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Abstract In situ remediation of contaminated soil and groundwater demands real‐time monitoring to
capture complex subsurface dynamics. Geophysical methods, particularly electrical resistivity tomography
(ERT) and induced polarization (IP), offer non‐ or minimally invasive, high‐resolution imaging of subsurface
changes during remediation. This is the first review to synthesize advances in geophysical monitoring of four
key technologies: in situ chemical oxidation/reduction (ISCO/ISCR), in situ bioremediation (ISB), in situ
thermal remediation (ISTR), and permeable reactive barriers (PRB). We systematically examine how variations
in hydrogeology, temperature, hydrochemistry and contaminant indicators influence electrical responses, and
discuss the principles, advantages, and limitations of ERT/IP for each technology. Based on a bibliometric
analysis of over 200 studies, we identify current trends, critical challenges, and future research directions.
Integrating geophysical methods with direct sampling is essential to transform electrical signatures into
actionable insights for remediation management. Continued progress will be made via advances in
petrophysical relationships, multi‐source data fusion coupled inversion frameworks, and the application of
artificial intelligence and machine learning approaches to enable real‐time, adaptive remediation strategies.

Plain Language Summary Soil and groundwater contaminated by industrial activity threaten
ecosystems and human health. Clean‐up of these sites via remediation technologies is critical, but tracking
remediation progress and effectiveness in real time remains difficult. Traditional well sampling provides only
point‐specific data and can miss heterogenous subsurface changes. This review synthesizes two decades of
research showing how electrical geophysical methods, specifically electrical resistivity tomography and
induced polarization, serve as effective remediation monitoring tools. By imaging changes in electrical
properties of the subsurface, these techniques indirectly track heat distribution, reagent migration, and
contaminant breakdown during chemical oxidation, bioremediation, thermal treatment, and permeable reactive
barrier applications. We discuss current challenges and future opportunities to integrate geophysics with direct
sampling, that will ultimately enable more adaptive and sustainable remediation strategies.

1. Introduction
Soil and groundwater are indispensable natural resources that sustain life and ecosystems (Scanlon et al., 2023).
However, human activities such as industrial activity, agriculture and waste disposal have introduced harmful
contaminants into soil and groundwater, including non‐aqueous phase liquids (NAPLs), heavy metals, radioactive
wastes, etc (Elshall et al., 2020; Karandish et al., 2025). The remediation of contaminated soil and groundwater is
therefore essential to safeguard human health, protect ecosystems, and ensure the sustainable use of resources
(Hou & O’Connor, 2020).

Treatment of subsurface contaminants can be categorized as ex situ or in situ remediation (Hussain et al., 2022).
Ex situ remediation consists of excavating soil or pumping groundwater from the aquifer and then remediating it
with appropriate facilities on the surface (Zhang, Labianca, et al., 2021). This approach is characterized by high
energy and chemical consumption, the risk of contaminant dispersion, and significant disturbance of the soil or
aquifer (Shao et al., 2025). In situ remediation, in contrast, can complete the remediation of a contaminated plume
whilst overcoming these drawbacks as it allows for direct treatment at contaminated sites (Wang et al., 2025;
Yuan et al., 2024). Experiments and technology demonstrations conducted across both field and laboratory scales
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have consistently validated the effectiveness of these technologies for removing contaminants within soil and
groundwater (e.g., Marcon et al., 2021; Song et al., 2017; Zhao et al., 2022).

Within the United States, an analysis of Superfund remediation records (EPA, 2023) shows that 47% of the 118
soil and groundwater remediation projects implemented from 2018 to 2020 used in situ technologies, with
bioremediation (25%), chemical treatment (16%) and thermal treatment (9%) being the most selected. Addi-
tionally, the permeable reactive barrier (PRB) technology, widely used in groundwater remediation, combining
passive chemical or biological treatment zones with groundwater flow, accounted for 3% during the same time
period. Bioremediation, chemical treatment, and PRBs are recognized for substantially reducing the environ-
mental footprint of remediation whilst maximizing net benefits, owing to their technological maturity and pre-
vious life‐cycle assessments (Hou et al., 2023).

This review focuses on four key technologies from the perspective of treatment processes (Figure 1): in situ
thermal remediation (ISTR), in situ chemical oxidation/reduction (ISCO/ISCR), in situ bioremediation (ISB) and
PRBs. ISTR is one of the most effective ways to deal with significant source areas (particularly NAPLs) in a
reasonable timeframe (Horst et al., 2021). This method employs controlled subsurface heating (typically 60–400°
C) via resistive heating or steam injection to enhance contaminant mobility and removal. Precise monitoring of
heat transfer coverage and energy consumption is therefore required (Colombano et al., 2020; Davis, 2023).
ISCO/ISCR utilizes injected oxidants (e.g., persulfate) or reductants (e.g., zero‐valent iron (ZVI)) to degrade
contaminants through redox reactions. Particular attention is paid to reagent transport pathways and radius of
influence (Flores Orozco et al., 2015; Wei et al., 2022). In contrast, ISB stimulates microbial activity by adding
nutrients or microbial communities to enhance biological degradation. Its effectiveness is primarily determined
by microbial reactivity (Griffiths, 2020; Romantschuk et al., 2023). PRBs passively intercept and treat
contaminant plumes using reactive materials (e.g., zero valent iron (ZVI)), primarily through adsorption or
chemical reaction. Hydraulic properties of the aquifer and material reaction longevity are critical parameters
controlling PRB effectiveness (Budania & Dangayach, 2023; Mak & Lo, 2011).

While the above technologies utilize different remediation mechanisms, their deployment consistently triggers
multi‐scale interactions. These can encompass subsurface changes in temperature, fluid flow, solute transport,
biochemical interactions, and contaminant removal (Grotenhuis & Rijnaarts, 2011; Padhye et al., 2023).
Hydrogeological conditions, hydrochemistry and biological environment, contaminant type and concentration,
remediation materials and remediation strategies all affect the performance of subsurface remediation processes
(Tratnyek et al., 2014; Wang et al., 2021). These complex and multi‐scale interactions during in situ remediation
must be accurately captured in real time. Otherwise, our ability to understand, evaluate, and ultimately sustainably
adapt remediation strategies is restricted.

Conventional monitoring relies on sampling from wells, which provides accurate point measurements but faces
inherent limitations. Concentrations frommonitoring wells reflect treatment across the aquifer (Lévy et al., 2024),
while low spatial sampling density may not capture vertical contaminant dispersion and risk uncertain interpo-
lation of discontinuous stratigraphic data (Xia, Meng, et al., 2023). These constraints impede characterization of
reagent transport pathways in ISCO/ISCR, microbial reactivity zones in ISB, heat transfer coverage in ISTR, and
hydraulic property evolution in PRBs. Consequently, real‐time processes involving multi‐scale interactions such
as subsurface heating, fluid flow, reactive transport, biochemistry, and contaminant removal cannot be fully
captured.

These limitations have promoted the adoption of electrical geophysical techniques, particularly electrical re-
sistivity tomography (ERT) and induced polarization (IP) (Binley & Slater, 2020). These methods have emerged
as valuable tools for providing continuous spatial information between individual boreholes during remediation
(Alao et al., 2024; Day‐Lewis et al., 2017; LaBrecque et al., 1996). ERT is an electrical imaging technique that
can be deployed in surface or cross‐borehole configurations. It monitors changes in electrical resistivity (or
electrical conductivity, its inverse) during remediation progress. This method involves injecting a known current
into the ground through two electrodes and recording the potential difference between another pair of electrodes
(Dahlin & Loke, 2018). The resulting measurements reflect electrical conduction processes in the subsurface
medium. Induced polarization extends ERT by simultaneously characterizing both the conductive and charge
storage properties of the subsurface. IP can improve the mapping of lithological variations, the estimation of
permeability distributions, and the characterization of pore‐fluid interactions (Slater & Lesmes, 2002). For
example, Almpanis et al. (2021) employed a novel DNAPL‐DCIPmodel and confirmed that resistivity effectively
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tracks DNAPL mass reduction, while chargeability (a measure of charge storage) aids in delineating the sub-
surface lithology governing DNAPL distribution.

Time‐lapse electrical imaging has proved to be a highly effective method for tracking temporal changes in
subsurface electrical parameters. These changes often reflect variations in fluid saturation, contaminant con-
centration, temperature, and pore fluid composition. Such variations result from processes including heating, fluid
migration, degradation, and biochemical reactions during in situ remediation (Kemna et al., 2012; Mar-
tinho, 2023; Singha et al., 2014; Tildy et al., 2017). However, electrical geophysical monitoring alone cannot
directly quantify remediation effectiveness. Geophysical techniques should be integrated with direct measure-
ment information, particularly samples from monitoring wells, to establish relationships between electrical
properties and key indicators. These include hydrogeological, thermal, hydrochemical, and contaminant in-
dicators. Such integration is key to enabling real‐time assessment of remediation progress and guiding strategy

Figure 1. Conceptual model showing in situ remediation strategies. (a) In situ chemical remediation (ISCO/ISCR) uses
injected oxidants or reductants to degrade contaminants via redox reactions. (b) In situ bioremediation (ISB) enhances
biological degradation by stimulating native microbial activity with nutrient amendments. (c) In situ thermal remediation
(ISTR) improves contaminant mobility and removal through controlled subsurface heating using resistive heating or steam
injection. (d) Permeable reactive barrier (PRB) passively treats contaminant plumes using reactive materials for adsorption
or chemical reduction.
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optimization (Binley et al., 2015; Kessouri et al., 2022; Thompson et al., 2023). A deep understanding of these
relationships is thus essential for advancing the application of geophysical monitoring during in situ remediation.

While previous studies have examined geophysical monitoring of remediation technologies or focused on
methodological aspects of ERT/IP, a synthesis that systematically compares how electrical signatures manifest
across different treatment mechanisms remains lacking. This review addresses this gap by providing the first
cross‐technology framework that (a) compares how thermal, chemical, biological, and permeable barrier reme-
diation processes distinctly influence electrical properties, (b) establishes howmulti‐scale subsurface interactions
collectively govern these geophysical responses, and (c) outlines a roadmap for transforming geophysical data
into actionable remediation insights through integration with direct sampling. By synthesizing geophysical
monitoring advances across ISCO/ISCR, ISB, ISTR, and PRB technologies, we provide a novel perspective that
enables comparative understanding of how ERT/IP can be applied across these diverse remediation approaches.

To elucidate research trends in electrical‐based monitoring of remediation processes, we conducted a bibliometric
analysis of academic research conducted at field and laboratory scales. As evidenced by the 209 studies analyzed
(see Supporting Information S1), research in this field is geographically broadly distributed (Figure 2). Literature
analysis reveals that researchers across 30 countries have employed electrical geophysical methods to monitor
ISCO, ISB, ISTR, and PRB remediation technologies. The United States (114 publications), China (36), France
(27), Germany (25), United Kingdom (24), and Canada (21), constitute the primary contributors, while other
nations each produced fewer than 20 studies. Among these technologies, ISB dominates geophysical monitoring
applications, representing nearly half of U.S. geophysical remediation research. Figure 3 further quantifies this
distribution: ISB accounts for 46% of applications, followed by ISCO/ISCR (21%), PRB (20%), and ISTR (13%).
Field‐scale studies comprise 49% of total investigations versus 51% for laboratory studies. Specifically, ISCO/
ISCR and ISTR monitoring occurs more frequently in field settings, whereas ISB and PRB applications pre-
dominantly feature laboratory‐scale investigations.

Building on these statistics, we review advances in geophysical monitoring of ISCO/ISCR, ISB, ISTR, and PRB
remediation across field and laboratory scales. We summarize key factors influencing electrical properties during
remediation. The principles, advantages, and limitations of ERT/IP are systematically addressed for each
remediation technology considered. Finally, we identify critical challenges and future research directions to
enhance the efficacy of remediation monitoring.

Figure 2. Number of studies by country and their focus on electrical geophysical monitoring of in situ remediation processes. The figure illustrates the distribution of in
situ remediation strategies adopted by the six leading countries.
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2. Electrical Geophysical Methods
2.1. Definitions of ERT and IP

A range of geophysical methods have been extensively used in the field of environmental investigations. In terms
of geophysical monitoring of in situ remediation process, we restrict this review to the general concepts of
electrical geophysical methods, that is, ERT and IP. These methods are selected for their remarkable adaptability
across both short and long spatial and temporal scales (Slater & Binley, 2021). The key advantages of these
approaches are twofold: (a) the instrumentation is adaptable for semi‐permanent to permanent installations,
enabling robust long‐term monitoring, and (b) the resulting time‐lapse measurements are particularly sensitive to
changes in subsurface properties influenced by remediation techniques. These capabilities are seldom achieved
with other geophysical methods.

ERTmeasures variations in the subsurface resistivity distribution by employing an array of electrodes. Resistivity
quantifies how strongly a material resists the transport of electric charges. It is highly sensitive to changes in
subsurface conditions such as fluid content, salinity, and lithology, thereby providing insights into hydro-
geological and geotechnical properties. Measurements can be made using various electrode array configurations,
each offering distinct sensitivity distributions and depth of investigation (Telford et al., 1990). The commonly
used electrode arrays in ERT include the Wenner, Schlumberger, Dipole‐Dipole, and Gradient configurations,
among others (e.g., Alao et al., 2024; Binley & Slater, 2020). The selection of a specific array is generally
determined by the survey objectives, the nature of the target, and occasionally the versatility of the instrument.
Modern computer‐controlled multi‐electrode systems offer the capability to readily optimize the survey array by
combining different configurations. This should be considered during the survey design stage. The intrinsic
electrical properties of porous media can be described in terms of either the resistivity or the conductivity (the
inverse of resistivity); here we adopt conductivity, σ, as the preferred parameter.

To image the conductivity distribution in a heterogeneous subsurface, inversion of the ERT data is required (Loke
& Barker, 1996). Inversion, in this context, is a numerical process that determines the distribution of electrical
conductivity i.e. consistent with the observed set of ERT data. Without constraints, the inverse problem may
suffer from non‐uniqueness as there are typically many more parameters to estimate than measurements acquired.
Inversions may also suffer from convergence problems due to model and data errors. To obtain a stable and

Figure 3. Factors affecting electrical properties during in situ remediation. The statistics are based on the frequencies mentioned in the literature. Key electrical
parameters comprise three categories: Conduction properties (e.g., conductivity σ, real conductivity σ′), polarization properties (chargeability M, phase φ, imaginary
conductivity σ’’, normalized polarizability Mn), and time constants (e.g., relaxation time τ). Beyond electrical properties, key monitoring parameters include four
factors: hydrogeology, temperature, hydrochemistry, and contaminant type.
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geologically plausible solution that honors data quality subject to noise levels, regularization (e.g., spatial con-
straints and/or the incorporation of a priori information in the model or data space) is therefore required during the
inversion process (Binley & Slater, 2020). ERT data can be analyzed as a single “shapshot” of the subsurface
whereas, in contrast, time‐lapse imaging allows the recovery of sequence of images of the subsurface at specific
times (e.g., Karaoulis et al., 2011). Such analysis reflects changes in the subsurface electrical conductivity dis-
tribution at a temporal resolution primarily determined by the time required to acquire a single data set. In order to
reconstruct reasonable, smooth changes in conductivity over time, time‐lapse inversion techniques can be
employed using temporal regularization, for example between pairs of ERT data sets or across multiple inversions
(e.g., Kim et al., 2009; Miller et al., 2008). Each time‐lapse inversion method has its own distinct advantages and
limitations, making the selection of an optimal approach dependent on the specific application (Singha
et al., 2014). For example, simultaneous inversion methods that consider multiple data sets (e.g., Hayley
et al., 2011; Karaoulis et al., 2011) are flexible and theoretically sound, but they are often computationally
intensive and may be impractical for large‐scale inverse problems. In contrast, the analysis of pairs of data, for
example, constraining changes in electrical conductivity relative to a reference case, such as in the difference
inversion approach of LaBrecque and Yang (2001), is computationally efficient. However, it relies on the
assumption that temporal changes in electrical conductivity are sufficiently small to allow the use of a single,
consistent sensitivity matrix across all time‐lapse inversion steps.

IP instruments survey in either the frequency domain or time domain. The parameters obtained from these
measurements reflect the conductive and capacitive properties of the subsurface. In the frequency domain, the IP
signal can be presented as the amplitude ratio (σ||) and phase shift (φ) between recorded voltage and injected
current waveforms. The complex conductivity σ∗ is commonly used to describe frequency domain measurements,

σ∗(ω) = |σ|eiφ = σʹ + iσʺ, (1)

where ω = 2πf is angular frequency (rad), f is frequency (Hz), i =
̅̅̅̅̅̅
− 1

√
represents the pure imaginary number,

|σ| is the magnitude of electrical conductivity (S/m) and φ is phase (rad). The real component (σʹ) of the complex
conductivityrepresents energy loss through conduction, while the imaginary component (σʺ) represents revers-
ible energy storage associated with polarization (i.e., delayed charge accumulation and release). The real and
imaginary conductivity are related to the magnitude and phase by:

|σ∗(ω)| =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σʹ2 + σʺ2

√
, (2)

φ = tan − 1 (σʺ/σʹ). (3)

In the time domain, the magnitude of the IP effect is described by the chargeability M (Seigel, 1959):

M =
Vs

Vp
, (4)

where Vs (V) is the maximum voltage measured immediately after the interruption of a long current pulse and Vp

(V) is the primary voltage of the transmitted direct current. Although unitless, it is common practice to report M
with the units of mV/V. In practice, however, Vs cannot be directly measured due to the need for a short “dead
time” following current shutoff to avoid electromagnetic coupling effects. Therefore, the intrinsic maximum
chargeability is not directly measurable and must be estimated by fitting of the measured decay curve
(e.g., Florsch et al., 2011).

Spectral induced polarization (SIP) refers to the measurement of the frequency dependence of complex con-
ductivity, with the primary goal of extracting additional information on the physicochemical properties of porous
media from their characteristic frequency responses (Kemna et al., 2012). Frequency‐dependent IP measurements
provide not only a measure of polarization strength but also the characteristic relaxation time τ, provided adequate
spectral coverage of the measurements is made. This fundamental parameter represents the dominant time scale of
the polarization process.
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Relaxation models are commonly represented in terms of an effective complex conductivity. The commonly used
Cole–Cole expression (Cole & Cole, 1941), originally defined for a complex dielectric permittivity, can be
expressed in terms of complex conductivity,

σ∗(ω) = σ∞ −
σ∞ − σ0

1 + (iωτ0)c , (5)

where σ∗(ω) is the modeled complex conductivity, σ∞ and σ0 are the high and low frequency values of con-
ductivity magnitude, σ∞ − σ0 quantifies the strength of polarization, τ0 is directly related to the critical frequency
defined as the peak in imaginary conductivity, and c is an exponent describing the steepness of the dispersion.
Note that another formulation, often referred to as the Pelton model (Pelton et al., 1978), expresses the complex
resistivity ρ∗(ω) in an analogous form. While both are commonly called “Cole‐Cole models” in the geophysics
literature, they yield different values for the relaxation time when fitted to the same data. This discrepancy arises
as the Cole‐Cole relaxation time is the inverse of the imaginary conductivity peak frequency, while the Pelton‐
Cole relaxation time is the inverse of the imaginary resistivity peak frequency. For high chargeabilities, these peak
frequencies differ substantially. A detailed comparison of the two formulations and their implications for data
interpretation is provided by Tarasov and Titov (2013).

2.2. Conduction and Polarization Processes in Subsurface Media

In the absence of conductive minerals, charge transport occurs predominantly through ion migration within the
medium. In this case, the total conductivity (σ) of a porous medium is often represented as the parallel addition of
the electrolytic conductivity (σel) and the interface‐related conductivity (σsurf) (Binley & Slater, 2020),

σ = σel + σsurf =
σw

F
+ σsurf , (6)

where σel represents conduction by dissolved ions in the pore fluids through interconnected pores. In addition, σw
denotes the conductivity of the pore‐filling electrolyte (conducting phase), and F is the formation factor, which
depends on porosity ϕ and cementation exponent m (Archie, 1942) as F = ϕ− m, thereby reflecting both the
volume and connectivity of the conducting phase. Furthermore, the additional conductivity σsurf was initially
attributed to “conductive solids” (Patnode & Wyllie, 1950), a term likely referring to clay minerals and their
associated surface conduction. Winsauer and McCardell (1953) later recognized that this conduction arises from
ion transport within the electrical double layer (EDL) at the mineral‐fluid interface.

In addition to conduction, reversible charge storage occurs within the EDL at mineral‐fluid interfaces. Accord-
ingly, surface polarization can be incorporated into Equation 6 (Lesmes & Frye, 2001), which defines the
complex conductivity (σ*):

σ∗ = σel + σsurf =
σw

F
+ σ śurf + iσs̋urf , (7)

where the real part of the surface conductivity (σ śurf ) represents charge conduction in the EDL and the imaginary
part (σs̋urf ) represents the reversible temporary charge storage. The real and imaginary parts of the measured
complex conductivity (Equation 1) are related to the electrolytic and surface conductivity mechanisms as follows:

σʹ = σel + σ śurf , (8)

σʺ = σs̋urf . (9)

Equation 8 is consistent with Equation 6, where the measured conductivity represents the sum of conductivities
arising from the parallel electrolytic and surface‐conduction pathways within the porous medium. The real
conductivity is governed by pore‐fluid salinity, as the electrolytic component exhibits a linear dependence on
fluid conductivity described by Archie's law (i.e., σel = σw/F). Surface conductivity σ śurf contributes to the
overall real conductivity, particularly under lower salinity conditions, but becomes less influential at higher
salinities. In addition, the imaginary conductivity is governed by surface polarization and electrolytic conduction;
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however, its salinity dependence is considerably weaker than that of the real conductivity. While some models
attribute the salinity dependence of σʺ to variations in EDL properties (e.g., Revil & Skold, 2011), others
emphasize the role of geometric and coupling effects between the EDL and the electrolytic phase (e.g., Qi &
Wu, 2024).

The normalized chargeability Mn, first introduced by Keller (1959) for time‐domain IP and later adopted in
spectral IP by Lesmes and Frye (2001), is defined as

Mn = σ∞ − σ0 = M · σ∞. (10)

Slater and Lesmes (2002) showed that Mn can serve as a reliable proxy for clay content alongside σʺ, implying the
existence of ratios between σ śurf , σʺ, and Mn. This relationship was later formalized by Weller et al. (2013), who
introduced the ratio lmn = Mn/ σsurf (lmn ≈ 0.2).

We assume that conductivity does not vary strongly with frequency, which is the case for porous rocks (Vinegar &
Waxman, 1984) and soils. Under the constant phase angle assumption, the imaginary conductivity is determined
near the peak frequency, taken as the geometric mean of a low frequency at which conductivity approaches σ0 and
a high frequency at which it approaches σ∞. In this case, the relationship between Mn and σʺ can be written as

Mn ≈ − (
2
π

· ln D)σʺ . (11)

where D denotes the number of decades separating high and low frequencies.

In media containing conductive solids, charge transport occurs within the mineral in addition to through elec-
trolytic pathways within the pore space (Revil et al., 2015). Charges within the electron conductor are polarized
with a resulting redistribution of ionic counter charges in the surrounding electrical double layer and electrolyte.
Metal‐electrolyte interfaces act as barriers that impede the movement of ions in the electrolyte and electrons in the
minerals (Marshall & Madden, 1959; Sumner, 1976). Therefore, IP is particularly effective for characterizing
subsurface properties and processes related to electron‐conducting particles (e.g., ZVI), owing to the pronounced
polarization enhancement typically exhibited by these particles. Both the volume concentration and size prop-
erties of such particles are potentially extractable.

The electrical properties of porous media are related to the material types (with or without conductive particles),
pore network geometry (porosity, connectivity, surface area), properties of the contaminant (type, concentration,
history, degradation) and the pore‐filling fluids (relative concentrations, distributions and temperature). During in
situ remediation, the correlation between geophysical responses andmonitoring parameters (e.g., hydrochemistry,
temperature, contaminant indicators) is critical for utilizing these data to evaluate remediation effectiveness. In this
review, geophysical parameters are categorized into three types based on their physical and chemical properties
during in situ remediation: conduction, polarization, and relaxation time (Table 1).

Specifically, this review focuses on the variation in electrical conductivity (or resistivity) as a key electrical
property for characterizing remediation processes. For example, during ISCO remediation, the injection of
chemical reagents into the contaminated medium results in highly conductive porous fluids due to elevated ion
concentrations. Similarly, increased temperature enhances pore fluid conductivity by increasing the mobility of
ions during ISTR.

Polarization properties refer to the charge storage behavior of subsurface media. Key parameters include char-
geability, phase, normalized chargeability, and imaginary conductivity. Note that, although chargeability or phase
are not a unique measure of polarization, since they are proportional to the polarization strength of the medium
divided by the electromigration strength of the medium (Equations 3 and 10), we have classified them among the
parameters representing polarization properties. This property arises from two distinct polarization mechanisms:
(a) polarization of the EDL at the solid‐liquid interface of insulating soil grains, and (b) polarization of the charges
in the electron‐conducting mineral grains (e.g., ZVI) and the balancing charge redistribution in the EDL and
electrolyte around the grain. During remediation, measurable IP responses are driven by dynamic changes at
polarizable interfaces, including electrochemical processes (e.g., sorption, ion exchange), mineral precipitation
(conducting and/or insulating), and associated morphological and compositional transformations. The relaxation

Water Resources Research 10.1029/2025WR043172

XIA ET AL. 8 of 35



time correlates with characteristic length scales of polarization processes that are often related to the particle size
distribution or pore size distribution. For contaminant removal processes that alter remediation material size
through steps like adsorption, reduction, and co‐precipitation (e.g., ZVI or AC in PRBs), polarization magnitude
and relaxation time are effective parameters for characterizing the volume and relative size changes of polarizable
materials, respectively (e.g., Niu & Revil, 2016; Pelton et al., 1978).

3. Concerns Regarding the Monitoring of In Situ Remediation Processes
In the following sections, we first introduce the principles, strategies, and applicable contaminant types of various
in situ remediation techniques. Then, we present the monitoring parameters that should be considered based on
the specific remediation process. Finally, we provide case studies that demonstrate the application of electrical
geophysical methods for dynamic monitoring.

3.1. In Situ Chemical Remediation

ISCO/ISCR involves injecting oxidants or reductants into the subsurface to degrade toxic contaminants into less
toxic or potentially non‐toxic compounds (Figure 1a; Del Reino et al., 2014). Specifically, ISCO refers to the
chemical reduction of contaminants at lower natural oxidant demand (NOD) condition, typically using per-
manganate (MnO4

− ), hydrogen peroxide (H2O2) and iron (Fe
2+) (Fenton reagent), and persulfate (S2o8

2− ) (Zhang
et al., 2017); whereas ISCR refers to the chemical reduction of contaminants at lower oxidation reduction po-
tential (ORP) and dissolved oxygen (DO) conditions, typically using ZVI (Wu et al., 2024). ISCO technology is
well‐suited for treating a wide range of contaminants, including petroleum hydrocarbons, BTEX compounds
(benzene, toluene, ethylbenzene, xylene), phenols, methyl tert‐butyl ether (MTBE), chlorinated organic solvents,
polycyclic aromatic hydrocarbons (PAHs), and pesticides (Huling & Pivetz, 2006). In contrast, ISCR technology
is commonly used to remediate halogenated ethenes and ethanes, energetics, and some metals/metalloids
(chromium (VI), arsenic, and uranium) (Cundy et al., 2008).

The effective delivery of oxidants or reductants to the target area is critical to the success of ISCO or ISCR, which
is influenced by hydrogeological conditions, contaminant indicators, and reagent properties. Conversely, the
injection of oxidants or reductants can also impact aquifer permeability, temperature, and the chemical and
biological environments of the subsurface (Tratnyek et al., 2014; Wei et al., 2022; Table 2). Specifically, het-
erogeneity may influence the preferential pathways after oxidants or reductants injection, such that hydraulic
gradients can be used to evaluate the hydraulic connectivity between injection and monitoring wells and potential
migration pathways (Zehe et al., 2021). In contrast, the precipitation of oxidants (e.g., KMnO4)/reductants
(e.g., nanosized ZVI) may result in reduced permeability in or near the injection well (Kang et al., 2004; Phenrat
et al., 2007). For example, manganese dioxide (MnO2), the primary reaction byproduct following KMnO4 in-
jection, may accumulate near the injection wells or at the NAPL interface (i.e., encrustment), resulting in limited
mass transport (reduced permeability) and decreased mass transfer efficiency. Additionally, contaminant type,
phase, concentration and distribution determine the selection of remediation reagent and injection locations.

Table 1
Electrical Properties Characterized by Electrical Geophysical Methods (Modified From Binley et al., 2015)

Electrical
geophysical
method

Electrical
properties Measured parameters

Examples of derived properties

Primary controls Secondary controls

ERT Conduction
properties

Resistivity/conductivity Pore fluid conductivity, temperature, types
and geometrical arrangements of
contaminants, etc.

Moisture content, porosity, surface
area, clay content, etc.

TDIP Conduction
properties

Resistivity/conductivity, real
conductivity, etc.

Clay content, surface area, geochemical
transformations, surface
electrochemistry, types and geometrical
arrangements of contaminants, etc.

Pore fluid composition, moisture
content, temperature, porosity,
permeability, etc.Polarization

properties
Chargeability, imaginary conductivity,

phase, normalized chargeability, etc.

Relaxation time Relaxation time, scaled relaxation time, etc.

SIP As above but with frequency dependence
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Moreover, the elements O, S, Mn and Fe are injected at high concentrations during ISCO/ISCR and serve as
predominant participants in groundwater redox processes (Liu et al., 2022; Zhang et al., 2022). Secondary effects
from the injection of these reagents encompass temperature variations, chemical alterations, and biological im-
pacts driven by redox reactions and enhanced microbial activity. Therefore, temperature and hydrochemical
parameters (e.g., ORP, DO, electrolyte conductivity (EC), pH, microbiological indicator, anions and cations) can
be utilized to evaluate the activation and redox status of a remediation reagent and its range of impact.

An increasing number of studies have utilized electrical geophysical methods to delineate variations in the
physical and chemical properties of contaminants during in situ chemical remediation (e.g., Ciampi et al., 2024;
Flores Orozco et al., 2019; Hort et al., 2014; Mellage, Smeaton, et al., 2018). In the case of ISCO remediation
process, Halihan et al. (2012) and Harte et al. (2012) employed ERT to characterize the degradation of hydro-
carbon contamination and demonstrated that the observed reduction in resistivity was attributable to oxidant
migration. Similarly, Bording et al. (2020) captured a high‐conductivity anomaly, generated by the spreading of
highly conductive oxidants, using cross‐borehole resistivity. Moreover, subsequent experiments and field studies
further quantified the contributions of contaminant degradation (5%–30%) and oxidant migration (70%–95%) to
changes in electrical parameters during ISCO remediation (Harte et al., 2012; Xia, Ma, et al., 2023; Xia
et al., 2025a).

Similar to oxidants, reductants also induce substantial changes in electrical parameters following injection. For
example, Joyce et al. (2012) demonstrated that the polarization effect of porous media increases with higher
concentrations of silver (Ag) or ZVI particles, whereas the polarization response of metal oxides is negligible.
Moreover, electrical images during field‐scale ISCR revealed an increase in polarization response (∼20%) after
ZVI injection, attributed to the accumulation of metallic surfaces at which the polarization takes place (Flores
Orozco et al., 2015). Despite the significant changes in electrical images caused by the injection of oxidants or
reductants, establishing quantitative correlations between electrical parameters and specific subsurface properties
(e.g., temperature, hydrochemistry, contaminant concentration) is often challenging. Nevertheless, electrical
geophysical methods may be highly valuable for determining the spatial distribution of subsurface changes,
thereby guiding efficient direct sampling to accurately evaluate in situ chemical remediation processes.

Table 2
Site Characterization Data Needed for in situ Remediation

References

ISCO/ISCR ISB ISTR PRB

Tratnyek et al. (2014), Wei
et al. (2022)

EPA (2013), Romantschuk
et al. (2023) USACE (2014), Davis (2023) ITRC (2011), Mak and Lo (2011)

Factors Purpose of the information

Hydrogeology • Soil and aquifer parameters
(e.g., stratigraphic heterogeneity,
hydraulic conductivity and
gradient): post‐injection flow
direction and rates

• Soil and aquifer parameters
(e.g., stratigraphic heterogeneity,
hydraulic conductivity and
gradient): bioremediation
coverage

• Soil and aquifer parameters
(e.g., porosity, moisture content):
adsorption and thermal
desorption conditions

• Soil and aquifer parameters
(e.g., stratigraphic type,
groundwater level, hydraulic
conductivity and gradient): PRB
dimensions and location

Temperature • Soil/groundwater temperature:
activation condition

• Air/Soil/groundwater temperature:
microbial activity

• Soil/groundwater temperature:
heating coverage

• Soil/groundwater temperature:
material reaction longevity

Hydrochemistry • ORP/EC/DO/pH/microbiological
indicator: injected reagent
coverage; activation or redox
condition;

• Anions and cations (e.g., Fe (II),
Mn (II), SO4

2‐): redox conditions

• ORP/EC/DO/pH/anions and
cations (e.g., NO3

− , SO4
2‐):

microbial activity;
• Microbiological indicator:
bioremediation coverage

• ORP/EC/DO/pH/anions and
cations: changes in groundwater
quality

• ORP/EC/DO/pH/microbiological
indicator/anions and cations
(e.g., NO3

− , SO4
2‐): material

reaction longevity

Contaminant • Contaminant type: remediation
reagent type;

• Distribution: injection well
locations;

• Phase/concentration: injection
strategies and reagent mass

• Contaminant type/phase/
concentration: microbiological
type;

• Distribution: injection well
locations

• Contaminant type/phase/
concentration: target temperature
and heating type;

• Distribution: heating and vapor
extraction wells locations;

• Contaminant type/phase/
concentration: material type;

• Distribution: PRB dimensions
and location
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3.2. In Situ Bioremediation

The process of in situ bioremediation (ISB) enhances the metabolism of target contaminants using indigenous
bacterial communities. This is achieved by adding various amendments (biostimulation) to the subsurface
environment or by introducing specific bacterial strains (bioaugmentation) to assist in treating contaminated sites
(Figure 1b; Sturman et al., 1995; Vogt & Richnow, 2013). This technology has been effectively employed to
decontaminate chlorinated solvents, dyes, nutrients, heavy metals, and organic waste sites (Sarkar et al., 2017).

The key to efficient in situ bioremediation is maintaining the biological activity that can degrade target con-
taminants. To accelerate bioremediation, the local conditions can be modified to promote robust microbial growth
and metabolism, ensuring the effective degradation of the target contaminant or its components (Conrad
et al., 2010). Environmental parameters, including temperature, hydrochemical parameters (e.g., ORP, pH),
oxygen levels, and nutrient availability, should be optimized and adjusted according to hydrogeological condi-
tions and contaminant indicators to support bacterial communities with the highest degradation potential (Table 2;
EPA, 2013; Romantschuk et al., 2023). On the one hand, the type, phase, concentration, and spatial distribution of
contaminants dictate the selection and location of injected amendments or bacterial strains. On the other hand,
hydrogeological conditions, especially heterogeneity, hydraulic conductivity and gradient, govern the transport
and distribution of these amendments or bacterial strains (Mahmoudi et al., 2020). Moreover, even if the
bioremediation impact area fully encompasses the target contaminated area, ISB may still be inhibited for several
reasons: limited availability of electron acceptors, donors, or nutrients; absence of biodegrading microbes;
temperature not optimal for degradation; and unfavorable pH values, salinity, or redox conditions (Majone
et al., 2015). Consequently, temperature and hydrochemistry are key parameters to monitor during ISB processes.

Numerous studies have been published on geophysical monitoring of ISB processes at laboratory (e.g., Song
et al., 2024; Zhang et al., 2014) and field scales (e.g., Johnson et al., 2015; Nivorlis et al., 2024). The dependence
of complex conductivity on the presence of microorganisms was shown in flow‐through reactor or column ex-
periments performed with mixed cultures and different contaminant media (Mellage et al., 2018a, 2018b; Song
et al., 2022), while experiments on microbially induced iron sulfide transformations demonstrated the sensitivity
of IP signals to microbe‐mineral interactions (Personna et al., 2008; Williams et al., 2005). Such studies
demonstrate that the abundance and growth stage of bacteria not only influence the concentration and distribution
of charged particles at the solid‐liquid interface but also that the charged bacterial cells themselves directly
generate IP effects. Geophysical monitoring results of field‐scale ISB processes reveal that the electrical re-
sponses of the aquifer undergoing bioremediation exhibit significant changes (Chambers et al., 2010; Williams
et al., 2009). These changes are attributed to contaminant transformation and the release of microbial metabolic
products (Caterina et al., 2017). In summary, variations in electrical properties are predominantly governed by
microbial activity, which is influenced by temperature, hydrogeological conditions, and chemical and biological
environments (Atekwana & Atekwana, 2010). Additionally, high polarization anomalies observed in aquifers
following long‐term bioremediation are likely linked to the formation of dispersed iron sulfide minerals (Kessouri
et al., 2022).

3.3. In Situ Thermal Remediation

ISTR technology relies on delivering heat to the subsurface to alter the phase distribution and other physical
properties of contaminants, facilitating their mobilization and recovery (Figure 1c; Johnson, Dahlen, et al., 2009).
According to the different heating methods, ISTR includes steam‐based heating, conductive heating, electrical
resistance heating, radio‐frequency heating, and large‐diameter auger mixing with steam injection (Ding
et al., 2019; Ramirez et al., 1993, 1995). Specifically, ISTR technology is widely applied to the remediation of
volatile organic compounds (VOCs) and semi‐volatile organic compounds (SVOCs) in soil and groundwater,
including chlorinated solvents, petroleum hydrocarbons, benzene homologs, polycyclic aromatic hydrocarbons
(PAHs), organochlorine pesticides (OCPs), polychlorinated biphenyls (PCBs), and volatile inorganic contami-
nants like mercury (Horst et al., 2021).

The effectiveness of heat in removing contaminant mass depends on heat conduction, which is influenced by heat
conductivity distribution and thermal gradients (Kingston et al., 2010). These are related to hydrogeological
conditions, heating temperature, hydrochemical environment, and contaminant indicators (Colombano
et al., 2020; Sun et al., 2024). As illustrated in Table 2, soil and groundwater properties, such as porosity, and
moisture content, directly determine adsorption and thermal desorption conditions. In addition, temperature
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variations indicate the heating coverage, whereas hydrochemical parameters (e.g., ORP, EC, DO, pH, anions and
cations) reveal changes in groundwater quality. While contaminant type/phase/concentration governs target
temperature and heating method selection, contaminant distribution dictates the placement of heating and vapor
extraction wells (Davis, 2023; USACE, 2014). Understanding the dynamic changes of these factors during
heating is essential for evaluating the progress and effectiveness of thermal remediation.

For in situ thermal remediation of contaminated sites, several studies have highlighted the effectiveness of
electrical geophysical methods in delineating the subsurface dynamics during the heating process (e.g., Almpanis
et al., 2023; LaBrecque et al., 1996; Ramirez et al., 1993; Xia, Zhang, et al., 2023). The experimental study by
Iravani et al. (2020) revealed that, when the temperature increased from 20°C to 50°C, the resistivity of a sample
consisting of glass beads saturated with 80% coal tar and 20% ultra‐pure water decreased from approximately
115 Ω·m to 50 Ω·m. Similarly, field‐scale ISTR results show that resistivity changes are closely associated with
phase transitions in contaminants induced by increasing temperature (Trento et al., 2021). In addition to
contaminant concentration and phase state, Iravani et al. (2022) found that saturation change has the primary role
in resistivity and phase angle variations compared to temperature (5%–7%) during heating. Furthermore, Xia
et al. (2025b) identified a slow decreasing trend in ORP and DO along with a decrease in resistivity with tem-
perature rise. Accordingly, changes in temperature, moisture content, and hydrochemical environment during the
remediation process may influence the type of multiphase interfaces and pore space geometry within the medium,
which can alter conduction and polarization in the subsurface. Identifying the effects of several factors on
electrical properties is vital for accurately tracking the progress of thermal remediation efforts.

3.4. Permeable Reactive Barriers

A PRB is an artificially created permeable zone that contains or creates a reactive treatment area designed to
intercept and remediate a contaminant plume (Figure 1d; Mosmeri et al., 2018). The treatment zone may be
created directly using reactive materials (e.g., AC and ZVI) or materials designed to stimulate secondary pro-
cesses (e.g., adding carbon substrate and nutrients to enhance microbial activity) (Singh et al., 2023). The PRB
technology is predominantly used to remediate heavy metals, radioactive isotopes, chlorinated aliphatic hydro-
carbons, and several organic and inorganic contaminants (Sakr et al., 2023), as well as to promote denitrification
(e.g., Gibert et al., 2008).

The effectiveness of the barrier is determined by its interaction with contaminants and its reactive material.
Specifically, the size and hydraulic properties of the barrier must be adequately designed to fully encompass the
contaminated area while maintaining unobstructed groundwater flow. Additionally, the longevity of the PRB
material's reactivity should guarantee the complete removal of contaminants (Budania & Dangayach, 2023;
Gavaskar et al., 2002). Accordingly, the key indicators for evaluating PRB performance and longevity comprise
target contaminants and their degradation products, groundwater seepage properties within and around the PRB,
temperature, and hydrochemistry (Table 2; ITRC, 2011; Mak & Lo, 2011). Specifically, the type, phase, and
concentration of contaminant dictate the choice of PRB filling material. The length and depth of the PRB are
determined by stratum properties and contaminant distribution, while the thickness is designed based on the
required residence time of the contaminant and the groundwater flow velocity (Chen et al., 2016). The spatial and
temporal hydraulic properties also influence the chemical environment of the aquifer and the PRB (Elder &
Benson, 2018), thus the hydrochemical parameters (e.g., ORP, EC, DO, pH, anions and cations) are effective
indicators for monitoring the long‐term performance of PRB.Moreover, if the PRB performance enhances natural
attenuation processes on the downgradient side, monitoring the temperature and microbiological indicators of the
downgradient aquifer may be critical (Chen et al., 2018).

Previous laboratory and field studies have highlighted the potential of electrical geophysical methods for
assessing barrier integrity and long‐term performance of barrier materials (e.g., Hao, Cao, et al., 2021; Slater &
Binley, 2006; Wu et al., 2008). Slater and Binley (2003) validated the capability of 2D resistivity imaging and
cross‐borehole IP to characterize ZVI integrity variations within a ZVI PRB. In addition, electrical geophysical
methods have been explored for monitoring biological PRBs (Davis et al., 2010; Doherty et al., 2010). For
example, Sentenac et al. (2015) utilized time‐lapse ERT to monitor the remediation process of a biological PRB
for diesel plume and observed the redistribution of diesel within the soil matrix. Moreover, secondary biogeo-
chemical processes (e.g., mineral precipitation, gas accumulation) may influence barrier performance, potentially
affecting electrical properties. For example, laboratory ZVI columns exhibited a notable increase in both the real
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and imaginary parts of complex conductivity after the precipitation of iron hydroxides and iron carbonates (Hao,
Ye, et al., 2021; Slater et al., 2005; Wu et al., 2005, 2006), while the precipitation of calcium carbonate inhibited
the conductivity and polarization (Wu et al., 2009). Several studies have assessed the performance and reme-
diation capabilities of geophysical methods in monitoring other reactive materials (e.g., AC and zeolite) (Bate
et al., 2022; Moshe & Furman, 2022; Yang et al., 2024), particularly the combined remediation processes
involving two or more different materials. For example, the removal efficiency of Cr(VI) is significantly
enhanced when ZVI and AC are used in combination (Ma, Zhang, et al., 2025). Moreover, chargeability and
relaxation time for combined ZVI and AC were found to be 2.4–4.3 times and 6.1–9.9 times that of using ZVI or
AC alone respectively (Ma, Schwartz, et al., 2025).

These additional parameters provided by the IP method enhance our ability to evaluate changes in the electro-
chemical properties of materials within the PRB. Specifically, the polarization response exhibited by reactive
materials such as ZVI and AC is markedly higher than that of non‐conductive media like sand and clay. This
phenomenon is attributed to the polarization of charge within the conductive mineral particles (i.e., electron
conductors). Furthermore, physicochemical alterations in particle structure and composition from chemical re-
actions or adsorption can modify polarization amplitude and response time (Wu et al., 2008). Accordingly, IP
measurements directly reflect the chemical reactions occurring within barriers, enabling comprehensive evalu-
ation of reactive performance and hydraulic conductivity (Hao, Cao, et al., 2021).

3.5. Combined Remediation

Combined remediation integrates two or more distinct physical, chemical, or biological remediation technologies.
Combining these diverse technologies not only addresses the limitations associated with using a single technology
but also leverages the strengths of each method to enhance remediation efficiency significantly (Nie et al., 2024).
Correspondingly, the integration of multiple in situ remediation technologies induces more complex alterations in
subsurface physical, chemical, or biological conditions than single remediation technologies (Ismail et al., 2023;
Ma et al., 2017), presumably resulting in more complex variations in electrical properties during the remediation
process.

An example of combined remediation is the joint use of remediation reagents or materials and bioremediation.
Specifically, oxidants or reductants can affect the chemical environment (e.g., ORP, DO, pH, etc.) in the sub-
surface, thereby altering the growth conditions of microorganisms (Jia et al., 2025). As a material widely
employed in ISCR and PRB, ZVI reacts with contaminants to establish anoxic conditions, elevate H2 concen-
tration and pH, and facilitate the formation of Fe(II)/Fe(III) compounds (Shi et al., 2015; Wu et al., 2020). This
creates a favorable microenvironment for microorganisms, thus promoting long‐term bioremediation. Lévy
et al. (2022) and Thalund‐Hansen et al. (2023) utilized cross‐hole ERT and IP to monitor reagent diffusion and
biodegradation processes following ZVI injection. The geophysical data were then used to provide estimates of
the distribution of hydraulic conductivity (K) and contaminant mass discharge.

Another example is the combination of in situ thermal and ISCO or bioremediation. Heating not only alters the
physical and chemical state of contaminants but also acts as an activation condition for oxidants and enhances the
activity of bacterial communities (Wang et al., 2017, 2022). Given this complexity, monitoring the spatiotemporal
evolution of these coupled processes is critical. Xia et al. (2025b) employed the time domain IP (TDIP) method
alongside hydrogeological parameters and contaminant measurements to monitor the in situ thermal‐enhanced
oxidative remediation process at a NAPL‐contaminated site, quantify contaminant removal during heating,
and determine the migration path of the injected oxidant. They found that changes in IP parameters were directly
related to temperature, hydrochemistry, groundwater level, oxidant migration, and NAPL removal. In addition,
Tsakirmpaloglou et al. (2020) utilized IP to monitor the biodegradation process of hydrocarbons by indigenous
bacteria and/or fungi under in situ heating conditions. The IP results indicate that high chargeability anomalies
were predominantly concentrated near the groundwater level, where contaminant concentrations and oxygen
availability were higher compared to other areas.

3.6. Workflow Implementation of Electrical Geophysical Methods for in Situ Remediation

To achieve optimal monitoring resolution, geophysical deployment strategies must be customized according to
specific in situ remediation technologies. This review focuses specifically on electrode configuration strategies
for ERT and IP methods, with deployment details primarily derived from synthesis of existing literature. As
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shown in Figure 4a, field deployment for in situ remediation requires customized configuration parameters based
on contaminant indicators and site conditions, while geophysical monitoring cables are typically deployed only
after a remediation system installation is complete. Ideally, monitoring should begin prior to remediation to
establish a reliable baseline, as tracking changes relative to this initial state enhances the usefulness of geophysical
data. Furthermore, the selection of configurations and measurement options, such as surface or cross‐borehole,
should be optimized based on field conditions and expected signal quality. Surface configurations offer broad
areal coverage with minimal disturbance to the strata, while cross‐borehole setups provide higher resolution for
targeted areas between boreholes (Binley & Slater, 2020). Measurements are typically taken using stainless steel
electrodes; however, non‐polarized electrodes (e.g., Cu‐CuSO4 and Pb‐PbCl2) are occasionally employed in IP
surveys to eliminate electrode polarization effects (Petiau, 2000). Furthermore, separating current and potential
circuits with distinct multi‐conductor cable spreads can decrease capacitive coupling and enhance geophysical
data quality (Dahlin & Leroux, 2012). For example, by combining stainless steel and non‐polarized Pb‐PbCl2
electrodes with cable arrangements designed to reduce capacitive coupling, Xia et al. (2025b) achieved an
improved signal‐to‐noise ratio in their IP monitoring of in situ thermal‐enhanced oxidative remediation.

The typical design and deployment of surface monitoring lines are illustrated in Figure 4b. While maintaining
straight survey lines, the depth of investigation should encompass the entire remediation zone. In general, the
depth of investigation increases with electrode array spacing and total array length, but it also depends on array
configuration and on the conductivity structure of the subsurface. Additionally, signal strength and site‐specific
noise levels also affect the depth at which data can be reliably distinguished (e.g., Binley & Slater, 2020;
Edwards, 1977). However, the optimization of array protocol may reduce the required line length. For example,

Figure 4. The general workflow for application of electrical geophysical methods. Both ERT and IP methods can be deployed
using either surface or cross‐borehole electrode configurations, deployment strategies must be customized according to
specific in situ remediation technologies and site conditions.
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Flores Orozco et al. (2015) monitored the ISCR process using TDIP through a Dipole− Dipole array that combines
measurements with dipole lengths of 4, 5, and 6 m, respectively. They employed a 23 m survey line to investigate
the ZVI injection at a depth of 10.5 m. In addition, for PRB remediation sites, the surface survey lines should be
arranged to extend across the barrier. Ideally, the line length should be at least five times the barrier's buried depth.
Slater and Binley (2003) demonstrated an alternative deployment, in which they conducted a 2D surface imaging
survey along the long ‐axis of the barrier to constrain the lateral extent of the barrier along its axis.

The design and deployment of the cross‐borehole configuration are shown in Figure 4c. In particular, the depth of
the deepest electrode should be set to exceed both twice the borehole spacing and the stratigraphic depth of the
contaminant plume. The plan view of geophysical monitoring boreholes may follow a linear arrangement
(e.g., ISCO/ISCR and ISB in Figure 4c) or alternative configurations such as a triangular arrangement (e.g., ISCR
in Figure 4c). For example, Bording et al. (2020) employed collinear dipole‐dipole single borehole measurements,
parallel cross‐borehole dipole‐dipole arrays, and equatorial cross‐borehole dipole‐dipole arrays to monitor ISCO
remediation through cross‐hole TDIP measurements. In addition, when implementing cross‐borehole monitoring
at PRB remediation sites, the borehole depths should be designed to exceed the burial depth of the barrier
(e.g., Slater & Binley, 2003, 2006).

4. Factors Affecting Electrical Properties During In Situ Remediation
Growing evidence demonstrates the applicability of geophysical methods for real‐time monitoring of in situ
remediation processes. The remediation process drives complex alterations in subsurface hydrogeological
properties, temperature, hydrochemistry, and contaminant phase, distribution, and concentration. These changes
can influence the types of multiphase interfaces and the geometry of pore spaces within the medium, consequently
altering the conductive and capacitive of subsurface. As illustrated in Figure 3, monitoring parameters commonly
mentioned in the literature are summarized based on their frequency of occurrence. Beyond electrical properties,
key monitoring parameters include contaminant concentrations, stratum information, groundwater temperature,
ionic composition (anions and cations), pH, etc. Accordingly, based on this analysis, we categorize monitoring
parameters into four factors: hydrogeology, temperature, hydrochemistry, and contaminant indicators. In the
following sections, we analyze representative studies and summarize the effects of hydrogeological conditions,
temperature variations, hydrochemical parameter changes and contaminant removal on electrical parameters
during in situ remediation.

4.1. Hydrogeology

Among hydrogeological parameters, hydraulic conductivity is of paramount importance, as it governs fluid flow
and contaminant transport (Eggleston & Rojstaczer, 1998; Michael & Khan, 2016). These hydraulic properties
can directly affect the spatial distribution of electrical parameters and must be characterized for effective
remediation monitoring.

Hydrogeological heterogeneity can substantially complicate the delivery of remediation reagents or materials to
contaminated zones and their subsequent interaction with target contaminants. Such heterogeneity is often present
in NAPL‐contaminated sites (Figure 5a), where contrasting lithologies and variable permeability create prefer-
ential flow paths that hinder effective reagent distribution (Zhang et al., 2019). Electrical geophysical methods are
powerful tools for characterizing the hydrogeological properties of the strata. Johnson, Versteeg, et al. (2009)
significantly improved the spatial resolution of hydraulic conductivity by supplementing sparse hydrogeological
data with time‐lapse resistivity data. Their findings highlighted the utility of incorporating multi‐source data to
estimate hydrogeological properties through the integration of electrical and hydrological information. Similarly,
Thalund‐Hansen et al. (2023) utilized cross‐borehole IP to infer high resolution hydraulic conductivity (K) fields
after injecting reagents containing ZVI, enabling NAPL contaminant mass discharge (CMD) estimation
(Figure 5b). They emphasized that, compared to traditional monitoring wells, cross‐borehole geophysical
methods for estimating K‐distribution significantly improve CMD‐based evaluation of in situ remediation per-
formance at contaminated sites. Specifically, IP offers distinct advantages over conventional resistivity methods
for permeability estimation in unconsolidated sediments (Weller et al., 2015). While direct current resistivity
methods are primarily sensitive to bulk conductivity, IP measures surface polarization effects that are directly
linked to pore geometry, including the specific surface area per pore volume, a key length scale controlling
permeability in granular media (Weller et al., 2010).
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Moreover, changes in stratigraphic features during in situ remediation can significantly influence the electrical
responses measured by electrical geophysical methods (Table 3). In one study, ISCO/ISCR induced a 68.2%
increase in bulk electrical conductivity of sand with<2% silt/clay content through oxidant/reductant injection and
contaminant degradation (Harte et al., 2012). Additionally, Sparrenbom et al. (2017) utilized TDIP to monitor the
ISB remediation process and discovered that bedrock surface subsidence facilitated microbial degradation of
contaminants, whereas a fracture zone contributed to the loss of remediation reagents. Similarly, Xia et al. (2025c)
monitored the ISTR remediation process using cross‐hole ERT integrated with drilling sampling (Figure 5c). The

Figure 5. Influences of hydrogeology on electrical parameters during remediation. Hydrogeological heterogeneity influences
contaminant distribution and remediation efficiency (Zhang et al., 2019). Accordingly, it determines the baseline of electrical
parameters (Thalund‐Hansen et al., 2023), while remediation alters these conditions, thereby inducing corresponding shifts
in geophysical properties (e.g., Xia et al., 2025c).
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resistivity distribution revealed stratigraphic changes following heating, that is, the average resistivity of the
contaminated zone decreased by 45%–89%. In contrast, Slater and Binley (2003) observed that, approximately
3 years after installation, the conductivity of a PRB filled with active iron was 105 S/m: significantly higher than
that of sand, silt, and basal gravel. This conductivity contrast, attributed to the electronic conductor (ZVI), was
deliberately exploited to verify the effective emplacement of PRB (Slater et al., 2005). In general, pre‐remediation
hydrogeological heterogeneity governs the baseline distribution of electrical parameters, while subsequent in situ
remediation dynamically alters subsurface conditions, inducing corresponding shifts in geophysical responses.

4.2. Temperature

Temperature variations during remediation directly affect the electrical responses of subsurface media through
saturation changes, promotion of fluid viscosity, ion mobility, contaminant removal, microbial activity and
growth.

For thermal remediation of NAPL‐contaminated media, Xu et al. (2024) demonstrated that remediation effec-
tiveness hinges on co‐boiling at the water‐NAPL interface (Figure 6a), highlighting the need to capture spatio-
temporal temperature evolution. Several studies have demonstrated that temperature variations during heating can
significantly affect the electrical parameters. For example, Iravani et al. (2022) employed SIP to quantify the
effects of temperature changes and fluid saturation changes, caused by water displacement of coal tar, on
measured complex resistivity (Figure 6b). Their findings revealed that the influence of saturation changes on
complex resistivity phase angle was considerably more significant than that of temperature. Similarly, as illus-
trated in Table 4 for ISTR, resistivity decreases with rising temperature until the fluid's boiling point, and in-
creases as temperature rises further due to decreased saturations and generation of gases (Iravani et al., 2020,
2022; Trento et al., 2021), indicating that resistivity interpretation can be ambiguous when both fluid saturation
and temperature change concurrently. Xia et al. (2025c) used cross‐borehole ERT to quantitatively analyze the
effects of contaminants and temperature on subsurface resistivity at the field scale. Based on the relationship
between resistivity and temperature, the spatiotemporal distribution of effective energy consumption for
contaminant removal was delineated by tracking resistivity variations (Figure 6c).

Beyond thermal remediation, temperature serves as a critical parameter influencing geophysical monitoring
signals across other in situ remediation techniques (Table 4). Specifically, for in situ thermal‐enhanced oxidative
remediation, the combined effects of temperature increase and thermally activated persulfate injection result in
pollutant removal and enhanced ion mobility, leading to a significant decrease in resistivity and chargeability
within the vertical heating zone (Xia et al., 2025b). Caterina et al. (2017) hypothesized that in the ISB process, a 1°
C rise in temperature during bioremediation leads to a 2% increase in bulk conductivity, which was applied to
assess the impact of seasonal temperature shifts on bacterial activity and growth, given that higher temperature

Table 3
Hydrogeological Features and Related Key Electrical Properties for Different Site Remediation Technologies

Technology Hydrogeology features Contaminant Key electrical parameters Methods References

ISCO/
ISCR

Medium to coarse sand
with <2% silt/clay

Tetrachloroethene
(PCE)

Conductivity of 8.7 mS/m before remediation;
Conductivity increases to 27.3 mS/m after
permanganate injection

ERT Harte et al. (2012)

ISB Sediments, high quality
and low quality rock

Trichlorethylene (TCE)
and metabolites

Subsidence of the bedrock surface leads to the
accumulation of contaminants and carbon sources,
enabling microbial degradation and resulting in a
chargeability difference > 5 mV/V

TDIP Sparrenbom
et al. (2017)

ISTR Sand layer mixed with silt
and silty‐clay

Chlorobenzene
and PCE

Resistivity of strata with contaminants 55–320 Ω⋅m
before heating;
Average resistivity decreases to 35 Ω⋅m after heating

Cross‐
borehole ERT

Xia et al. (2025c)

PRB Sand, silt, and basal gravel Vinyl chloride (VC) and
cis‐DCE

About 3 years after PRB installation, the conductivity of
the sand, silt, and basal gravel is 0.04 S/m, whereas
the conductivity of PRB filled with reactive iron is
105 S/m

ERT, SIP, Cross‐
borehole ERT

Slater and
Binley (2003,

2006)
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generally results in a higher enzymatic activity. Similar electrical responses may be found in biological PRB
remediation processes. The increased conductivity with temperature is primarily attributed to enhanced
fluid viscosity, ion mobility, and stimulated microbial activity and growth. In contrast, for PRBs filled with

Figure 6. Influences of temperature on electrical parameters during remediation. Accurately capturing the spatiotemporal
changes in temperature is crucial for both evaluating contaminant removal and optimizing energy consumption (Xu
et al., 2024). Electrical geophysical methods offer an effective approach by utilizing electrical parameters to characterize
contaminant removal process with temperature (Iravani et al., 2022), and guide strategies to reduce energy waste (Xia
et al., 2025c).
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non‐biological remediation materials such as ZVI, temperature changes may influence geophysical signals by
altering the material reaction rate and reaction fronts at the barrier interface (ITRC, 2011).

4.3. Hydrochemistry

Understanding the relationship between hydrochemical and electrical parameters is essential for effectively
evaluating, controlling, and optimizing in situ remediation processes. As exemplified by the ISCO‐ISB process
(Figure 7a), oxidant injection alters subsurface chemistry (e.g., pH, ORP, DO, EC), and the resulting bioavailable
by‐products subsequently enhance indigenous microbial activity (Honetschlägerová et al., 2019). Using electrical
geophysical methods to map subsurface electrical properties provides valuable proxy indicators for inferring
spatial and temporal changes within the treatment zone, although hydrochemical parameters may not be directly
measured. This perspective is supported by several studies (e.g., Chen et al., 2013; Hort et al., 2015; Xia, Meng,
et al., 2023). For example, Lévy et al. (2024) monitored in situ persulfate remediation at a large‐scale site in
Denmark using cross‐borehole resistivity methods combined with chemical sampling. They established an
empirical relationship between the monitored resistivity and the temporal evolution of sulfate concentrations in
the system (Figure 7b), enabling quantitative interpretation of the geophysical data in terms of sulfate distribution
(Table 5). Consequently, integrating electrical geophysics improves the predictive accuracy of transport models,
rather than relying solely on pre‐assumed hydraulic conductivity fields. Davis et al. (2006) conducted laboratory
SIP measurements and combined them with hydrochemical analysis on soil undergoing biodegradation. They
confirmed that measurable polarization results from the presence of biofilm itself in porous media, manifested as
changes in the imaginary conductivity that are linked to variations in microbial cell concentration (Figure 7c).
Similar conclusions were also found in the study by Nivorlis et al. (2024), that is, the correlation between
geophysical imaging and hydrochemistry shows that chloride ions and iron ions generated during ISB are the
main chemicals that can be correlated with resistivity (Table 5). These studies indicate that geophysics can serve
as an alternative indicator of subsurface changes, but also suggest that anomalies require confirmation through
direct hydrochemical sampling to identify specific contaminant transformation processes during remediation.

In addition to ISCO and ISB, hydrochemical analysis is essential for assessing the remediation performance of
ISTR and PRB technologies. Almpanis et al. (2023) investigated the SIP properties during smoldering remedi-
ation supported by colloidal activated carbon. The results reveal that imaginary and real conductivity are sensitive
to the smoldering process, relating to organic matter content and corresponding to the EC trend pre‐ and post‐
smoldering. Doherty et al. (2010) integrated geophysical monitoring with chemical and microbiological ana-
lyses to develop a conceptual biogeochemical model of the processes occurring around a contaminant plume
during biological PRB remediation processes. These examples highlight the importance of geophysical moni-
toring in promptly identifying anomalies when significant subsurface changes occur. Such anomalies are crucial
for triggering targeted direct sampling, which is essential for understanding the actual changes in aqueous
geochemistry and contaminant transformations. This ability to guide the timing and location of critical sampling
is a key advantage of geophysical methods in remediation monitoring.

4.4. Contaminant Indicators

Contaminant indicators, including type, concentration, distribution, and phase, directly assess remediation
effectiveness and influence electrical parameters by altering pore‐scale geometry and current paths. Moreover,
contaminant transformation or degradation under changing physical, chemical, or biological conditions further
complicates the electrical response.

Figure 8a illustrates the temporal behavior of bulk conductivity during biodegradation of hydrocarbons. Initially,
fresh hydrocarbon spills decrease bulk conductivity because of their naturally resistive properties (stage A). As
microbial degradation commences, the generation of organic and carbonic acids promotes mineral weathering,
increasing pore‐fluid electrolytic conductivity and thus bulk conductivity (stages B–C) (Atekwana et al., 2004a,
2004b; Naudet & Revil, 2005; Sauck, 2000). Eventually, as contaminants are removed, conductivity declines
toward pre‐spill levels (stage D) (Che‐Alota et al., 2009).

Another example illustrating electrical signals in response to contaminant removal during synergistic ZVI/AC
remediation applied in PRB is presented in Figure 8b, as highlighted by Ma, Zhang, et al. (2025). Chargeability
and scaled relaxation time measured by SIP decrease simultaneously as Cr(VI) removal rates decline. Addi-
tionally, the correlation between chargeability and the active surface area can characterize the reactivity of
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ZVI‐AC particles. The scaled relaxation time exhibits a more pronounced dependence on variations in the radius
of ZVI matrix. Specifically, the relaxation characteristic length decreases due to the reduction of the external low‐
polarization (CrxFe1‐x) (OH)3 shell and the internal ZVI matrix, resulting in a decreased scaled relaxation time.

Figure 7. Influences of hydrochemistry on electrical parameters during remediation. Subsurface hydrochemical
environments exhibit spatiotemporal dynamics during remediation processes (Honetschlägerová et al., 2019). As highlighted
in previous studies (Davis et al., 2006; Lévy et al., 2024), establishing relationships between geophysical and hydrochemical
parameters advances real‐time characterization of biogeochemical conditions and the assessment of remediation
effectiveness.
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Moreover, Xia et al. (2025a) monitored the ISCO remediation process of LNAPL using IP and proposed a new
concept for the oxidation process of LNAPL in pores. The high‐conductivity environment created by the injected
oxidant with high ionic concentration suppresses the IP phenomenon. As the concentrations of ions such as
SO4

2− , HCO3
− , and CO3

2− increase during LNAPL degradation, the number of interfaces capable of polarization
decreases, resulting in a decrease of chargeability response (Figure 8c). Consequently, this decline leads to the
disappearance of the peak frequency and further decreases in phase and resistivity.

5. Toward Efficient in Situ Remediation Associated With Electrical Responses
As illustrated above, electrical geophysical methods serve as effective visualization tools to delineate the tem-
poral dynamics of subsurface electrical responses during remediation, providing a robust approach for evaluating
remediation efficacy. To further advance this capability, the integration with numerical modeling presents a
promising approach for predicting contaminant degradation and transformation. A particularly powerful approach
in this context is coupled hydrogeophysical modeling, which links hydrological and geophysical simulations to
improve the interpretation of geophysical data in terms of hydrogeological and biogeochemical properties (Tso
et al., 2020). For example, Almpanis et al. (2021) developed a DNAPL‐DCIP model demonstrating the effec-
tiveness of geophysical techniques in tracking DNAPL mass reduction, where resistivity delineated contami-
nation zones and chargeability aided lithological interpretation (Figure 9a). Han et al. (2024) developed a real‐
time ISCO monitoring framework by integrating time‐lapse ERT with reactive transport models (RTM),
where bulk conductivity mapped ionic species distributions while model‐derived data inferred dissolved TCE
patterns (Figure 9b). Beyond fully coupled approaches, synthetic forward modeling alone can also provide
valuable insights into the interpretability of geophysical monitoring. For example, Slater and Binley (2006)
simulated the electrical evolution of a PRB over 30 years based on laboratory‐derived conductivity changes
expected due to barrier aging. Their results demonstrated that synthetic ERT and IP data could diagnose reactive
front growth through barrier, even when the spatial resolution of front width was limited (Figure 9c). However,
certain limitations remain regarding the independent interpretation of electrical parameters derived from labo-
ratory and field measurements as well as numerical simulations. Therefore, calibration through direct borehole
monitoring data is essential to ensure a reliable assessment of actual subsurface remediation processes.

Electrical geophysical methods serve as effective visualization tools that can support remediation management by
capturing key process dynamics. These techniques serve as powerful visualization tools for (a) highlighting
stratigraphic changes before and after remediation, (b) tracking real‐time thermal, chemical, and biological
variations, and (c) identifying contaminant transformation and degradation trends (Binley et al., 2015). However,
as indirect proxies, these measurements may unable to independently quantify hydrological, thermal, hydro-
chemical, and contaminant variations. The interpretation of geophysical data is challenged by the non‐uniqueness

Table 5
Examples of Hydrochemistry Effects on Electrical Parameters During Remediation

Technology Hydrochemical parameters Key electrical parameters Methods References

ISCO/
ISCR

EC, anions and cations (Cl− , SO4
2− , Ca2+, and Na+) Resistivity is linearly related to salt

concentration, that is, sulfate distribution
converted from resistivity images represents
effective reagent distribution and activation

Cross‐
borehole
ERT

Lévy
et al. (2024)

ISB ORP, pH, anions and cations (e.g., Cl− , SO4
2− , Fe2+/3+, Ca2+,

Mg2+, Na+)
Chloride ions and iron ions are the main

chemicals that can be correlated with
resistivity

TDIP Nivorlis
et al. (2024)

ISTR EC, organic matter Imaginary and real conductivity are sensitive to
the smoldering process, relating to organic
matter content and corresponding to the EC
trend pre‐ and post‐smoldering

SIP Almpanis
et al. (2023)

PRB EC, pH, Anions and cations (e.g., NH4+, SO4
2− ), enumeration of

microorganisms, cloning 16S rRNA genes, sequencing
Normalized chargeability can reflect buried

metals, clays, bioprecipitation,
mineralization or accumulations of microbes
present in the pore space and attached to the
solid matrix

TDIP Doherty
et al. (2010)
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of electrical parameters, as changes may arise from various simultaneous processes, such as mineral precipitation
or alterations in fluid chemistry (Jiang et al., 2014). While this ambiguity complicates the interpretation of static
surveys, time‐lapse monitoring may address the issue by focusing on temporal variations. Consequently, the
electrical parameters must be correlated with ground‐truth data (e.g., from borehole sampling or direct‐push

Figure 8. Influences of contaminant on electrical parameters monitoring in situ remediation processes. Changes in
concentration, distribution, and phase of contaminant within pore spaces during remediation, coupled with physicochemical
or biological environmental alterations (e.g., Che‐Alota et al., 2009; Ma, Zhang, et al., 2025; Xia et al., 2025a), increase the
complexity of electrical responses.
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sensing) to facilitate timely adjustments to remediation strategies and ensure long‐term sustainability of the
remediation process (Sanuade et al., 2022).

This integrated approach is crucial for the timely adjustment of remediation strategies and ensuring the sus-
tainability of the remediation effect. Specifically, for ISCO/ISCR process, variations in electrical parameters can
guide optimization of remediation strategies by adjusting injection locations and volumes, thereby minimizing
oxidant waste and preventing secondary pollution (e.g., Han et al., 2024). For the ISB process, microbial activity
zones can be accurately delineated using electrical parameter distributions, thus enabling timely remediation
progress assessment (e.g., Nivorlis et al., 2024). For ISTR processes, electrical geophysical methods can guide
fixed‐depth heating to optimize heating strategies, allowing for more reduced energy expenditure (e.g., Xia
et al., 2025c). For PRB remediation, electrical geophysical methods can be employed to monitor spatial and
temporal variations in electrical responses inside and outside the barrier, which can be used to infer changes in
hydraulic properties and assess reactive material longevity (e.g., Hao, Ye, et al., 2021). Consequently, the optimal

Figure 9. Synthetic studies for in situ remediation process associated with electrical geophysical methods. Integrating
electrical response with numerical modeling to rapidly simulate and predict the contaminant removal may provide a robust
theoretical basis for optimizing both the application and interpretation of geophysical monitoring.
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monitoring framework integrates geophysical methods to enable real‐time and spatially continuous delineation of
subsurface processes, while strategically deploying direct sampling to validate critical changes in hydrological
and geochemical conditions. This approach minimizes investigation costs while simultaneously enhancing the
accuracy and long‐term sustainability of remediation efforts.

6. Challenges in Electrical Monitoring of in Situ Remediation Processes
Despite the significant developments in both experimental and field aspects of geophysical monitoring for in situ
remediation processes, as illustrated above, many challenges remain as we seek to better understand the effects of
hydrogeology, temperature, hydrochemistry, and contaminants on electrical parameters during the remediation
process. Based on the application of electrical geophysical methods in monitoring in situ remediation processes,
current challenges are primarily encountered during three key stages: pre‐monitoring preparations, data collec-
tion, data processing and interpretation. We highlight several key challenges for electrical monitoring of in situ
remediation during these three stages (Figure 10).

6.1. Resource and Logistical Constraints in Equipment Deployment

Reliable equipment is essential for acquiring high‐quality geophysical data to assess remediation effectiveness,
whether through single surveys or continuous monitoring. Consequently, equipment acquisition and maintenance
costs are one of the key constraints (Takata et al., 2005). However, since electrical methods can significantly
reduce the expenses associated with monitoring wells, geophysical data acquisition may offset these costs. In
addition, ensuring a reliable and adequate power supply for continuous or long‐term geophysical monitoring is
critical yet challenging (Chambers et al., 2022), especially in remote sites common to many ISB or PRB
implementations. Thus, adopting low power monitoring technology alongside the utilization of sustainable power
sources such as solar energy may present a viable solution for many sites. An additional potential challenge
involves cable and electrode loss, which is often accelerated by harsh chemical environments encountered during
in situ chemical remediation (e.g., corrosive oxidants/reductants) or elevated temperatures in thermal treatments
(Tao et al., 2025). However, this challenge has not emerged as a significant issue in practical applications. Finally,
deploying automated systems provides a robust alternative to manual surveys by mitigating transport risks while
reducing reliance on manual labor and long‐term operational costs.

6.2. Complex Subsurface Conditions

The geophysical data acquisition process can influence the accuracy and reliability of monitoring results (Huang
& Yang, 2022). Hydrogeological conditions including heterogeneity, along with dynamically evolving subsur-
face temperature, chemical, and biological environments during remediation, collectively compromise signal
quality (Amadi et al., 2024). Nevertheless, as demonstrated in Section 4, understanding the impact of stratum
heterogeneity on data collection, coupled with quantitative links between electrical parameters and key hydro-
geologic or biological and chemical properties, enables accurate delineation of the remediation processes and
their effectiveness. Furthermore, both engineered installations (e.g., injection wells or heaters) and anthropogenic
structures (e.g., subsurface pipelines or storage tanks) may interfere with the data collection process (e.g., Meng
et al., 2022; Qiang et al., 2025). As illustrated in Figure 4, such interference can be mitigated by adjusting the
location of the monitoring lines.

6.3. Non‐Uniqueness of Inversion

In general, the inversion of geophysical data is challenging due to non‐uniqueness, i.e., multiple subsurface
models can satisfy the same acquired data (e.g., Linde et al., 2015; Zhang, Nawaz, et al., 2021). Accordingly, the
introduction of regularization functions to address the non‐uniqueness of inverse problems by minimizing the
roughness of an image has significantly enhanced the robustness of geophysical inverse codes. This made it
possible for some geophysical methods, especially electrical geophysical methods, to be widely used in various
survey configurations/applications. Furthermore, a critical balance exists between depth penetration and spatial
resolution, for example, increasing the surface electrode spacing will increase signal strength and depth of
investigation at the expense of reduced resolution (Binley & Slater, 2020). This poses a particular challenge when
delineating contaminant variations coupled with dynamic subsurface environments during remediation.
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Optimizing the array protocols based on site‐specific conditions may provide an effective solution to the chal-
lenges mentioned above.

6.4. Necessity of Multi‐Source Validation

Geophysical data interpretation requires integration with multi‐source validation data—including hydro-
geological/hydrochemical parameters and contaminant distribution—to reduce uncertainty (e.g., Alao
et al., 2025; Binley et al., 2015; Liao et al., 2018). As discussed in the following section, the inherent uncertainty
in petrophysical relationships further underscores the need for such integration. Site‐specific information is
essential for optimal design of monitoring survey lines, particularly given the inherent resolution limitations of
individual electrical parameters in delineating subsurface dynamics during remediation. Geophysical monitoring
and other analytical methods can be integrated to enable real‐time monitoring of changes in the subsurface
environment during the remediation process. Crucially, electrical parameters function as early warning indicators
for detecting subsurface anomalies that require direct sampling, particularly during transient events like abrupt

Figure 10. Challenges and outlook with respect to electrical monitoring of in situ remediation.
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rainfall that alter hydrologic conditions. This decision‐support capability enables targeted sampling of hydro-
chemical parameters and contaminants when geophysical monitoring detects critical subsurface changes, thereby
optimizing remediation strategies in real time while controlling investigation costs.

6.5. Uncertainty in Petrophysical Relationships

A further challenge lies in the translation of geophysical images into parameters directly relevant to remediation
performance, such as contaminant concentration or reagent distribution. This translation relies on petrophysical
relationships linking electrical properties to subsurface states. However, as highlighted by Binley and
Slater (2020), reliable petrophysical models, particularly under unsaturated conditions, remain lacking in the
community, forcing practitioners to rely on empirical or semi‐empirical relations with numerous poorly con-
strained parameters. This uncertainty is especially critical during remediation, where pore fluid chemistry,
saturation, and surface properties evolve simultaneously. However, few authors have attempted to explore the
importance of petrophysical uncertainty on the interpretation of electrical geophysical images (but see Brunetti &
Linde, 2017; Tso et al., 2019). For example, separating the contributions of reagent injection from contaminant
degradation to bulk conductivity changes requires knowledge of the relative contributions of electrolytic con-
duction (representing ion transport in pore fluids) and surface conduction (associated with the electrical double
layer at mineral‐fluid interfaces)—parameters that may themselves alter during treatment. Similarly, while
induced polarization shows promise for tracking mineral precipitation or biofilm growth, the empirical corre-
lations linking polarization parameters to these processes often require site‐specific calibration and may not
transfer across different lithologies or geochemical environments.

7. Outlook
To promote the efficient advancement of in situ remediation, future research efforts in geophysical monitoring
should focus on (Figure 10):

1. Strengthened petrophysical foundations are needed to enable quantitative interpretation under remediation‐
specific conditions. Advancing this front will require integrated laboratory and field studies that constrain
the relationships between electrical properties and key remediation metrics (e.g., contaminant concentration,
reagent distribution, microbial activity) across diverse lithologies and geochemical environments. Such
foundational work is essential for transforming geophysical signatures from qualitative indicators into
quantitative measures of remediation performance.

2. While advanced inversion algorithms already enable high‐resolution imaging of dynamic remediation pro-
cesses, it is necessary to better understand the relationship between geophysical properties and temperature,
hydrological conditions, and hydrochemical properties, and, in some cases, to perform inversion in a coupled
manner, that is, to generate parameter proposals using a multi‐field coupled model and to assess the uncertainty
within the models. Thus, the multi‐field model constrains the inversion, thereby guaranteeing that the final
results align with the conceptual understanding of hydrological, hydrochemical, or other relevant field
conditions.

3. Multi‐source monitoring frameworks that synergize electrical parameters with temperature and hydrochemical
sensors. Such integration is critical to track reagent delivery efficiency in chemical remediation, biological
activity changes in ISB process, heat conduction process during ISTR, and reactive zone longevity in PRB,
thereby correlating geophysical signatures with specific remediation mechanisms.

4. Artificial intelligence (AI) and machine learning (ML) offer transformative potential in two key areas, that is,
inversion and interpretation. AI/ML techniques can be robust where established models fail, as they can solve
complex problems without relying on potentially violated assumptions. Beyond inversion, these models excel
at interpretation by learning directly from data to integrate geophysical measurements with remediation
performance metrics. These models enable real‐time forecasting of contaminant degradation processes,
optimize injection strategies for chemical/biological amendments, control thermal source deployment, and
diagnose PRB longevity.

5. Development of multi‐source information monitoring platform for in situ remediation processes, providing
real‐time delineation of the remediation process and data‐driven guidance for strategy optimization
(Figure 11). Such a platform would provide unparalleled insights into the complex spatial‐temporal dynamics
of remediation processes. Specifically, such an autonomous system would continuously integrate electrical
responses with critical parameters (e.g., temperature, hydrochemical data) to detect subsurface anomalies that
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prompt targeted sampling during transient events such as rainfall‐induced hydraulic disturbances, a capability
that remains an emerging frontier where recent advances have demonstrated its potential for real‐time
remediation management (Johnson et al., 2022). Such a feature would enable real‐time remediation adjust-
ments, such as modifying injection points to ensure that reaction reagents reach contaminant plumes, thereby
transforming geophysical monitoring data into active remediation control actions.

8. Closing Remarks
We have reviewed advances in using ERT/IP to monitor four remediation technologies: ISCO/ISCR, ISB, ISTR,
and PRB. Electrical methods effectively track subsurface changes in hydrogeology, temperature, hydrochemistry,
and contaminant distribution. Their key contribution is providing spatially continuous proxy data that enables
targeted sampling while reducing investigation costs.

For remediation management, electrical imaging enables real‐time visualization of reagent transport, microbial
activity zones, heat distribution, and barrier integrity. Integrated with direct measurements, these electrical‐
process correlations support quantitative interpretation of reagent distribution, microbial transformations, tem-
perature evolution, and material reactivity.

Linking geophysical responses to specific remediation processes remains challenging due to parameter non‐
uniqueness and site heterogeneity. Overcoming these barriers requires robust petrophysical relationships,

Figure 11. A conceptual framework for a multi‐source information monitoring platform centered on electrical geophysical
methods.
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coupled inversion frameworks, multi‐source data integration, and AI/ML to enable predictive, adaptive reme-
diation strategies. By bridging the gap between geophysical data and process‐based understanding, these methods
enable more efficient, data‐driven remediation strategies.
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