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Abstract

The identification of unmarked graves is important in archaeology, forensics, and cemetery
management, but invasive methods are often restricted due to ethical or cultural concerns.
This necessitates the use of non-invasive geophysical techniques. Our study demonstrates
the potential of induced polarization (IP) imaging as a non-invasive remote sensing tech-
nique specifically suited for detecting and characterizing unmarked graves. IP leverages
changes in the electrical properties of soil and pore water, influenced by the accumulation
of organic matter from decomposition processes. Measurements were conducted at an inac-
tive cemetery using non-invasive textile electrodes to map a documented grave from the
early 1990s, with a survey design optimized for high spatial resolution. The results reveal a
distinct polarizable anomaly at a 0.75–1.0 m depth with phase shifts exceeding 12 mrad,
attributed to organic carbon from wooden burial boxes, and a plume-shaped conductive
anomaly indicating the migration of dissolved organic matter. While electrical conductivity
alone yielded diffuse grave boundaries, the polarization response sharply delineated the
grave, aligning with photographic documentation. These findings underscore the value
of IP imaging as a non-invasive, data-driven approach for the accurate localization and
characterization of graves. The methodology presented here offers a promising new tool
for archaeological prospection and forensic search operations, expanding the geophysical
toolkit available for remote sensing in culturally and legally sensitive contexts.

Keywords: induced polarization; 3D geophysical imaging; forensic geophysics; grave
detection; forensic geosciences

1. Introduction
In historical and archaeological research, unmarked graves offer valuable insights into

past societies, conflicts, and burial practices (e.g., [1,2]). At the intersection of forensics and
archaeology, locating unmarked graves is essential for uncovering historical events and
providing closure to affected communities (e.g., [2–4]).

The use of direct investigations, i.e., based on invasive methods, might be prohibited
for examining particular protected areas, e.g., due to religious or traditional concerns [5].
This demands the development and application of alternative non-invasive approaches
to respect cultural and legal constraints. Forensic geoscience has proven to be effective in
investigating various types of burial sites, offering valuable insights without disturbing the
ground (see [6] for a review). Remote sensing methods such as light detection and ranging
(LiDAR) (see [7] for a recent review), multispectral imaging (e.g., [8,9]), and thermal imaging
(e.g., [8,10]) provide valuable information, yet their depth of investigation is usually limited
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to the uppermost tens of centimeters of the subsurface. Forensic geophysics expands the
depth of investigation to several meters using sensors deployed on the ground surface.
The increased depth of investigation and the scalable spatial resolution provided by near-
surface geophysical methods are the main advantages over remote sensing techniques and
are critical for the detection of burials located at larger depths.

Archaeological and forensic investigations employ a variety of geophysical meth-
ods depending on site-specific conditions and objectives (e.g., [11,12]). Magnetic surveys
measure variations in the Earth’s magnetic field caused by buried ferrous materials, mak-
ing them effective for locating burned structures, hearths, or graves with magnetic con-
trasts [13,14]. However, their effectiveness can be limited in areas with weak magnetic
contrasts or modern metal debris. Electromagnetic induction (EMI) methods operating
in the kHz range measure changes in bulk soil conductivity and magnetic susceptibility,
allowing for the detection of buried metallic objects, disturbed soils, and variations in sedi-
ment composition [15]. Their relatively fast survey times make EMI methods increasingly
attractive for large-scale mapping, yet the vertical resolution of the data might be limited
(e.g., [16]). Ground-penetrating radar (GPR) relies on high-frequency electromagnetic (EM)
wave reflections to image subsurface structures, enabling the detection of unmarked graves,
buried remains, and architectural features (e.g., [3,17–27]). The method assumes that graves
or other anomalies produce contrasts in dielectric properties relative to the surrounding
soil. While GPR provides high-resolution imaging, its applicability in media with high
electrical conductivity (e.g., wet clay-rich soils) is limited due to the attenuation of EM
waves reducing the depth of investigation and resolution, respectively (e.g., [28]).

The electrical resistivity tomography (ERT) is based on current injection through gal-
vanic contact between the device and the soil using metal bars and produces 2D or 3D
images of the electrical conductivity of the subsurface. The depth of investigation and
resolution are controlled by the separation and number of electrodes (e.g., [29]), while the
detectability of natural or artificial anomalies also depends on contrasts in the electrical
properties of the surrounding medium and the target (e.g., [30]). Successful applications of
ERT have been reported for the investigation of cemeteries (e.g., [31,32]), homicides or cold
cases [33,34], and crimes committed during conflicts and wars (e.g., [3,35–38]). Several stud-
ies have used simulated (clandestine) graves to investigate grave-related signatures in elec-
trical resistivity data (e.g., [20,39–42]). Additionally, research has focused on the long-term
evolution of these signatures in response to the decomposition process (e.g., [9,43–46]).
The main factor for variations in the electrical properties was found to be the release of
conductive fluids associated with the decomposition process (e.g., [32,43,47,48]). Recent
forensic research has addressed the monitoring of decomposition fluid migration in the
subsurface through geophysical methods, e.g., using GPR [49]. However, the spatial and
temporal detectability of graves relies on the contrast between their physical properties
and those of the geological media. Hence, results depend on site-specific conditions [50],
and the detection of burials might be possible even after the decomposition process is
finished (e.g., [41]). In particular, the interpretation of ERT results may be challenging to
discriminate between an increase in the electrical conductivity response due to changes in
fluid conductivity, clay content or other lithological changes (e.g., [51]).

The induced polarization (IP) method is an extension of the ERT that offers the po-
tential to differentiate materials with a high surface charge and area associated with the
polarization of charges in the electrical double layer (EDL) formed at the grain–pore fluid
interface (e.g., [52–54]). Hence, the IP method is sensitive to variations in sediment com-
paction and the presence of organic materials, and it allows us to discriminate between
air-filled and rocky soils. Recent studies have demonstrated that the IP effect is sensitive
to changes in total organic carbon (TOC; e.g., [55,56]), thus highlighting the potential of
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IP to delineate the increased amount of organic matter in clandestine graves. IP has been
applied in controlled (outdoor) crime scene facilities (e.g., [57]) and forensic investigations
(e.g., [37]), yet to our knowledge, no contemporary peer-reviewed studies have utilized the
IP method specifically for grave identification.

In this study, we propose IP measurements as a remote sensing approach for iden-
tifying and characterizing graves. Specifically, our approach leverages the polarization
effect associated with organic matter adsorbed to soil particles and an increase in electrical
conductivity indicating dissolved organic matter in the electrolyte, enhancing fluid conduc-
tivity. Our investigation is conducted at an inactive cemetery, where a grave established
in the early 1990s is well documented in terms of location and shape, providing a unique
opportunity to evaluate the technique under realistic conditions. To accommodate ethical
and religious constraints, our IP measurements use textile electrodes that allow for a non-
invasive galvanic coupling to the soil [58,59]. In particular, this study presents three key
contributions: (1) a novel quantitative approach to assess the influence of microtopography
on geophysical data and inversion, enabling improved survey design and interpretation;
(2) the first application of the IP method for the detection and characterization of clandes-
tine graves, advancing forensic geophysics; and (3) a practical survey strategy employing
non-invasive textile electrodes suitable for sensitive study areas.

2. Materials and Methods
2.1. Novel Strategy for Forensic Geophysical Investigations Using the Induced Polarization Method

To adhere to ethical or religious requirements, we developed a strategy for geophysical
electrical investigations at cemeteries based on textile electrodes recently proposed by a
team of researchers from TU Braunschweig [58,59]. A textile electrode consists of a sand
bag wrapped in an electrically conductive fabric. This design establishes a galvanic contact
between the electrode and the soil without the need to introduce metal rods into the ground,
as can be seen in Figure 1. Bast et al. [60] demonstrated that textile electrodes are a reliable
and accurate alternative to conventional steel electrodes for ERT measurements, offering
advantages in terms of contact resistance, reciprocal error, and field logistics, among other
performance metrics.

Figure 1. Measurement setup used in this study, showing the Syscal Pro Switch control unit from
IRIS Instruments (Orléans, France), an external battery for current injection, and the electrode cable.
Textile electrodes are attached at regular intervals along the cable. The inset provides a close-up of a
textile electrode, including its connection to the cable with pegs.
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For our experiments, we connected the textile electrodes to unshielded multi-core
electrode cables using conventional pegs, which proved to be an effective and cost-efficient
mechanism that still follows recommendations of Flores Orozco et al. [61] regarding EM
coupling. By connecting the electrode cables to the central control unit, current supplied by
an external 12 V battery can be injected into the subsurface. In this study, we used a Syscal
Pro Switch from IRIS Instruments (Orléans, France) as the control unit for measurements
with up to 72 electrodes that facilitates current injections of up to 2.5 A at voltages up to
800 V. With 10 simultaneous voltage measurements at microvolt resolution, data collection
is possible even in environments characterized by materials with high electrical resistivity.

With the Syscal Pro Switch, induced polarization (IP) measurements are conducted
in the time-domain, i.e., based on the injection of direct current (DC) into the subsurface
through the current electrodes A and B. The resulting potential is measured with a second
pair of electrodes, namely the potential electrodes M and N (by convention), referring to
the conventional electrical resistivity (ER) measurements. The IP method expands on this
approach by measuring the voltage decay curve after the current injection has been turned
off. For imaging applications, hundreds to thousands of four-electrode (ABMN) readings
are collected with tens of electrodes deployed in 2D or 3D survey geometries.

The inversion of IP imaging datasets solves for models of the subsurface’s electrical
properties, i.e., images of the variations in the complex conductivity (CC). The CC is
represented by the symbol σ∗ and can be expressed in terms of the real and imaginary
components (σ′ and σ′′, respectively) or in terms of its magnitude |σ| =

√
σ′2 + σ′′2 and

phase φ = tan−1 = (σ′/σ′′) as

σ∗ = σ′ + iσ′′ = |σ|eiφ , (1)

where i =
√
−1 is the imaginary unit. In Equation (1), the real and imaginary com-

ponents of the CC refer to the conductive and capacitive properties of the subsurface
materials, respectively.

2.2. Collection of Induced Polarization (IP) Data at an Inactive Cemetery

The study was conducted at an inactive cemetery that has not been in use for several
decades. The soil conditions at the site are predominantly clayey, which supports the
application of the IP method, as its depth of investigation is not significantly affected by the
clay fraction in the soil. A key aspect of this investigation is the availability of photographic
documentation of a burial that took place under special circumstances in the early 1990s,
which served as a reference for assessing the effectiveness of the IP method in grave
detection. This photograph provides well-defined control points that enable alignment
with a contemporary photograph of the same location. A composite representation was
created by overlaying the two images (Figure 2), providing an approximate reference for
the grave’s location in the present-day cemetery. This documentation was instrumental in
guiding the survey design and selecting measurement locations. It is important to note that
drilling and soil sampling were prohibited within the study area; therefore, photographic
evidence served as a key reference for evaluating the IP imaging results.
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Figure 2. Composite image of a historic funeral photograph superimposed onto a recent image
of the same location. This overlay allows for the approximation of the grave’s position within the
present-day environment. The recent photograph also shows electrode cables, illustrating that the
geophysical measurements of this study were conducted across the location of this known grave.

We collected IP data along 18 profiles within the northern sector of the cemetery
(Figure 3). A large-scale survey was performed, with an electrode spacing of 1.0 m aimed
at achieving an optimal balance between depth of investigation and areal coverage. This
survey geometry enabled the detection of broader conductivity variations to depths down
to approximately 2.0 m, appropriate for characterizing subsurface conditions across the
presumed grave-free area. For the detailed investigation surrounding the known burial,
a small electrode spacing of 0.25 m was used. This resolution was selected to resolve
subsurface features with expected vertical extents of up to 75 cm, ensuring sufficient spatial
sampling to capture the burial geometry and associated heterogeneities within the upper
1.0 m of the subsurface. The selection of electrode spacings reflects an explicit trade-off: the
1.0 m spacing facilitates greater depth of investigation at the expense of spatial resolution,
while the 0.25 m spacing prioritizes detailed imaging at shallower depths, necessary for
precise grave characterization.
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Figure 3. Maps of the investigation area at different scales. (a) Overview of the cemetery with the
hillshade of the 0.25 m DEM and 0.25 m isolines for the large-scale investigation area. (b) Zoom-in of
large-scale investigations (LIs) with 1 m electrode spacing, showing the area of detailed investigations.
(c) Detailed view of the 0.25 m electrode spacing investigations (DIs). Orange lines indicate profile
locations and orientations; white arrows show measurement directions. The hexagon marks the
tombstone location. Note: Subplot orientations vary; north is indicated in each panel.

IP data were acquired with a Syscal Pro Switch system, which includes a low-pass
digital filter at 10 Hz that defines the upper bound of the frequency content of the data.
For data acquisition, a pulse length of 500 ms was applied (fundamental frequency about
2 Hz), with chargeability recorded between 20 ms and 500 ms after the current was
switched off. Measurements were captured using 19 sampling gates of 20 ms each. We em-
ployed a dipole–dipole (DD) electrode configuration with skip-3 and skip-0 measurements
(i.e., dipole lengths of 1 and 4 times the electrode spacing) to balance depth penetration
and near-surface resolution.



Remote Sens. 2025, 17, 2687 7 of 21

We refer the reader to Flores Orozco et al. [62] for further details on the measurement
configuration.

2.3. Subsurface Descretization for the Geophysical Inversion

As shown in Figure 3a, the IP data were collected in an area of the cemetery char-
acterized by an overall elevation change of approximately 0.5 m, indicating a generally
flat topography. However, considering the small electrode spacing of 0.25 and 1.0 m,
short-range elevation changes may still influence the geophysical data and the inversion.
Therefore, a comparison between the digital elevation model (DEM) and the geophysical
survey design is crucial to assess whether microtopographic variations introduce significant
effects. We devised an approach that allows us to quantitatively justify the assumption
of flat topography in the inversion of the IP data, rather than relying solely on visual
inspection of the DEM or survey profiles. The corresponding workflow is summarized in
the flowchart presented in Figure 4.

TIF
probability maps
[Fig. 5f and 5g]

Apply S-curve
classification to TIF

[Equation 7]

TIF
[Fig. 5d and 5e]

Compute Topographic
Impact Factor (TIF)

[Equation 6]

TRI
[Figure 5b]

GM
[Figure 5c]

Compute Terrain
Ruggedness Index (TRI)

[Equation 2]

Compute Gradient
Magnitue (GM)
[Equation 3]

Digital Elevation
Model (DEM)
[Figure 5a]

Figure 4. Flowchart illustrating the computation of the S-curve probability for the Topographic
Impact Factor (TIF) from a digital elevation model (DEM).
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To assess the roughness or ruggedness of the surface, we computed the Terrain Rugged-
ness Index (TRI; see Figure 5b). We follow the approach of Riley et al. [63] that computes
the TRI for a pixel at (i, j) of the DEM as

TRI(i, j) =

√√√√ 8

∑
i=k

(zk − z(i, j))2, (2)

where z(i, j) is the elevation value of the central pixel, and zk represents the elevation values
of the eight neighboring pixels around the pixel at (i, j). The TRI map obtained for our
study presented in Figure 5b shows localized strong elevation changes in the order of the
electrode spacings.

Figure 5. Topographic analysis and its influence on geophysical investigations. (a) Hillshade of the
0.25 m DEM with 0.25 m isolines. (b) Terrain Ruggedness Index (TRI). (c) Gradient magnitude |∇z|.
(d,e) Topographic Impact Factor (TIF) for 0.25 m and 1.0 m electrode spacings. (f,g) Classification of
TIF based on the probability of its influence on inversion, for 0.25 m and 1.0 m spacing. Orange lines
indicate profile locations and orientations; white arrows show measurement directions. The hexagon
marks the tombstone location. Note: Subplot orientations vary; north is indicated in each panel.

To account for the terrain steepness, we compute the partial derivatives in the x- and
y-direction, i.e., the gradient of the DEM, as

∂z
∂x

=
z(i + 1, j)− z(i − 1, j)

2r
(3)

∂z
∂y

=
z(i, j + 1)− z(i, j − 1)

2r
, (4)
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where z(i, j) is the elevation at pixel (i, j), and r denotes the DEM resolution, i.e., the pixel
size in meters. Based on the partial derivatives, we compute the gradient magnitude
|∇z| as

|∇z| = r

√(
∂z
∂x

)2
+

(
∂z
∂y

)2
, (5)

where the multiplication by r ensures that the gradient magnitude is given in meters. As can
be seen in Figure 5c, the gradient magnitude within the study area is smaller than the
electrode spacing and evidences the overall flatness of the area.

We combine TRI and |∇z| to obtain the Topographic Impact Factor (TIF) for a given
sensor spacing s as

TIF =
TRI + |∇z|

s
. (6)

We consider the TIF a quantitative measure for the impact of the topography in the
study area on the geophysical data and inversion depending on the spatial resolution
of the investigations, i.e., the electrode spacing. The distinct ranges of TIF values for
0.25 and 1.0 m electrode spacings presented in Figure 5d and e illustrate the need for a
further processing step to allow for an objective evaluation of the TIF.

To this end, we apply an S-curve classification approach to the resolved TIF maps to
compute the probability of the topographic impact on the inversion process, respectively:

P(TIF) =
1

1 + e−k(TIF−TIF0)
. (7)

In Equation (7), k controls the sharpness of the transition around TIF0, with TIF0 = 1
as the transition point at which the topography starts to become substantial with respect to
the sensor spacing.

The categorized probability maps presented in Figure 5f and g suggest that for the
electrode spacings of 0.25 and 1.0 m, the topographic variations in the study area have a
negligible-to-low impact on the geophysical data or the inversion process. Accordingly, we
consider a flat topography for the modeling and inversion of the IP data.

2.4. Resolving 3D Models of the Subsurface Electrical Properties

To process the IP datasets, we applied the decay curve analysis method described
by Flores Orozco et al. [62]. The integral chargeability values derived from the time-
domain IP measurements were transformed into impedance phase values through a linear
conversion, allowing for inversion in terms of complex resistivity [64]. The transformation is
necessary to resolve both conductive and capacitive electrical properties, but it relies on the
assumption of a constant phase value, thereby neglecting potential frequency-dependent
effects [65]. The effective bandwidth of the IP data collected in this study, ranging from
2 to 10 Hz, is too narrow to meaningfully assess frequency dependence in the IP response.
Consequently, the assumption of a constant phase value is considered valid within this
limited frequency range. Based on this assumption, the conversion of the measured integral
chargeability values to apparent phase values using a linear relationship is appropriate.
Moreover, the interpretation of the IP imaging results in this study is qualitative and centers
on the spatial mapping of anomalous features rather than a quantitative characterization of
subsurface material properties such as organic carbon content. Even if the linear conversion
introduces minor uncertainties in the calculated phase values, these do not affect the
interpretation or conclusions of the study.
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The inversion of the filtered IP data allows us to resolve 3D models of the subsurface
conductive and capacitive properties. In particular, the geophysical inversion estimates a
model m that best explains the observed data dobs (here, resistance R and impedance phase
shift φ). This is achieved by minimizing an objective function consisting of a data misfit
term Ψd and a regularization term Ψm [66,67]:

Ψ(m) = Ψd(m) + λΨm(m) , (8)

where the regularization parameter λ balances the relative influence of the data misfit and
the model roughness [67]. The data misfit term in Equation (8) quantifies the discrepancy
between observed and predicted data, ensuring that the inversion process seeks a model
consistent with the given measurements:

Ψd(m) =∥ 1
ϵ
(dobs − dmod) ∥2

2 , (9)

where ϵ denotes the error model accounting for uncertainties arising from measurement
noise and modeling inaccuracies, i.e., systematical errors need to be removed prior to the
inversion. The proper estimation of ϵ is essential—underestimating may lead to overfitting,
while overestimating it can produce overly smooth or unrealistic models (e.g., [52,66]).

The inversion process terminates when a predefined data-fit criterion is met or when
changes in the objective function Ψ stabilize (e.g., [66,67]). A common measure for assessing
the data misfit is the error-weighted chi-squared fit [66,68]:

χ2 =
Ψd
D

, (10)

where D refers to the length of the data vector d. In a least-squares framework, the inversion
is considered converged when χ2 ≈ 1, indicating that the model explains the data within
the assumed error bounds (e.g., [66,67]). Solutions with 1 ≤ χ2 ≤ 5 may still be acceptable
(e.g., [52,66]).

In this study, we use the pyGIMLi (v1.3.1) framework [69] to conduct a two-step
inversion approach: (1) A resistivity inversion is performed using a smoothness-constrained
least-squares method to obtain a stable resistivity model. (2) Once the resistivity model
is obtained, it is fixed as a reference for the inversion of the impedance phase shift data,
ensuring that the IP response is recovered independently (e.g., [70]). Table 1 summarizes
inversion parameters (e.g., error models and regularization settings) and convergence
parameters for the datasets processed in this study, providing insight into the stability and
reliability of the inversion results.

Table 1. Inversion and convergence parameters for the 3D inversion of geophysical data collected
with 1.0 m (dataset LI) and 0.25 m (dataset DI) electrode spacing.

Parameter Unit LI DI

Regularization λ - 200 50
zWeight - 0.1 0.1

Error model Errσ % 5/100 5/100
Errϕ rad 1/1000 3/1000

Convergence χ2
σ - 2.56 4.18

χ2
ϕ - 2.27 0.94
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3. Results
We present the induced polarization (IP) imaging results as depth slices extracted

from 3D subsurface models. This approach facilitates interpretation by highlighting spatial
patterns that may be linked to natural or anthropogenic features. To achieve consistency
in our analysis, both the large-scale investigation (LI) and the detailed investigation (DI)
are visualized using an identical colormap and colorbar limits (Figures 6 and 7). To ensure
the reliability of the presented results, areas with low sensitivity—where the geophysi-
cal inversion is poorly constrained due to limited data coverage or unfavorable model
geometry—are systematically blanked in the visualizations. These areas, where data reso-
lution is inadequate to reliably constrain model parameters, are omitted from the depth
slices to avoid interpretation of poorly resolved features.

log10σ	(mS/m)

Figure 6. Depth slices extracted from 3D models of electrical conductivity (a–e) and polarization
effect (f–j), obtained through inversion of data collected in the open area adjacent to the known grave
(1.0 m electrode spacing). Slices are shown for depths of 0.1, 0.5, 0.75, 1.0, and 1.5 m. Areas of low
sensitivity are blanked. The hexagon marks the tombstone location. Note: Subplot orientations vary;
north is indicated in each panel.
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log10σ	(mS/m)

Figure 7. Depth slices extracted from 3D models of electrical conductivity (a–e) and polarization
effect (f–j), obtained through inversion of data collected in the vicinity of the known grave (0.25 m
electrode spacing). Slices are shown for depths of 0.1, 0.5, 0.75, 1.0, and 1.5 m. Areas of low sensitivity
are blanked. The hexagon marks the tombstone location. Note: Subplot orientations vary; north is
indicated in each panel.
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3.1. Large-Scale Investigation (LI) of Subsurface Conditions Within the Area of Interest

The large-scale investigation provides insight into the general subsurface conditions
down to a depth of 2.25 m. Depth slices at 0.25, 0.75, 1.25, 1.75, and 2.25 m through the 3D
models of the electrical conductivity σ (Figure 6a–e) and the polarization effect (represented
by the phase ϕ of the complex conductivity; Figure 6f–j) reveal a heterogeneous near-
surface composition. Although sensitivity decreases in the western part of the model with
increasing depth, the area around the documented grave remains well resolved.

At shallow depths (0.25 m), the resolved models show a strong variability, with higher
electrical conductivity and polarization values related to an increase in clay content,
i.e., charges can flow and polarize within the EDL. Below this layer, a distinct pat-
tern of ring-shaped conductive anomalies (>15 mS/m) enclosing low-conductivity
regions (<2 mS/m) is observed at depths exceeding 2 m. The polarization effect confirms
heterogeneity, but shows no substantial polarization responses within these anomalies. ϕ

values remain below 8 mrad throughout the study area (Figure 6g–j), suggesting that the
conductive features are not associated with polarizable materials.

A comparison with the digital elevation model (DEM, Figure 5a) shows no correlation
between electrical properties and surface topography, demonstrating that the observed
anomalies are not directly related to terrain morphology. In the vicinity of the documented
grave, no distinct anomaly is observed in either the electrical conductivity or the phase
shift model from the surface down to a depth of 1 m.

3.2. Detailed Investigation (DI) in the Vicinity of the Documented Grave

The detailed investigation focuses on the area around the grave, using an electrode
spacing of 0.25 m adjusted for the expected dimensions of the documented grave. This
survey design limits the depth of investigation to approximately 1 m, yet increases both
the vertical and horizontal spatial resolution. The sensitivity decreases significantly below
this depth due to the short profile lengths (Figure 7).

At shallow depths (0.1 m; Figure 7a,f), both the electrical conductivity (1 to 10 mS/m)
and the polarization effect (2 to 8 mrad) reveal a heterogeneous composition of materi-
als. At 0.5 m depth, a distinct low-conductivity anomaly (<2 mS/m) is resolved directly
adjacent to the tombstone. Despite its spatial proximity to the documented grave, this
anomaly exhibits a negligible polarization effect (ϕ ≤ 2 mrad), which is characteristic of
inorganic materials (e.g., [71]). While the position of the anomaly might initially suggest
a connection to the grave, the absence of a polarization response—a key indicator of or-
ganic matter—clearly shows that it is not associated with the documented grave contents,
i.e., wooden boxes containing mortal remains.

With increasing depth, our results reveal a conductive (>18 mS/m) and polarizable
(>12 mrad) anomaly directly next to the low-conductivity feature that becomes dominant
in the depth slices at 0.75 and 1.0 m (Figure 7c,d,h,i). This anomaly is spatially aligned
with the expected location of the grave and exhibits an increase in both conductivity and
polarization, as expected due to the accumulation of organic matter (see [55,56,72]). While
the electrical conductivity shows diffuse boundaries, the polarization effect delineates a
well-defined, rectangular structure, reinforcing the interpretation of a burial. This difference
has been addressed in previous studies, where polarization anomalies are attributed to
organic carbon bound to grain surfaces, resulting in localized high polarization effects,
while elevated electrical conductivity values reflect the accumulation and migration of
dissolved organic matter in the pore water (e.g., [55,73]). Despite reduced sensitivity at
depths > 1 m, we include depth slices at 1.5 m (Figure 7e,j) for completeness. These slices
indicate that the anomaly does not extend deeper than 1 m, as the subsurface beyond
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this depth is dominated by resistive (σ ≤ 1.5 mS/m) and non-polarizable (ϕ ≤ 2 mrad)
materials, consistent with the natural geology of the area.

4. Discussion
The large-scale investigation reveals a pattern of conductive anomalies with irregular

yet geometrically aligned spatial distributions (Figure 6b–e). These anomalies are incon-
sistent with human-made structures typically associated with cemetery maintenance and
instead suggest a natural origin. This observation is supported by the fact that the shapes
of these subsurface anomalies differ from the grid-like geometry of grave distribution ob-
served in the intact sections of the cemetery. Consequently, our survey does not indicate the
presence of a larger, structured arrangement of graves, such as contiguous rows. However,
the known grave remains unresolved in the large-scale dataset, which we attribute to its
small dimensions compared to the 1 m electrode spacing used in the data collection.

The inability to resolve the known grave in the large-scale dataset highlights the
limitations of low-resolution surveys for detecting small burial features. Our imaging
results illustrate that the detection capability of induced polarization imaging is highly
dependent on survey geometry and acquisition parameters—particularly electrode spacing
and data density—relative to the dimensions and burial depth of the target. In this study,
the large-scale survey was intentionally designed with wider electrode spacing to allow for
an efficient coverage of the unused section of the cemetery, where no historical cadastre
data were available. While this approach supports reconnaissance-scale mapping and
the identification of broader anomalies, it lacks the spatial resolution required to detect
small graves at shallow depths. In contrast, the detailed investigation was specifically
tailored to the expected burial dimensions, based on photographic documentation of the
grave, allowing us to resolve a well-defined anomaly at the known location. The use of
a 0.25 m electrode spacing provided enhanced spatial resolution within the upper 1.0 m
of the subsurface. This finer spacing resulted in a higher density of measurement points
across the burial, enabling clear delineation of its boundaries and identification of internal
heterogeneities linked to decomposition products. The results demonstrate that high-
resolution IP imaging with appropriately chosen electrode spacing is critical for accurate
grave characterization. The comparison of both datasets enables a direct assessment of how
survey design influences detection capability. These findings underscore the importance
of prior knowledge in guiding survey design and parameterization. In contexts where
such information is absent, a multi-scale approach—as implemented here—is essential to
ensure sufficient sensitivity and spatial resolution for reliably detecting and characterizing
unmarked or clandestine graves.

The detailed investigation (Figure 7) resolves a distinct anomaly in the immediate
vicinity of the tombstone. For the interpretation of the observed subsurface patterns,
we focus on the electrical conductivity at a 1.0 m depth (Figure 8a) and the polarization
response at 0.75 m depth (Figure 8b). The electrical conductivity distribution reveals a
plume-shaped anomaly emerging from the grave location, likely caused by conductive fluid
migrating through preferential flow paths or drainage influenced by topography. Figure 8a
includes isolines extracted from the large-scale conductivity model (cf. Figure 6), illustrating
that the anomaly is captured, although with reduced spatial detail, even in the LI dataset.
This consistency indicates that the anomaly is not an inversion artifact, which reinforces the
validity of our interpretation. In the polarization response, elevated values are observed in
the area corresponding to the documented grave, as identified from photographic evidence.
Compared to the resolved conductivity distribution, the polarization anomaly is more
spatially constrained and localized, aligning more closely with the probable extent of the
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grave. This suggests that the polarization effect may offer a more targeted indicator of the
burial location than conductivity alone.

To enhance the interpretation of these observed features, we bin both electrical conduc-
tivity (Figure 8b) and polarization response (Figure 8d), and apply a diverging colormap,
emphasizing contrasts in the resolved models. For the electrical conductivity, this rep-
resentation shows high conductivity values (>12 mS/m) over the grave itself, while the
plume-shaped anomaly is characterized by intermediate values (8–12 mS/m). In the case
of the polarization response, the binned visualization further highlights a well-defined,
north–south-oriented anomaly with phase shifts exceeding 10 mrad. We interpret the
strong polarization response as indicative of organic carbon adsorbed to mineral grain sur-
faces within the soil matrix. Based on photographic documentation of the grave contents,
we suggest that the source of the elevated organic carbon is the wooden boxes contain-
ing the mortal remains. The anomaly forms an almost rectangular pattern, with spatial
extent and orientation closely matching the open grave visible in the composite image
(Figure 2), reinforcing the interpretation of a localized subsurface feature consistent with
the documented burial.

In particular, the decomposition process results in the enrichment of organic mat-
ter that is adsorbed to grain surfaces as soil organic carbon, enhancing surface charge
and surface area—two key factors governing the strength of the polarization response
(i.e., the imaginary component of the complex conductivity). A portion of this organic mat-
ter dissolves in pore water and migrates with infiltration, leading to a plume-like anomaly
in electrical conductivity at 1.0 m depth (Figure 8a,b). While our interpretation is quali-
tative and based on contrasts in observed IP responses, we acknowledge that additional
parameters—such as clay content and type, ionic strength of pore fluids, and mineralogical
composition—may affect both conductivity and polarization responses. However, the influ-
ence of these parameters on field-scale IP signatures remains an open question and is still
under active discussion in the scientific community (e.g., [74,75]). Although these factors
should be considered in future work, particularly in the context of quantitative interpreta-
tions, they are not explicitly addressed in our analysis due to the lack of site-specific data.
Nonetheless, our study underscores the diagnostic value of induced polarization imaging
in detecting chemically altered burial zones, even amid environmental variability.

The depth slices presented in Figure 8 highlight that relying solely on electrical conduc-
tivity would not allow for a precise delineation of the grave. While elevated conductivity
values are observed in the burial area, the leakage of decomposition fluids reduces the
conductivity contrast between the grave and its surroundings. In contrast, the polarization
response provides a sharper delineation of the grave relative to adjacent natural materials,
a phenomenon that has also been reported in other studies (e.g., [55,56,71,73]). Our final
interpretation of the grave location and orientation, as well as the associated plume of
groundwater enriched with organic matter, is summarized in Figure 8e. The geometrical
agreement with the composite image of the open grave (Figure 2) supports our interpre-
tation and demonstrates the enhanced capability of IP imaging to accurately localize and
characterize unmarked graves and associated degradation processes.
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Figure 8. Visualization of geophysical results from data collected with 0.25 m electrode spacing,
highlighting anomalies linked to the grave and a potential leachate plume. (a,c) Depth slices
through 3D models of electrical conductivity (1.0 m depth) and polarization effect (0.75 m depth).
(b,d) Classification of conductivity and polarization values into five groups to emphasize spatial
patterns; interpreted outlines of the plume and grave are shown as solid polygons. (e) Summary of
interpreted grave and plume extents with data collection profiles (0.25 m and 1.0 m spacing). Orange
lines indicate profile locations and orientations; the hexagon marks the tombstone location. Note:
Subplot orientations vary; north is indicated in each panel.

5. Conclusions
Our study demonstrates the potential of the induced polarization (IP) method, a geo-

physical technique, for the non-invasive localization and characterization of unmarked
graves in archaeological and forensic contexts. In particular, we introduce an approach
utilizing textile electrodes, which enables IP investigations in sensitive areas such as ceme-
teries or potential crime scenes without disturbing the site. This highlights IP as a powerful
remote sensing tool in contexts where invasive methods are legally, culturally, or ethi-
cally constrained. The results emphasize the critical role of survey design, with electrode
spacing—determining the spatial resolution—being a key factor controlling the resolution
of the 3D imaging results.

The study identified a distinct low-conductivity anomaly adjacent to the grave at
0.5 m depth, as well as a conductive, polarizable anomaly at depths between 0.75 and
1.0 m, associated with the grave. This anomaly was characterized by phase shifts greater
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than 12 mrad, indicating the presence of increased organic carbon, likely from the wooden
boxes containing mortal remains. Additionally, the electrical conductivity model revealed a
plume-shaped anomaly at 1.0 m depth, which we interpreted as organic matter dissolved in
the pore water moving due to gravity forces. The detailed investigation showed that while
electrical conductivity alone provided a diffuse boundary for the grave, the polarization
imaging allowed for a sharper delineation of the grave and surrounding materials. These
findings underline the ability of IP imaging to precisely locate and characterize burial sites,
with the polarization response being sensitive to the accumulation of organic carbon in
the soil and thus an enhanced interpretation. The study also highlights the importance of
spatial resolution and careful survey design for accurate grave detection, as well as the
added value of conducting IP measurements instead of ERT surveys.

Future research should aim to refine and expand the application of IP imaging in
both methodological and interdisciplinary dimensions. This includes improving detection
techniques through controlled studies at dedicated crime scene facilities, implementing fully
three-dimensional acquisition geometries for enhanced imaging accuracy, and deepening
our understanding of the electrical and polarization responses associated with decomposing
organic matter.

Equally important is the optimization of field procedures to increase survey efficiency,
enabling the coverage of larger areas within practical timeframes. This is particularly
crucial for the operational deployment of IP in forensic and archaeological contexts, where
established methods such as ground-penetrating radar and magnetic gradiometry are
favored not only for their rapid data acquisition capabilities, but also for their ability to
deliver reliable high-resolution subsurface information that supports archaeological inter-
pretation. Beyond this, integrating IP with complementary geophysical techniques through
joint application and, more importantly, joint inversion offers considerable potential for
enhancing subsurface interpretation in complex burial scenarios. Advances in data fusion
methods, including AI-assisted approaches, may further improve detection reliability and
reduce ambiguity in grave localization.

Furthermore, future research should test the robustness and applicability of the pre-
sented approach across a wider range of geomorphological settings and burial environ-
ments. This includes archaeological cemeteries that predate the 20th century, which often ex-
hibit different preservation conditions, burial customs, and levels of organic decomposition.
Field validation in such diverse contexts is essential to assess the transferability and reliabil-
ity of induced polarization imaging in complex burial scenarios. Additionally, comparative
studies involving alternative or complementary methods—such as aerial or terrestrial ther-
mal imaging—would provide valuable insights into the relative strengths and limitations
of the IP approach, especially under varying environmental and seasonal conditions.

From a broader perspective, successfully translating these techniques into opera-
tional forensic and archaeological protocols necessitates close collaboration across geo-
physics, forensic science, anthropology, and legal disciplines, with careful attention to
ethical and cultural sensitivities. The ability of IP imaging to reveal grave-related features
non-invasively—particularly in cases where other geophysical methods fail—makes it a
valuable complement to traditional archaeogeophysical methods. Building on this interdis-
ciplinary foundation, the methodological advances demonstrated here also offer promising
potential for applications beyond forensic and archaeological contexts, such as human-
itarian investigations involving unmarked or mass graves, environmental monitoring,
and ecological research.
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