‐packed columns with sterilized growth media. A sketch of the experimental setup is
shown in Figure 1. Both static and dynamic experiments were conducted in this study (labeled C1–C17, Table 1).
Static experiments involved maintaining the columns in a stationary state, ensuring no interference from water
flow. In contrast, the dynamic experiments involved continuously injecting a feeding solution into the columns to
simulate real groundwater flow scenarios and monitor the growth and decay of bacteria.

Figure 1a showed the setup for the static experiment. SIP measurements were undertaken with the soil alone at
three different salinities to determine the formation factor F (dimensionless) and surface conductivity σs (in

Figure 1. Sketch of the experimental setup. (a) and (b) represent the static and dynamic experiments, respectively. A portable
spectral induced polarization is used to collect complex conductivity spectra (modified from Song et al. (2022)). (a) And
(b) are the (stainless steel) current electrodes whileM and N represent the voltage electrodes. The geometric factor K used to
convert the impedance into complex conductivity is given by K = L/A = 127.38 m− 1, where L = 4 cm denotes the distance
between the M and N, and A denotes the cross‐sectional area of the soil column.
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S m− 1) of the soil itself (C1–C3). Figure 1b showed the setup of dynamic
experiments involving active and control scenarios (C4–C17). For each type
of bacteria, two columns were used in duplicate for monitoring the bacterial
growth and decay by SIP (labeled C4 and C5 for PAO1, C14 and C15 for L3),
while a third column was used for bacterial density analysis (labeled C6 for
PAO1, C16 for L3). Additionally, for GN bacteria, there were five columns
sacrificed at different time points for microcolonies thicknesses (labeled C7–
C11) and two columns sacrificed for CEC measurements (labeled C12 and
C13). A control experiment was performed with the soil in absence of any
bacteria in it (labeled C17). All columns, tubing, and accessories were ster-
ilized by rinsing them with ethanol (75%) prior to the experiments. Reactors
were sealed with polytetrafluoroethylene (PTFE) screw end caps at either
ends, fitted with inflow and outflow channels at the bottom and the top,
respectively.

2.2. Bacteria and Growth Media

To test the polarization of different types of bacteria, two typical strains were
selected. Pseudomonas aeruginosa O1 (labeled PAO1 hereinafter) was a
typical GN strain, which was commonly present in groundwater and culti-
vated here to formmicrocolonies. Microcolonies are small clusters of bacteria
that form during bacterial growth, typically consisting of a few hundred in-
dividual bacteria (Torrella and Morita, 1981; Zhao et al., 2013). The strains
were obtained from the China General Microbiological Culture Collection
Center, CGMCC (strain number 1.12483). A GP strain, Brevibacillus cen-
trosporus (strain L3), was isolated from the soil (Nanjing, China). The CEC

of PAO1 is 46 cmol/kg live cells under neutral pH values (Shephard et al., 2008), whereas the CEC of L3 is
348 cmol/kg live cells at neutral pH (Van der Wal et al., 1997). It should be noted that the CEC per gram of dry
bacteria to the CEC per gram of hydrated bacteria was converted by using a dry weight to wet weight ratio W of
0.5 (Walker et al., 2005). The Luria‐Bertani (LB) medium (10 g/L peptone, 5 g/L yeast extract, and 10 g/L sodium
chloride) was used to propagate bacteria in large quantities. The feeding solution employed in soil columns
experiments comprises 25% Bushnell Hass broth (BHB) supplemented with 30 mM glucose to serve as a carbon
source (Abdel Aal, Atekwana, & Atekwana, 2010; Abdel Aal, Atekwana, Rossbach, & Werkema, 2010; Davis
et al., 2006). The ingredient of 25% BHB was shown in Table 2 with the conductivity of 0.107 ± 0.001 S m− 1 at
25°C. For the control experiment, a 0.05% sodium azide (pore water solution) was used to prevent the presence of
bacteria.

2.3. Experimental Procedure

For the dynamic experiments, the bacteria were cultured in an LB medium
until the logarithmic phase was reached (placed on a rotary shaker at 130 rpm
and the temperature of 30°C), and then, the bacteria were collected after
centrifuging at 8,000 rpm for 10 min and rinsed with 25% BHB to remove the
remaining LB medium. Subsequently, the bacterial suspension was used to
wet pack the soil columns. Soil porosity (ϕ= 0.35± 0.02) was determined by
dividing the volume of solution used during multiple wet packing by the
volume of the column prior to the experiments. After packing the column, the
feeding solution was pumped into the column to start the growth phase, and
the SIP measurements were conducted at different time intervals. However, it
should be noted that at the initial stage of the experiment, the majority of
bacteria are carried out with the pore water flow from the outlet, while only a
very few bacteria adhere to the soil grain surface and begin to grow, leading to
a relatively low bacteria density at the beginning (temperature, T = 25°C)
(Cui et al., 2021; Sen, 2011; Stevik et al., 2004).

Table 1
The Study Included a Total of 17 Experiments (Labeled C1–C17),
Comprising Both Static and Dynamic Experiments

Columns Types Bacteria Purposes

C1 Static – SIP measurement

C2 Static – SIP measurement

C3 Static – SIP measurement

C4 Dynamic PAO1 SIP measurement

C5 Dynamic PAO1 SIP measurement

C6 Dynamic PAO1 Bacterial density

C7 Dynamic PAO1 Microcolonies thickness

C8 Dynamic PAO1 Microcolonies thickness

C9 Dynamic PAO1 Microcolonies thickness

C10 Dynamic PAO1 Microcolonies thickness

C11 Dynamic PAO1 Microcolonies thickness

C12 Dynamic PAO1 CEC measurement

C13 Dynamic PAO1 CEC measurement

C14 Dynamic L3 SIP measurement

C15 Dynamic L3 SIP measurement

C16 Dynamic L3 Bacterial density

C17 Control – SIP measurement

Table 2
Chemical Composition of 25% (Mass Concentration) Bushnell Hass Broth
Used as a Nutrient Solution for the Growth of Bacteria

Compound Concentration (g/L)

MgSO4 0.05

CaCl2 0.005

KH2PO4 0.25

K2HPO4 0.25

KNO3 0.25

FeCl3 0.0125

Glucose 5.4

Note. The electrical conductivity of this solution is 0.1065 S m− 1 at 25°C.
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2.4. Bacteria Density and CEC Analysis

During the bacterial growth and decay phases, the bacterial density, which referred to the quantity of the bacteria
absorbed on the surface of the soil grain, was analyzed at different time intervals (Bellin & Rao, 1993; Cui
et al., 2023). Samples for measuring bacterial density were taken at 4 cm away from the inlet of columns C6 and
C16. Approximately 0.5 g wet soil was extracted at different time intervals during the growth and decay phases
(Davis et al., 2006; Ntarlagiannis et al., 2005; Song et al., 2022). The soil was then sufficiently washed with 10 ml
sodium chloride at a concentration of 0.85%. Subsequently, bacterial density was determined using the dilution
plate method to count the number of bacteria (Jett et al., 1997). Here, the PAO1 and L3 were cultivated,
respectively, on the agar LB medium and the ISP2 medium (Arumugam, 2017).

The CEC of soil during the bacterial growth phase was measured using the hexaamminecobalt trichloride so-
lution, following the spectrophotometric method recommended in the environmental protection standards of the
People's Republic of China (HJ 889‐2017, see Tan et al., 2018; Xu et al., 2022). Hexaamminecobalt trichloride
solution was mixed with the soil extracted from the active column in a centrifuge tube, obtaining a nearly neutral
pH at about 6.9, which was then placed in the centrifuge tube into an oscillator and shaken for about 60 min.
During this operation, the environment was suitable for bacteria growth. Therefore, the CEC of soil containing the
bacteria was measured representing that in the mixed clay minerals and the bacteria.

2.5. The Visualization of Bacteria on Soil and Thickness

At the end of the experiments, the soil samples extracted from the columns were imaged using scanning electron
microscopy (SEM, Zeiss Sigma 500 electron microscopy) to investigate the evidence of bacteria attached on the
soil. The fixation of samples and preparation for SEM were as follows (Cen et al., 2004): the soil samples mixed
with bacteria were firstly washed with phosphate buffer solution (PBS) immediately after the incubation period;
then, 3 vol% glutaraldehyde in PBS was added for 5 hr and stored at 4°C. The glutaraldehyde solution was then
removed, and the substrates were washed with PBS, followed by step dehydration with 25%, 50%, 70%, 95%, and
100% ethanol for 10 min each. The substrates were then dried and sputter‐coated with a thin film of platinum for
imaging purpose. The SEM characterization was carried out using Zeiss Sigma 500 SEM.

The SEM can only image the contour of bacteria but cannot capture the dynamic changes in the thicknesses of
microcolonies. Therefore, confocal laser scanning microscopy (CLSM) has been introduced as a new, nonde-
structive analytical method that provides a better understanding of the size of microcolonies. Furthermore, CLSM
has the potential to analyze live biological samples, particularly thick samples. Therefore, microorganisms can be
detected in situ by an appropriate staining method by CLSM analysis (Takenaka et al., 2001).

Before measuring the thickness of microcolonies, the living bacteria were stained with Annexin V‐FITC, which
was characterized by a green color (Eray et al., 2001). The samples were prepared based on the manual of
Annexin V‐FITC as described below: A column was sacrificed and soil samples were taken at different time
intervals. The samples were washed thrice with PBS, emerged with 5 μL of Annexin V‐FITC solution in darkness
for 15 min, washed again with PBS, and finally placed on a glass slide under the cover glass. They were then ready
for scanning under the CLSM. The step size of CLSMwas set to 5 μm, and the thicknesses of microcolonies were
calculated by the photo of the fluorescence strength. The sampling time intervals during the growth phase were set
at 1,160 min and 4,150 min, while during the decay phase, they were set at 4,190 min, 4,300 min, and 4,420 min.
The sampling points were located at 1, 2, 3, 4, 5, and 6 cm from the inlet of soil columns (Figure 1). It should be
noted that the bacteria near the inlet have received the nutrients first, leading to a higher population of bacteria
close to the inlet (Cui et al., 2023).

2.6. SIP Measurements

The potential electrodeswere in electrical contact with the soil matrix but not extended into the column tominimize
spurious polarization that can develop at the electrode surface in the current distribution generated in the soil
column. A portable SIP device (Ontash and Ermac Inc., NJ) was used to obtain the impedance magnitude (|Z|) and
the phase angle (φ) spectra in the frequency range from 0.01Hz to 10 kHz at 40 equal logarithmic intervals. The in‐
phase σ′ and quadrature conductivity σ” spectra of the complex conductivity are then obtained from the impedance
and phase spectra plus a geometrical coefficientK (Figure 1) depending on the position of the electrodes. The term
K is the geometric factor (expressed in m− 1), depending on the geometry of the electrodes, the shape of the
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conductive material, and boundary conditions. For the simple ABMN electrode configuration (Figure 1), K is
calculated asL/A= 127.38m− 1, whereL denotes the distance between electrodesM andN, andA denotes the cross‐
sectional area of the soil column where the current flows.

The in‐phase and quadrature conductivity are related to the impedance Z and the phase by the following:

σ′ =
K
|Z|

cos φ =
L
A|Z|

cos φ, (1)

σ′′ =
K
|Z|

sin φ =
L
A|Z|

sin φ, (2)

The first step of the analysis is to separate the induced polarization signals of the soil plus bacteria from the
Maxwell‐Wagner polarization because both overlap in a broad range of frequencies (Revil, Ghorbani, Jougnot, &
Yven, 2023; Revil, Ghorbani, Jougnot, Yven, Grgic, et al., 2023; Revil et al., 2013). The complex conductivity
spectra are therefore fitted with a double Cole‐Cole model (Revil, Ghorbani, Jougnot, & Yven, 2023; Revil,
Ghorbani, Jougnot, Yven, Grgic, et al., 2023; Revil et al., 2019):

σ∗ = σ∞ −
M1
n

1 + (iωτ1)c1
−

M2
n

1 + (iωτ2)c2
, (3)

where 1 and 2 in the superscript and the subscript are referred to lower and higher frequency dispersions,
respectively. The low‐frequency polarization corresponds to the induced polarization of the bacteria and the soil
together while the high‐frequency polarization represents the Maxwell‐Wagner polarization. The quantities M1

n

andM2
n (S m− 1) denote the normalized chargeability, c1 and c2 (dimensionless) are the two Cole‐Cole exponents,

and τ1 and τ2 (in s) are the Cole‐Cole relaxation times. However, it is important to note that the double Cole‐Cole
model here differs from that in Strobel et al. (2023) because Strobel et al. (2023) employed the complex resistivity
model to distinguish the matrix and bacteria polarization. In contrast, this study used the complex conductivity
model by separating the low‐frequency component associated with bacteria and soil polarization from the high‐
frequency component related to Maxwell‐Wagner polarization, which is associated with the discontinuity of the
displacement current at the interfaces of the porous composite. In addition, double Cole‐Cole complex resistivity
and complex conductivity models are not equivalent.

The second step is to analyze the response associated with the induced polarization signals of the soil plus bacteria.
Thus, the induced polarization signals could be considered as the sum of the responses of the soil plus the response
associatedwith the bacteria. The former is static, remaining stable over time, while the response associatedwith the
bacteria is dynamic. To keep the response associated with the bacteria alone, the complex conductivity response
measured at the beginning of the experiment, when the bacterial count is negligible, can be easily removed. It
should be noted that several soil samples at different saturations were used, so the initial response may be different
at the beginning from one experiment to the other. The normalized chargeability associated with induced polari-
zation of a soil in unsaturated conditions can bewritten as follows (Revil, Karaoulis, et al., 2012; Revil et al., 2017):

M1
n =

sn− 1w
F
λQV , (4)

where sw (dimensionless) is the liquid pore water saturation, F (dimensionless) is the intrinsic formation factor,
n > 1 (dimensionless) denotes the saturation exponent, and QV denotes the (volumetric) charge density of the
counterions per unit pore volume associated with the CEC exposed to the pore space by the clay minerals. The
mobility λ (Na+, 25°C) = 3.0 ± 0.7 × 10− 10 m2 s− 1 V− 1 denotes the apparent mobility of the counterions in the
EDL for the polarization (Revil et al., 2017).

The polarization of a soil occurs primarily because of the presence of the clay minerals given their large CEC in
the absence of metallic grains. The CEC represents the amounts of exchangeable cations at the surface of the clay
particles. The presence of bacteria would however increase the CEC in the pore space of the soil. Therefore, the
normalized chargeability of a soil with bacteria can be rewritten from Equation 4 as follows:
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QV = QV(soil) + QV(bacteria), (5)

where the two contributions associated with the clay minerals and the bacteria can be written as follows:

QV(soil) = ρg [
1 − ϕ
ϕ

]φCCECC, (6)

QV(bacteria) = ρB [
1 − ϕ
ϕ

]φBCECB, (7)

where ρg and ρB (kg m
− 3) is the density of the grain and bacteria, respectively. φC and φB denote the mass fraction

of clay minerals and bacteria, respectively, and CECC and CECB denote the CEC of the clay mineral and bacteria,
respectively. The quantity ϕ is the porosity of the soil in which the bacteria grow. Obviously, φB ∼

CB
msoil

, CB is the
bacterial density, andmsoil is the weight of soil; thus, the normalized chargeability can be considered as the sum of
those from background plus a contribution proportional to the normalized bacterial density.

If the soil polarization has been subtracted from the overall induced polarization response obtained at the end of step
1 (removing the Maxwell polarization), the low‐frequency normalized chargeability can be written as follows:

M1
n =

sn− 1w
F
λ[

1 − ϕ
ϕ

]ρBφBCECB, (8)

and is therefore directly proportional to the density of bacteria φB.

The instantaneous conductivity denotes the conductivity of the material just after the application of the electrical
field when all the charge carriers are mobile. The DC (direct current) conductivity denotes the value of the
conductivity after a long application of the electrical field, when the charge associated with the polarization
process are lost for conduction and therefore σ0 < σ′ < σ∞). The instantaneous conductivity associated with the
soil plus bacteria can be written as (Revil, Karaoulis, et al., 2012; Revil et al., 2017) follows:

σ∞ =
snw
F
[σw +

BQV
sw
]. (9)

where B denotes the effective mobility of the counterions in the double layer (Β (Na+, 25°C) = 3.1 ± 0.3 ×
10− 9 m− 2 s− 1 V− 1, Revil et al., 2017) and σw (S/m) denotes the pore water conductivity. Because of the small
dispersion of the in‐phase conductivity with the frequency, the instantaneous conductivity is a good approxi-
mation of the in‐phase conductivity. When the (instantaneous) conductivity is dominated by the bulk conductivity
contribution (small clay fraction), the instantaneous conductivity is approximated by Equation 10 and is inde-
pendent of the quantity of bacteria and clay minerals:

σ∞ ≈
snw
F
σw, (10)

If the soil contribution is removed, the remaining excessive conductivity associated with the bacteria can be
written as follows:

σ∞ = B
sn− 1w
F
ρB [

1 − ϕ
ϕ

]φBCECB, (11)

Therefore, this excess conductivity is directly proportional to the density of bacteria as long as the porosity and
water saturation remain constant. It is indicated that the conductivity contribution associated with the soil itself is
usually much higher than the contribution associated with the bacteria. The effect of the bacteria is a second‐order
effect on the overall conductivity contribution. The effect of the bacteria on the normalized chargeability or the
quadrature conductivity (both are proportional to each other and the relationship between the two is quantitative,
Revil et al., 2017) is a first‐order effect. Thus, it is easier to observe and monitor the effect of the bacteria through
monitoring the polarization of the material rather than by monitoring its conductivity.
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For a suspension of bacteria, the Cole‐Cole relaxation time τ (in s) is related to
the mean size of the bacteria dB (in m) as shown by the following equation
(Revil, Karaoulis, et al., 2012):

τ =
d2B

8D(+)
, (12)

where D(+) (in m2 s− 1) denotes the diffusion coefficient of the counterions in
the Stern layer, which can be related to the mobility B (see Revil et al., 2021).

In presence of microcolonies inside a soil, it is possible that the polarization length scale is associated with the size
of the microcolonies instead of the size of the single bacteria. This point will be extensively discussed later in this
study.

2.7. Soil Properties Characterization

The soil used in this study was extracted from the Xinjiang Uygur Autonomous Region, China (85°54E,
44°54′N), which was composed of 85.34% sand, 12.63% silt, and 2.03% clay (laser particle size analyzer, Shi-
madzu). The CEC of soil alone was also measured with the method of hexaamminecobalt trichloride and was
approximately 0.8 cmol/kg. X‐ray diffraction (XRD) tests were performed on a soil sample indicating that the soil
composition include quartz, albite, illite, and chlorite. The porosity of the soil is 0.35 ± 0.02 (Table 3). The
formation factor F and surface conductivity σs of the soil were obtained by collecting the SIP response under
different salinities (Table 4). The in‐phase conductivity can be fitted by the following equation:

σ′ ≈
σw
F
+ σs. (13)

The formation factor F and surface conductivity σs are determined using the logarithmic form of Equation 13 (El
Alam et al., 2023; Revil et al., 2013). The estimated F and σs for the soil used in this study are 3.86 and
0.004 S m− 1, respectively (Figure 2).

3. Results
3.1. SIP Responses of Bacteria Growth and Decay

The variations of the in‐phase and quadrature conductivity during the bacteria growth and decay, and the complex
conductivity spectrum of the soil alone in absence of bacteria, are shown in Figure 3. The complex conductivity
spectra are fitted with the double Cole‐Cole model. As shown in Figures 3a and 3c, the in‐phase conductivity does
not exhibit strong change during the bacteria growth and decay. On the contrary, the quadrature conductivity
changes during both bacterial growth and decay phases (Figures 3b and 3d). Figures 3e and 3f shows the in‐phase
and quadrature conductivity of the Xinjiang soil without any bacteria in it. The SIP responses from the control
experiment were shown in Figure 4; however, no changes in quadrature and in‐phase conductivity are observed.
Figure 5 shows the phase changes of PAO1 and L3 and the control experiments. No changes are observed for the
control experiment, whereas for PAO1 and L3, the phases are changed at different degrees. At the same time, the
bacterial density, which represents the amounts of bacteria absorbed on the soil grain surface, is acquired at
different time intervals and displayed with the variation of averaged quadrature conductivity in Figures 6a and 6b.

As shown in Figure 6a, the measured quadrature conductivity at the peak
frequency is 7.62 × 10− 5 S m− 1 after 40 min into the experiment. As the
bacterial growth continues, it is accompanied by a rise in quadrature con-
ductivity. After 1260 min, the quadrature conductivity at peak frequency
increases to 8.95 × 10− 5 S m− 1. Toward the end of the growth phase, the
quadrature conductivity increases to 1.13 × 10− 4 S m− 1. The bacterial density
on the grain surface of PAO1 increases from 3.75 × 108 cells g− 1 to
4.26 × 109 cells g− 1 during the growth phase. The SIP responses during
bacterial decay are driven by the cessation of the feeding solution. During this
phase, the quadrature conductivity significantly decreases, with the

Table 3
Physical Properties of the Soil Used in the Column Experiments

Properties Result

Soil composition (in weight) 85.34% sand, 12.63% silt, and 2.03% clay

Minerals Quartz, albite, illite, and chlorite

Cation‐exchange capacity 0.8 cmol/kg

Porosity 0.35 ± 0.02

Table 4
Pore Water Conductivity and Resulting In‐Phase Conductivity Used to
Determine the Intrinsic Formation Factor and Surface Conductivity of the
Saturated Soil Without the Bacteria (T = 25°C)

Pore water conductivity (S/m) In‐phase conductivity (S/m)

0.092 0.027

0.289 0.080

0.478 0.126
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quadrature conductivity at peak frequency declining from 1.13 × 10− 4 S m− 1 to 6.93 × 10− 5 S m− 1, representing a
39% decrease from the initial value during the decay of PAO1. Concurrently, the bacterial density of PAO1
decreases from 4.26 × 109 cells g− 1 to 0.50 × 109 cells g− 1.

The SIP responses during L3 growth and decay are shown in Figure 6b. The quadrature conductivity at peak
frequency is measured at approximately 6.95 × 10− 5 S m− 1 after 40 min into the experiment. As the L3 grows, the
quadrature conductivity increases to 8.51× 10− 5 S m− 1 at 1650 min and subsequently to 1.20× 10− 4 S m− 1 by the
end of the experiment. During the growth phase, the bacterial density of L3 increases from 2.18 × 107 cells g− 1 to
3.13 × 109 cells g− 1. In contrast, during the decay phase, the quadrature conductivity at peak frequency decreases
from 1.20 × 10− 4 S m− 1 to 8.7 × 10− 5 S m− 1, and the bacterial density of L3 declines from 3.13 × 109 cells g− 1 to
3.56 × 108 cells g− 1. These results indicate that changes in quadrature conductivity at peak frequency are mainly
associated with the bacterial density on the grain surface.

3.2. Cole‐Cole Parameters Associated With Bacteria Growth and Decay

The fitted parameters related to bacteria polarization including the Cole‐Cole relaxation time τ1, the normalized
chargeability M1

n, the Cole‐Cole exponent c1, the instantaneous conductivity σ∞, and the root mean square error
(RSME) are given (see the estimated values in Tables 5, 6, and 7, for PAO1, L3, and soil without bacteria,
respectively). Based on Revil, Atekwana, et al. (2012), the relaxation time is associated with the single bacterial
size, and the normalized chargeability is a crucial parameter describing the magnitude of polarization. The
variation of fitted Cole‐Cole parameters versus bacterial density are shown in Figures 7 and 8.

During the bacterial growth and decay phases, linear relationships between normalized chargeability and bacterial
density are fitted (Figure 7). For GN bacteria (PAO1), ∆M1

n = 5.72 × 10− 14CB is obtained for the growth phase
(R2 = 0.93), where ∆M1

n denotes the change in normalized chargeability that offset the initial responses resulted
by soil, and CB denotes the numbers of bacteria per wet soil (cells g− 1), and ∆M1

n = 9.76 × 10− 14CB for the
decay phase (R2 = 0.99). For the GP bacteria L3, we have ∆M1

n = 3.88 × 10− 14CB for the growth phase

Figure 2. The in‐phase (σ′) conductivity (1 Hz) versus pore water conductivity σw (expressed in S/m). The solution was NaCl
at three salinities (T = 25°C).
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Figure 3. Quadrature and in‐phase conductivity spectra during the bacterial growth and decay in the soil column experiments. The plain lines represent the best fit with a
double Cole‐Cole model. (a) and (b) are in‐phase and quadrature conductivity for the PAO1. (c) and (d) are in‐phase and quadrature conductivity for L3, respectively. (e)
and (f) denote the in‐phase and quadrature conductivity, respectively, for the Xinjiang soil without any bacteria.
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(R2 = 0.91), and ∆M1
n = 1.54 × 10− 14CB for the decay phase (R2 = 0.99) is obtained. Furthermore, the relax-

ation time is also proportional to the bacterial density during the growth and decay phases. For PAO1, we have
τ1 = 4.48 × 10− 11CB for the growth phase (R2 = 0.98), and τ1 = 1.28 × 10− 10CB + 0.209 for the decay phase
(R2 = 0.95) is obtained. For L3, we have τ1 = 1.09 × 10− 11CB + 0.085 for the growth phase (R2 = 0.93), and
τ1 = 1.32 × 10− 10CB + 0.08 for the decay phase (R2 = 0.93) is derived. On the contrary, the Cole‐Cole
exponent c1 and the instantaneous conductivity σ∞ are independent of bacterial density (Figure 8).

Figure 4. The quadrature (a) and in‐phase conductivity (b) spectra in the control experiment (without bacteria). There is
nearly no change in quadrature and in‐phase conductivity with time.
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4. Discussion
Based on the experimental results, the quadrature conductivity of bacteria in soil is primarily related to the
bacterial density on the grain surface. However, whether the difference in CEC determines the variations in
quadrature conductivity between different strains at the same bacterial density remains to be investigated.
Furthermore, the fitting results from the double Cole‐Cole model show that the normalized chargeability and
relaxation time are directly influenced by bacterial density. Therefore, it is important to determine how the in-
crease in bacterial density affects these two parameters.

4.1. SIP Response of Different Bacteria in Natural Soil

A linear relationship between the bacterial density on the grain surface and the corresponding quadrature con-
ductivity is established (Figure 9). For both strains, the linear relationship can be expressed by the Equation
σ ′′(B) = aBCB + σ ′′b , where aB is the coefficient (S m− 1 g cells− 1), which is associated with the characteristic of
the bacteria, the aB of PAO1 and L3 is (1.03 ± 0.13) × 10− 14 and (1.22 ± 0.22) × 10− 14 S m− 1 g cells− 1,
respectively. CB is the bacterial density on the grain surface. σ ′′b is the background quadrature of the mixture of
soil and pore water solution. The σ ′′b of PAO1 and L3 is (7.18 ± 0.31) × 10− 5 and (8.45 ± 0.45) × 10− 5 S m− 1,
respectively. As illustrated in Figure 9, the quadrature conductivity of L3 is higher than that of PAO1 under the
condition of the same bacterial density on the soil grain surface. However, the difference in quadrature con-
ductivity between these two strains is much smaller than the difference in their CEC. For instance, at a given
bacterial density of 2 × 109 cells g− 1, the quadrature conductivity of L3 (10.89 × 10− 5 S m− 1) is 1.2 times that of
PAO1 (9.24 × 10− 5 S m− 1), while the CEC of L3 is the 7.6 times that of PAO1. This phenomenon is attributed to
the varying mass fractions of the bacteria, defined as the ratio of bacterial mass to the total mass of the soil
(Equation 8). The dry mass of a single PAO1 bacterium is approximately 2.3 times of a single L3 bacterium
(Bratbak & Dundas, 1984; Guillemin & Larson, 1922; Ross & Billing, 1957). Additionally, due to the varying
growth states and structural differences of GP and GN bacteria, the wet mass of a single PAO1 bacterium may be
more even greater than 2.3 times that of a single L3 bacterium (Abee & Wouters, 1999). Therefore, although the
bacterial density of the two strains is identical, the significant difference in their mass fractions offsets the

Figure 5. Evolution of the phase (1 Hz) with time in the active and control experiments. The phase changes over time in the
active experiment for both PAO1 and L3, while there is no change in the control experiment.
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variation in CEC between L3 and PAO1. This indicates that the differences in the CEC of strains does not solely
determine the variation in quadrature conductivity of bacteria in porous media.

4.2. Factors Affecting the Cole‐Cole Parameters

As introduced in Section 2.6, the normalized chargeability of soil alone can be calculated as follows:

M1
n =

sn− 1w
F
λρg [

1 − ϕ
ϕ

]φCCECC, (14)

Figure 6. The variation of bacterial density and corresponding quadrature conductivity (peak frequency) during the bacterial
growth and decay phases for PAO1 (a) and L3 (b), respectively. Note that the peak frequency changed from 2.89 to 0.70 Hz
and 1.00 Hz for PAO1 and L3, respectively.
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where the CEC of the soil is about 0.8 cmol/kg, and the porosity of the soil column is 0.35 ± 0.02. The value of λ
(Na+, 25°C)= 3.0± 0.7 × 10− 10 m2 s− 1 V− 1; the ρg of the grain is 2650 kg/m

3 (Revil et al., 2017). When bacteria
are present in the soil, the normalized chargeability is the sum of soil and bacteria and can be determined by the
following equation:

Table 5
The Fitted Parameters of the Double Cole‐Cole Model During PAO1 Growth and Decay

Elapsed time
(minutes) M1

n (S/m) τ1 (s) c1 σ∞ (S/m) RMSE

40 2.296 × 10− 4 0.080 0.521 0.029 0.42

1,050 3.394 × 10− 4 0.075 0.537 0.028 0.40

1,160 3.052 × 10− 4 0.118 0.582 0.027 0.28

1,860 3.498 × 10− 4 0.131 0.592 0.026 0.29

2,010 3.918 × 10− 4 0.112 0.587 0.025 0.32

2,130 4.154 × 10− 4 0.126 0.573 0.025 0.35

2,640 3.999 × 10− 4 0.161 0.593 0.025 0.32

3,390 4.757 × 10− 4 0.195 0.572 0.024 0.20

4,150 4.885 × 10− 4 0.206 0.542 0.022 0.46

4,190 6.675 × 10− 4 0.618 0.372 0.026 0.28

4,230 5.541 × 10− 4 0.493 0.396 0.027 0.21

4,270 5.156 × 10− 4 0.407 0.404 0.030 0.14

4,310 5.070 × 10− 4 0.375 0.388 0.033 0.12

4,350 4.977 × 10− 4 0.349 0.372 0.033 0.13

4,430 5.021 × 10− 4 0.258 0.354 0.039 0.15

4,470 4.751 × 10− 4 0.236 0.371 0.042 0.10

4,510 4.623 × 10− 4 0.222 0.352 0.042 0.13

4,550 4.375 × 10− 4 0.216 0.363 0.044 0.17

Table 6
The Fitted Parameters of a Double Cole‐Cole Model During L3 Growth and Decay

Elapsed time
(minutes) M1

n (S/m) τ1 (s) c1 σ∞ (S/m) RMSE

40 3.481 × 10− 4 0.070 0.442 0.027 0.33

320 2.926 × 10− 4 0.084 0.515 0.028 0.50

690 3.361 × 10− 4 0.079 0.495 0.028 0.50

1,440 3.245 × 10− 4 0.083 0.540 0.029 0.70

1,650 3.163 × 10− 4 0.088 0.528 0.029 0.33

1,850 2.923 × 10− 4 0.094 0.576 0.029 0.52

2,160 3.067 × 10− 4 0.089 0.548 0.029 0.34

2,730 3.059 × 10− 4 0.095 0.594 0.031 0.39

3,070 3.596 × 10− 4 0.115 0.638 0.030 0.32

4,230 4.286 × 10− 4 0.120 0.594 0.030 0.19

4,270 7.415 × 10− 4 0.308 0.368 0.031 0.14

4,310 6.601 × 10− 4 0.251 0.387 0.032 0.11

4,350 5.984 × 10− 4 0.265 0.406 0.034 0.17

4,590 5.043 × 10− 4 0.110 0.422 0.050 0.96
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M1
n =

sn− 1w
F
λ[

1 − ϕ
ϕ

](ρgφCCECC + ρBφBCECB), (15)

Two times (t1 = 2,640 min and t2 = 4,150 min during the PAO1 growth
phase) are selected in experiments C12 and C13. The sediment formation
factor F increases from 5.40 to 6.28. The CEC of the soil is measured to be 2.4
and 3.9 cmol/kg at 2,640 and 4,150 min, respectively. During the same time
period, the bacterial density increases from 3.53 × 109 cells g− 1 to

4.26 × 109 cells g− 1. The density of PAO1 is approximately 1,100 kg m− 3 (Bratbak & Dundas, 1984). Afterward,
the normalized chargeability utilizing the aforementioned parameters with Equation 15 is computed (Table 8).
The calculated normalized chargeability increases from 3.83 × 10− 4 S m− 1 at 2,640 min to 4.84 × 10− 4 S m− 1 at
4,150 min. It should be noted that the porosity of soil columnmay have small change owing to the bacteria activity
(Cui et al., 2021; Kim et al., 2010;Wang et al., 2020; Yang et al., 2021). Combining the results of bacterial density
(Figure 6) and the analysis above, it is inferred that the CEC of the soil provides the direct evidence for the effect
of bacterial density on normalized chargeability.

Table 7
The Fitted Parameters of a Double Cole‐Cole Model of the Soil Without
Bacteria

Soil type M1
n (S/m) τ1 (s) c1 σ∞ (S/m) RMSE

Xinjiang soil 2.77 × 10− 4 0.115 0.485 0.028 0.92

Note. The pore water conductivity of the soil column is 0.1065 S m− 1 using
the BHB feeding solution.

Figure 7. The relaxation time τ1 (a and c) and change in normalized chargeability (b and d) with bacteria density for PAO1 and L3. The bacterial density was measured
during the growth phase in saturated soil columns and the decay phase in unsaturated soil columns. Note that the open symbols in panels (a and b) represent bacterial
density data extrapolated from the linear relationship between measured quadrature conductivity and bacteria density.
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The relaxation time is an important parameter in the double Cole‐Cole model. By fitting the SIP data with the
double Cole‐Cole model, the linear relationship between the fitted relaxation time at low frequency and bacterial
density is observed. Hence, it may be inferred that the size of microcolonies attached on the soil grain surface
could play a critical role in the relaxation time rather than the size of the individual bacterium when microcolonies
are formed in the soil. It should be noted that increase in thickness may result from an increase in bacteria size and
colony growth. To confirm this hypothesis, the SEM and CLSM technology are introduced in this study.
Figures 10a and 10b shows the SEM images of PAO1 and L3. Figures 10c and 10d displays the images of
microcolonies in the porous media through two stages at different magnifications. Stage 1 shows microcolonies
covering the surface of the soil particles (Figure 10c); Stage 2 shows the microcolonies connections between soil
particles (Figure 10d). The presence of microcolonies affects the pore structure, making it necessary to investigate
whether relaxation time can be influenced by microcolonies. Therefore, dynamic changes in microcolonies
thickness are detected using CLSM.

To capture the changes in microcolonies thickness during bacterial growth and decay, soil samples are
destructively taken from columns at different time points. The processes of capturing microcolonies thickness

Figure 8. The variation of the low‐frequency Cole‐Cole exponent c1 (a and c) and the instantaneous conductivity σ∞ (b and d) with the bacterial density on the soil for
PAO1 and L3, respectively, during the bacteria growth and decay phases. The Cole‐Cole exponent c1 and instantaneous conductivity σ∞ show no correlation with
bacteria density.

Journal of Geophysical Research: Biogeosciences 10.1029/2024JG008050

SONG ET AL. 16 of 24



using CLSM are displayed in Figures 10e and 10f. The soil sample without dye under CLSM is depicted in
Figure 10e, while the bacteria stained with Annexin V‐FITC is displayed in Figure 10f. The step size in the z‐
axis of CLSM is set to 5 μm, implying that the fluorescence image is photographed by every 5 μm. The
example of calculating the microcolonies thickness of samples at a location 1 cm away from the inlet of the
column is given in Figure 11. The results of microcolonies thickness measurements for samples taken from
different locations in the soil column at various time points during the experiments are presented in Table 9.
These results are also illustrated in Figure 12 to visually observe the changes. The thickness of microcolonies
vary significantly during the bacterial growth and decay phases. Taking the sample at located at 1 cm away
from the inlet as an example, the thickness of microcolonies increase from 35 to 55 μm during bacterial
growth phase. During the bacterial decay phase, the thicknesses of microcolonies decreases to 30 μm at
4,190 min and 22.5 μm at 4,420 min. The variations of microcolonies thicknesses at other positions in the soil
column are consistent with those at 1 cm from the inlet.

Combining the results obtained from the double Cole‐Cole model, the relaxation time increases with the thick-
ening of microcolonies during the bacterial growth phase. Conversely, during the bacterial decay phase, the
relaxation times decrease as the microcolonies thinned. Therefore, the thickness of the microcolonies seems to be

Figure 9. The linear relationship is fitted for quadrature conductivity (at the peak frequency) versus bacteria density on the
soil for the two strains PAO1 and L3. The peak frequency changed from 2.89 to 0.70 Hz and 1.00 Hz for PAO1 and L3,
respectively.

Table 8
Parameters Used to Calculate the Normalized Chargeability Under Different Conditions, Including the Soil Alone (Without
Bacteria), and Two Elapsed Times (2,640 and 4,150 min) During the Bacterial Growth Phases

Parameters Soil alone 2,640 min 4,150 min

CEC of the soil (cmol/kg) 0.80 2.40 3.99

F (− ) 3.86 5.40 6.28

Bacterial density (cells g− 1) ‐ 3.53 × 109 4.26 × 109

Normalized chargeability (S m− 1) 2.82 × 10− 4 3.83 × 10− 4 4.84 × 10− 4

Note. F denotes the (intrinsic) formation factor.
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the key factor influencing the value of the relaxation time. A 3D sketch of the pore structure is provided in
Figure 13a. The microcolonies may envelop the grain surface (Figure 13b) and connect particles through the pore
space (Figure 13c). Their presence increases the polarization length thereby leading to longer relaxation times
(Jougnot et al., 2010; Revil et al., 2015). Our findings regarding relaxation time differ from those of previous
studies. Joo et al. (2021) conclude that the relaxation time decreases with an increase in the number of inoculated
bacteria. While in this study, the change in relaxation time is attributed to the size of microcolonies. This
discrepancy can be attributed to two main reasons. Firstly, the experimental conditions are different from others.
The experiments are conducted to observe the growth and decay phases of bacteria in natural soils, which can

Figure 10. The scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM) images. (a) and (b)
show the SEM image of PAO1 and L3 strains. (c) Shows that microcolonies cover the surface of the soil particles; (d) shows
the microcolonies connection between soil particles. (e) and (f) represent the CLSM image of soil particles without bacteria
and with bacteria stained with Annexin V‐FITC, respectively. The quantity of images (f) is used to calculate the
microcolonies thickness on the surface of soil samples.
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Figure 11. The fluorescence images of microcolonies under confocal laser scanning microscopy for soil samples at 1 cm away from the inlet of the column at different
time intervals during bacterial growth and decay stages. Note: Images (1) to (7) and (8) to (17) represent the thicknesses of microcolonies at 1,160 and 4,150 min,
respectively. The microcolonies thickness is calculated by accumulating the number of fluorescent images, multiplied by the step size (5 μm).

Table 9
The Estimated Microcolonies Thickness During the Growth and Decay at Different Positions of the Soil Column

Phases
Microcolonies thickness
(growth phase, μm) Microcolonies thickness (decay phase, μm)

Position 1,160 min 4,150 min 4,190 min 4,300 min 4,420 min

1 cm 35.0 55.0 30.0 25.0 22.5

2 cm 30.0 50.0 30.0 25.0 25.0

3 cm 25.0 50.0 30.0 25.0 25.0

4 cm 25.0 50.0 30.0 25.0 22.5

5 cm 25.0 55.0 27.5 25.0 22.5

6 cm 22.5 50.0 25.0 25.0 22.5

Note. The position is 1, 2, 3, 4, 5, and 6 cm away from the inlet of the soil column. The microcolonies thickness increases with
time during the bacterial growth phase, and decreases during the bacterial decay phase at all positions.
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provide more adsorption sites, and facilitate the formation of microcolonies (Bellin & Rao, 1993). Furthermore,
the double Cole‐Cole complex conductivity model is utilized to interpret the SIP data, which exclusively examine
the low‐frequency polarization caused by bacteria. Therefore, based on the results of this study, we determine that
the parameter dB in Equation 12 should refer to the size of the microcolonies, rather than the size of individual
bacteria.

5. Conclusions
Soil column experiments are conducted using the SIP method to monitor the growth and decay phases of two
bacterial types in a natural soil environment. The complex conductivity spectra are collected over a frequency
range of 0.01–10,000 Hz. The SIP responses indicate that quadrature conductivity is directly proportional to
bacterial density on the grain surface. When comparing the SIP responses of two different bacteria, it is important
to consider not only the CEC and bacterial density but also the mass of individual bacterium. By fitting the SIP
response with a double Cole‐Cole complex conductivity model, relationships between density of bacteria in the
soil and the Cole‐Cole parameters can be observed. Both normalized chargeability and the relaxation time are
influenced by bacterial density. Integrating the experimental results, the variation in normalized chargeability is
attributed to the changes in CEC. Regarding the relaxation time, combining the results from the CLSMmethod, it
is more likely to be affected by the size of the microcolonies rather than the size of the individual bacterium. This
will remain to be explored further through numerical simulations.

This study implies that the CEC and the mass of individual bacteria are the important factors influencing the SIP
response of a soil‐bearing bacteria. Additionally, interpreting SIP data with the double Cole‐Cole complex
conductivity model can provide evidence for microbial‐induced changes in porous media, thereby enhancing the
applicability of this method and improving our ability to continuously observe bacterial activity and understand
critical zone dynamic processes. In the future, geophysical methods can be applied to monitoring the biodeg-
radation of organic contaminants and the immobilization of heavy metals by microorganisms in the Earth's critical
zone.

Figure 12. The variation of microcolonies thickness with the distance away from inlet of the column during bacterial growth
(1,160 and 4,150 min) and the decay phase (4,190, 4,300 and 4,420 min). The microcolonies thickness increases with time
during the bacterial growth phase and decreases during the bacterial decay phase at all positions.
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Data Availability Statement
The experimental data used in this study are available on Zenodo.org at https://doi.org/10.5281/zenodo.10715864
(Song et al., 2024).
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