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Electrical resistivity has been used as a noninvasive geophysical technique for locating
clandestine graves and monitoring human decay within the subsurface. Detailed studies
assessing resistivity anomalies due to soil disturbances and decay products associated
with graves have relied on the use of proxies, such as pigs, with limited studies using real
human cadavers and simulating a mass grave setting and none assessing the anomalies in
3D. In this study, we used time-lapse 2D and quasi-3D electrical resistivity distribution
measured over an experimental mass grave and individual graves containing human
cadavers to assess resistivity anomalies resulting from graves and the presence of
decaying human remains in them. This study is part of a novel multidisciplinary mass
grave experimental study with six graves consisting of a mass grave with six human
cadavers, a controlled mass grave with none, three individual graves with one human
cadaver each, and a control individual grave with none. Nine parallel resistivity transects
which allow us to image these graves in their 3D context were acquired prior to excavation
and 2 days, 1, 2, and 6 months after burial using a dipole–dipole electrode array, a unit
electrode spacing of 0.5 m, and an interprofile spacing of 1m. The value of different
electrode arrays and spacings in identifying the contrast between the graves was also
assessed using forward models and field data. Soil sensors were installed at different
locations in the graves to monitor soil electrical conductivity, moisture content, and
temperature. The results of this study show an increase in electrical resistivity 2 days
after burial in all graves with human remains and the control graves, which we attribute to
increased soil aeration where disturbed pores are filled with air. The resistivity decreases
thereafter in graves with human remains which we attribute to the formation of conductive
leachates. This study validates the potential of electrical resistivity as a forensic search tool
for locating both clandestine mass and individual graves and as a noninvasive monitoring
technique to support human decomposition research.
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INTRODUCTION

Law enforcement experts and forensic scientists are often engaged
in searching for clandestine graves and locating buried human
remains in homicide cases to bring justice to the victims and
closure for families (Pringle et al., 2021). Victims are typically
hidden by criminals in hurriedly excavated shallow individual
graves with dimensions of 1 m × 0.5 m and less than 1 m deep
(Pringle et al., 2008). On a larger scale, forensic search and
recovery are also embarked upon to locate, recover, and
identify victims of natural and man-made disasters, including
earthquakes, tsunamis, and genocides (Varlet et al., 2020). Hence,
forensic searches may involve locating both clandestine
individual and or mass graves (burials).

While forensic investigations for clandestine graves ultimately
involve excavation to retrieve evidence or its traces, such
excavations are expensive, destructive, and could alter the
evidence itself. Hence, noninvasive techniques are relied upon
for useful leads prior to excavation (Abate et al., 2019). Specially
trained canines are routinely used to scan suspected areas
(Dargan and Forbes, 2021). Remote sensing and
geomorphological techniques have also been explored
(Donnelly and Harrison, 2013; Rocke et al., 2021). The
noninvasive and rapid nature of surface geophysical
techniques make them useful tools for guiding the location of
forensic targets including clandestine graves (Hansen and
Pringle, 2013; Pringle et al., 2021). Geophysical techniques
which have been tested include ground-penetrating radar
(Pringle et al., 2020; Berezowski et al., 2021; Doro et al., 2022),
electrical resistivity (Jervis et al., 2009; Jervis and Pringle, 2014;
Cavalcanti et al., 2018; Pringle et al., 2021), electromagnetic
imaging (Pringle et al., 2008; Wisniewski et al., 2019),
magnetics (Molina et al., 2016; Essefi, 2022), and self-potential
(Pringle et al., 2008; Li et al., 2021).

Ground-penetrating radar (GPR) has been routinely used in
forensic searches for graves (Berezowski et al., 2021). Soil
disturbances during the excavation and backfilling of graves,
the different stages of body decomposition, and objects buried
along with human remains in the grave have been reported to
produce distortion in reflectors and small-scale hyperbolas which
are associated with graves (Berezowski et al., 2021). Despite
several successes of GPR which have made it the most widely
used technique in forensic searches, its applicability is limited in
highly conductive soils such as clays where the radar signal does
not penetrate deep enough and/or if large pebbles or cobbles, rock
fragments, tree roots, and large animal burrows are present, as
these produce diffractions which complicate interpretation.
Hence, GPR may not be suitable in all search scenarios. In
such cases, a combined approach with other geophysical
techniques may be more successful (Berezowski et al., 2021).
In this study, we explore the feasibility of electrical resistivity as an
alternative or follow-up to GPR because it has shown promising
results in previous studies (Pringle et al., 2012; Pringle et al., 2016;
Cavalcanti et al., 2018). In a study comparing GPR and electrical
resistivity results from a simulated grave experiment, Pringle
et al., (2016 recommended using ERT as a follow-up technique
for searching for clandestine graves.

Electrical resistivity can detect graves due to the resistivity
anomaly caused by soil disturbances within the graves and the
presence of conductive leachates produced during decay (Molina
et al., 2016; Pringle et al., 2020; Berezowski et al., 2021). In
contrast to GPR, electrical resistivity works well in conductive
soils and is not as affected by small objects because the measured
resistivity is an average of the bulk material. The excavation and
backfilling of graves alter the soil porosity of the grave shaft,
which makes the grave act as a preferential infiltration zone with
increased soil moisture content during the early period after
burial (Jervis and Pringle, 2014). In addition, the decay of buried
human remains involves bio-chemical reactions which produce
chemical compounds and generally leachates which alter soil pH,
temperature, electrical conductivity, and reduction–oxidation
potential (Jervis et al., 2009; Wescott, 2018; Varlet et al., 2020;
Donnelly, 2021). The formed leachates are also known to be
highly conductive (Feng et al., 2021). These complex processes
and byproducts within the graves mean they produce resistivity
anomalies that contrast with the surrounding soils. Relying on
this contrast, electrical resistivity has been used in experimental
(Molina et al., 2016; Cavalcanti et al., 2018; Pringle et al., 2020)
and real forensic search cases (Bawallah et al., 2021). Pringle et al.
(2008), Jervis et al. (2009), Pringle et al. (2012), and Cavalcanti
et al. (2018) presented detailed studies on assessing the use of
horizontal profiling of resistivity using an approach with four
electrodes with fixed separation and a multielectrode imaging to
monitor simulated clandestine graves using pigs as proxies and
mimicking different burial scenarios including different burial
depths and wrapping the pigs with tarpaulin. In all test cases,
resistivity successfully imaged the graves with unwrapped pigs as
low-anomaly regions while wrapping the pigs with tarpaulin
produced a high-resistivity anomaly effect. Long-term studies
have shown success in isolating the grave shaft (Pringle et al.,
2016), but it becomes progressively difficult to isolate the graves
when the conductive leachate is no longer present (Dick et al.,
2015). As a follow-up study, Jervis and Pringle (2014) show that
resistivity signals in graves and the success of the technique in
isolating resistivity anomalies from buried remains are influenced
by seasonal climatic factors, including soil moisture and
precipitation.

Besides these experimental studies, Pringle and Jervis (2010)
presented a real investigative search case of a suspected 1-year old
homicide victim in North Wales, United Kingdom using
electrical resistivity. Other studies using resistivity to
investigate human burials have also been embarked upon in
the context of studies in graveyards (Nero et al., 2016) and
forensic archeology (Rubio-Melendi et al., 2018). These studies
highlighted the relevance of electrical resistivity in forensic
searches and as a noninvasive imaging tool to support human
body decomposition and forensic archeology research
(Berezowski et al., 2021). However, only limited studies have
been conducted to validate the capability and limitations of the
technique using real human cadavers considering the identified
challenges with extrapolating from proxies such as pigs to
humans in a forensic context (Varlet et al., 2020). While 2D
resistivity techniques have been used to investigate graves with
and without buried proxies of human remains (Molina et al.,
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2016; Cavalcanti et al., 2018; Pringle et al., 2020), the use of 3D
resistivity to image simulated graves has not been conducted.
Although the 2D results from the previous studies have been
promising, it is worth noting that the graves and buried human
remains within them are 3D features (Berezowski et al., 2018;
Mileto et al., 2021) in a heterogenous shallow subsurface; hence,
2D imaging may be associated with inherent limitations. False
anomalies have been observed in 2D resistivity images due to off-
plane 3D subsurface features which are folded onto the inverted
2D image (Bentley and Gharibi, 2004; Yang and Lagmanson,
2006; Martorana et al., 2018). This, in addition to the flow of
current within the subsurface being 3D, leads to unexplainable
resistivity anomalies in 2D inversion results (Yang and
Lagmanson, 2006). For forensic applications, this effect could
compromise a search effort or lead to misleading interpretations
when used to monitor changes in graves due to decaying human
remains in a time-lapse mode. Hence, there is the need to assess
the use of 3D resistivity for investigating graves with human
burial.

In addition, not many studies have focused on a mass grave
scenario where multiple human remains are buried in a single pit.
The decay of the body mass of multiple individuals in a mass
grave has been linked to differential decomposition. This
difference in the degree of body decomposition throughout the
grave, also known as the “feathered edge effect”, can present a
relatively good preservation of soft tissues of bodies at the center
of a grave paired with skeletonization of bodies at the periphery
(Mant, 1950; Mant, 1987; Haglund, 2002; Troutman et al., 2014;
Barker et al., 2017). This effect could produce strong and
contrasting electrical resistivity anomalies within mass graves
and between them and their surrounding soils. With the
mechanisms influencing the differential rates of decomposition
in mass graves not well-understood, simulated mass grave
studies, including this project, are being used to investigate the
fundamentals of differential decomposition to elucidate mass
grave taphonomy. In this context, electrical resistivity offers a
noninvasive approach to image temporal changes in the mass
grave to support human taphonomic research.

This study uses 2D and quasi-3D time-lapse electrical
resistivity tomography (ERT) to image buried human remains
for a period of 6 months after burial in a novel simulated mass
grave and individual grave experiment using will-donated human
cadaver. We compare resistivity anomalies resulting from a
small-scale mass grave with six human cadavers arranged in a
disorderly fashion with that from three individual graves with one
human cadaver each and controls with no cadaver. We also
compare different electrode configuration and unit electrode
spacing in a 2D acquisition setup. Last, we compare measured
resistivity anomaly with soil properties including temperature,
moisture content, and electrical conductivity measured in situ in
graves with human remains and controls.

STUDY SITE

This study was conducted at the Forensic Anthropology Research
Facility (FARF), located at the Freeman Ranch in San Marcos,

Texas (Figure 1). This 26-acre size human decomposition facility
was established in 2008 as a multifaceted forensic anthropology
research, training, and outreach center operated by the Forensic
Anthropology Center at Texas State University, San Marcos,
Texas. The center accepts body donations for scientific
research under the Texas Universal Anatomical Gift Act for
the purpose of conducting research on human decomposition.
All bodies are acquired through the expressed and documented
will of the donors and/or their next of kin. The facility operates in
accordance with applicable Texas laws, regulations, and policies
governing Willed-Body Donor programs for forensic science
academic purposes. This includes Texas Health and Safety
Title 8, Chapter 691.001 and 692.001 and the Texas
Administrative Code Title 25, Part 4, Chapters 477–485.

The Freeman Ranch is characterized by a humid, sub-tropical
climate with occasional drought leading to semi-arid conditions.
Temperatures range from summer highs of 40°C to winter lows of
4°C, while average annual precipitation is estimated at 860 mm
(Dixon, 2000). The shallow subsurface consists generally of
topsoil with clayey–silty sediments overlying weathered
dolomite and fractured limestone bedrocks (Carson, 2000;
Fancher et al., 2017). The vegetation at the site is dominated
by perennial grasslands invaded by Ashe juniper (Aitkenhead-
Peterson et al., 2021). The site generally consists of two well-
drained stony soils formed by weathering of the dolomitic
limestone and indurated fractured limestone which constitute
the shallow bedrock in the area. The soil zones in the area consist
majorly of the Comfort-Rock and the Rumple-Comfort soils. The
Comfort-Rock soils has 1%–8% slopes and comprise extremely
stony clay at 0–33 cm, while the Rumple-Comfort soils are made
up of gravelly loamy–clay from 0 to 25 cm followed by very
gravelly clay from 25 cm.

EXPERIMENTAL SETUP

This study is part of a multidisciplinary and international forensic
research project to investigate post-burial changes within a mass
grave experimental context (Doro et al., 2022). The experimental
setup involves a mass grave with six human cadavers, a control
mass grave of the same dimensions without human cadavers,
three individual graves with one human cadaver each, and a
control individual grave without human cadavers (Figure 1).
Prior to the excavation of the mass grave, individual graves, and
control graves, background measurements of parallel 2D
transects of electrical resistivity (Figure 1) were conducted.
Details on field methods and the equipment used are
presented in the Methods section.

Two pits measuring 3.0 by 2.0 m wide and 0.8 m deep were
excavated using a Berger excavator. One of the pits serves as a
mass grave and contains donated human bodies while the other
serves as a control and was backfilled without bodies (Figure 2).
Six willed-donated bodies were placed simultaneously in the mass
grave pit in a fresh stage of decomposition. The bodies were
clothed and placed in direct contact with each other in a
comingled fashion. Four additional pits measuring 2.0 m by
0.6 m wide and 0.8 m deep were excavated at the same time
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which serve as individual and control graves. A single willed-
donated body was buried in three of the individual graves at the
same time as the placement of the mass grave while the fourth
served as the control grave and was backfilled with no human
remains. The individual graves were used for comparing results

between mass and single graves. In total, the experimental setup
consists of six graves, with four containing human remains and
two serving as control graves (Figures 1, 2).

Prior to placing the bodies in the graves, the exposed soils were
inspected for textural properties. After placing the bodies in the

FIGURE 1 | Location of the study site (A), an aerial view of the site taken by a drone, (B) and outline of graves and ERT profile lines 1–9 (C). CMG is control mass
graves, MG is mass grave, IG1-3 are individual graves 1–3 and CIG is control individual grave.

FIGURE 2 | Experimental setup with (A) excavated graves and human remains being wheeled to the site, (B) a 3D model of the mass grave with six human
cadavers created from photos, (C) outline of all six graves with (i) the control mass grave with no human cadaver, (ii) mass grave with six human cadavers deposited
randomly, (iii, iv, and v) individual graves with one human cadaver each, (vi) control individual grave without cadavers, and (vii) one of three in situWi-Fi-enabled soil data
loggers.
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graves, industrial-grade in situ soil sensors capable of
simultaneously measuring soil moisture, temperature, and
electrical conductivity were placed at different locations and
depths of the graves.

METHODS

This study applies both forward numerical simulation and field
time-lapse 2D and quasi-3D ERT investigations to image the
experimental graves. Soil conditions were monitored
continuously using in situ soil sensors. The details of each
method are presented below.

Forward 2D electrical resistivity simulation
To design an appropriate field resistivity measurement setup, we
first assessed the capability of different electrode arrays and unit
electrode spacings for measuring the contrast between graves
with human remains and empty control graves arranged in a
parallel sequence and contrast between the graves and their
surrounding undisturbed soils. A 3-layer forward resistivity
model was developed to mimic the general shallow subsurface
geology of the area which consists of clay-rich topsoil, a
weathered bedrock zone, and dolomite bedrock. Resistivity
values of 40, 100, and 500Ωm were assigned to the layers in a
top to bottom sequence. Six graves were established within the
topsoil and weathered layer zone extending to a depth of 80 cm
and dimensions mimicking the experimental setup. A resistivity
of 10Ωmwas used for the mass grave and three individual graves
with human remains, while that of 20Ωm was used for the
control mass and individual grave (Figure 3—top row). The
resistivity values reflect literature values for the soil and rock types

while we assume much lower resistivity in the graves to simulate
the effect of conductive leachate and preferential accumulation of
soil moisture in the graves, while values of the control graves are
used to mimic only moisture accumulation effects.

We used a 2D finite element–based forward solution R2
resistivity code implemented in ResIpy (Blanchy et al., 2021)
to simulate the apparent resistivity distribution resulting from the
created model using 0.25-, 0.5-, 0.75-, and 1.0-m unit electrode
spacings and dipole–dipole and Wenner and Schlumberger
electrode configurations. We added five percent white noise to
the calculated apparent resistivity to mimic field errors and
inverted the data using the Gauss–Newton–based inverse
solution implemented in the same code (Binley and Kemna,
2005; Binley and Slater, 2020).

Field electrical resistivity measurement
For this study, we acquired repeated field measurements of
electrical resistivity data in five different campaigns referred
here as pre-burial and post-burial 1–5 with data acquisition
carried out on 10 May, 15 May, 19 June, 23 July, and 14
November 2021, respectively. Data acquisition was carried out
using an eight-channel R8 Supersting resistivity meter (AGI USA,
Austin, TX, United States) with a multielectrode switchbox which
allows for automatic switching of up to 84 current and potential
electrodes. We acquired nine parallel transects spaced 1 m apart
with transects 4 and 5 cutting across all the graves and transect 6
cutting across only the mass graves, while other transects were
outside the grave boundaries (Figure 1). The surveys were
conducted with 42 stainless steel surface electrodes using a
dipole-dipole electrode configuration, with a 0.5-m unit
electrode spacing resulting in a profile length of 20.5 m. The
choice of the electrode array and unit electrode spacing was based

FIGURE 3 | Outline of the graves and location of each of the soil sensors. Both position and installation depth of each sensor is presented in a tabular form on
the right.
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on assessed trade-offs between data acquisition time and
sensitivity to the potential temporal resistivity changes.

With the distance between profiles maintained at 1m, five
resistivity transects (ERT transects 1–5 in Figure 1) were acquired
for the study prior to the excavation of the graves, while all nine
transects were acquired for each of the post-burial survey to cover the
study domain of 20.5 m× 8m. Each transect took about 45min to be
set up. For eachmeasurement, we used the current injection duration
of 1.2ms and three measurement cycles with the measurement error
set at 2%. A total of 477 apparent resistivity data points were acquired
along each transect which took about 15.2min. While the resistivity
data were acquired individually across each transect in a 2D
framework, we combined all five transects for the pre-burial
survey and all nine transects in each subsequent post-burial
measurement cycle to generate a quasi-3D dataset following the
rule that the distance between each transects is not more than twice
the unit electrode spacing (Doro et al., 2013). Besides the regular nine
2D transects acquired using a dipole–dipole array and unit electrode
spacing of 0.5m, we also acquired measurement across transects 4
and 5 using a 0.25-m electrode spacing during post-burial 3 and 4
surveys. While data acquisition with the 0.5-m unit electrode spacing
required only 42 electrodes to be laid out with an acquisition time of
15.2 min, using a unit electrode spacing of 0.25m required laying out
84 electrodes and an acquisition time of 57.4 min using an eight
channel multielectrode resistivity meter.

Wefirst inverted the 2D and quasi-3D resistivity datasets using the
same inversion framework in ResIPy to generate 2D and 3D
resistivity distributions for each of the five measurement time
steps (referred to as pre-burial, and post-burial 1, 2, 3, and 4) and
used Paraview software to visualize the 3D results. We later carried
out a time-lapse resistivity inversion using a difference inversion
approach (LaBrecque and Yang, 2001; Binley and Kemna, 2005;
Hayley et al., 2011) for the 2D datasets to highlight the difference in
resistivity between each successive timestep. For transects 1–5, the
pre-burial measurements were taken as the background resistivity
data, while for transects 6–9, the post-burial 1 measurement was
assumed as the background resistivity data.

Soil characterization and sensors
After excavation and prior to burying the human cadavers in the pits,
we conducted a characterization of the soil exposed at each of the
grave pits by observing their texture, color, and other physical
properties. More details on the soil characterization are presented
by Doro et al. (2022). To assess changes in the soil properties with
time, industrial-grade MODBUS-RTU RS485 (Seed Studio, Hong
Kong) soil sensors were installed at different depths in each of the
graves (Figure 3). Each sensor measures soil electrical conductivity,
temperature, and moisture content. A total of twelve sensors were
installed in the graves and were connected to three different battery-
powered, WiFi-enabled data loggers (hubs -69, -88, and -99,
Figure 3), which allowed for remote data access.

RESULTS

The conceptual resistivity model used for the forward simulation
is shown in the first row of Figure 4, while the inversion results of

the synthetic data showing resistivity distribution in logarithmic
scale for the different unit electrode spacings and electrode arrays
are presented below. Generally, the synthetic model inversion
results capture the low resistive graves in the top layer as
discontinuous low-resistivity zones in all cases with different
unit electrode spacings and configurations with values similar
to what we defined in the conceptual model. The model results
show an overestimation of the resistivity of the graves at the edges
by over 10%. While the structure of the graves is conserved in all
cases with smoothening of the edges, the dipole–dipole shows the
least contrast for the simulated control graves. In addition,
reducing the unit electrode spacing increases the resolution of
the low-resistivity anomaly representing the graves. However, a
unit electrode spacing of 1 m sufficiently captures the low-
resistivity anomalies representing the graves.

The results of 2D distribution of resistivity for pre-burial and
post-burial 1–4 measurements for transects 3 and 4 are shown in
Figure 5, while those for transects 5 and 6 are shown in Figure 6.
These selected 2D transects are presented for this study as they
are in the region with the graves (Figure 1). In all inversion
scenarios, the resistivity model converged after three to four
iterations with a root mean square (R.M.S) error value less
than 1 and the normalized error model ranging from −2 to 2.
Prior to excavation and establishment of the graves, the resistivity
distributions for transects 3–5 (Row 1 of Figures 5, 6) show a 3-
layer resistivity model with the resistivity increasing in a top to
bottom sequence. The top layer has a very low resistivity ranging
from 0.8 to 1.4Ωm on the log (10) scale down to a depth range of
0.4–0.7 m and transition through a medium-resistivity layer
ranging from 1.4 to 1.9Ωm on the log (10) scale at a depth
range of 0.7–1.5 m. These layers are underlain by a high resistivity
>2.0Ωm on the log (10) scale. These values are consistent across
profiles 4 and 5 with similar structure, except that the transition
zone is deeper at about 3.5 m (at the left side) of profile 4.

Resistivity distributions measured 2 days after burial show
consistently higher resistivity for profiles 4–6 (Figures 5, 6) at
regions corresponding to graves containing human remains and
the control graves with no human remains. A resistivity increase
of up to 50% is measured with higher values around the control
graves. For resistivity measured 1, 2, and 6 months after burial,
lower resistivities are measured around all the graves with
stronger decrease of about 40% around the mass grave where
six human remains were deposited. While resistivity decreases
with time after burial in all graves with human remains, the
decrease is stronger in the mass grave. The low-resistivity
anomaly at the mass grave location shows a downward
migration down to a depth of 1.2 m compared to the original
grave depth of 0.8 m (Profiles 4 and 5 in Figures 5, 6). A stronger
resistivity contrast is observed between the grave and
surrounding areas for post-burial 1 and 3 compared to 2 and 4.

3D resistivity distribution for all five different measurement
time steps (pre-burial, and post-burials 1–4) are shown in
Figure 7, with a vertical and depth slice at 2 × 2 m for pre-
burial result and 4 × 2 m for results of post-burial 1–4 to better
visualize the grave outline. A volume rendering highlighting
resistivity anomalies at the upper 1 m where the grave is
located is shown in Figure 7 (column 3). The 3D inversion
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for all cases also converged after four iterations, with R.M.S. error
values ranging from 0.8–1.5 and the normalized error range
between −3 and +3. While the 3D results show similar
resistivities as the 2D images, the 3D volume shows the grave
outlines as high-resistivity zones for post-burial 1 (2 days after
burial) and low-resistivity zones for post-burial 3 (71 days after
burial). 3D volume results for measurements acquired 1 and
6 months after burial do not show the outline of the graves from a
top view but are revealed when the resistivity volume is sliced
laterally at 4 and 2 m depth. The low-resistivity anomaly is,
however, weaker in areas around the graves than anomaly
measured 2 months after burial. The volume rendering in
column 3 of Figure 7 also highlights resistivity anomalies in a
3D volume form that corresponds to the graves for measurement
acquired 2 days and 2 months after burial.

The results of time-lapse resistivity inversions for transects 4
and 5 showing resistivity changes with time referenced to
background measurement acquired prior to excavation are
presented in Figure 8. The results show up to 60% increase in
resistivity for measurement made 2 days after burial (post-burial
1), with changes higher in the control graves. Thereafter, the
resistivity within the graves decreases up to—70% with the
highest decrease measured in the mass grave. Positive changes
in resistivity for measurement acquired 2 days after burial are
confined to the known grave boundaries. Besides the mass grave,
there is no significant change in resistivity for measurement
conducted 1 month after burial. While resistivity generally
decreases with time after burial for time-lapse results from 2
to 6 months after burial, the decrease is stronger at the mass
grave. The observed decrease in resistivity around the mass grave

region for measurements acquired 2 months after burial extends
downward to a depth of about 1.5 m. A similar downward
extension of the resistivity decrease is also observed in the
time-lapse result for the measurement conducted 6 months
after burial in both the mass and individual graves.

The 2D resistivity distribution for field measurements along
profiles 4 and 5 for post-burial 3 (acquired 2 months after burial)
using 0.5- and 0.25-m unit electrode spacing is shown in Figure 9.
The model shows improvement in resolving the structure of the
low-resistivity anomaly in the graves with buried human remains
for both profiles. A thin high-resistivity structure can be observed
overlying the low-resistivity structure for the measurements with
smaller electrode spacing of 0.25 m, particularly in the
mass grave.

Soil exposed at the excavated graves down to depth 80 cm
show mainly three different horizons with the top 0.2 m
consisting of loose, dark reddish-brown clay–loamy soil with
relatively high organic matter dominated by plant roots and large
angular-to-subangular rock fragments which are likely products
of in situ weathering of the bedrock. The second horizon extends
from 0.2–0.5 m and is similar to the overlying horizon but has
higher moisture and clay content, is more plastic, and has a lighter
shade of reddish-brown coloration with whitish material
suspected to be calcite. The third horizon extends to a depth
of 0.7–0.8 m and consists of highly weathered limestone which is
a typical bedrock in the area. The observed three soil horizons are
underlain by a limestone bedrock. While observed soil types and
properties were similar at all six excavated locations, they show
variations in the pebble and cobble contents, color, the degree of
weathering at the third horizon, and the depth to basement which

FIGURE 4 | Comparison of results from multiple forward simulation scenarios. Row 1 shows the conceptual model with the resistivity distribution and outline
graves. Columns 1, 2, and 3 show results for simulation using dipole–dipole, Wenner, and Schlumberger electrode configurations, respectively, while rows 2, 3, 4, and 5
show simulation using 0.25-, 0.5-, 0.75-, and 1.0-m electrode configurations, respectively.
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is shallower (depth to bedrock of 70 cm) at the northern segment
of the test site.

Changes in soil electrical conductivity, temperature, and
volumetric water content measured with the in situ sensors in
each of the graves for over 6 months after burial are shown in
Figure 10. Electrical conductivity in the mass grave shows a
sharp increase in the first 75 days after burial up to 5.2 mS/cm
and thereafter, the values decreased gradually to 3.5 mS/cm
around 190 days after burial. Soil electrical conductivity is
similar in all three individual graves with the average values
much lower than those measured in the mass grave with an
average range of 0.7–1.9 mS/cm and spikes of up to 2.2 mS/cm
corresponding to a period of intense rainfall. Soil temperatures
show a similar trend in all the graves with higher values (40°C)
measured in the summer and lower values (18°C) in late fall.
Soil volumetric water content (VWC) shows a similar
temporal trend in all graves with a range of 20%–50 %
except for the mass grave where a sharp increase in soil
moisture content was observed in the first 60 days post
burial and reaching saturation (100%) thereafter. A slight
decreasing trend is seen after 180 days to values at 98 percent.

DISCUSSION

Forward modeling of electrical resistivity was used in this study to
calculate the resistivity distribution that is expected, given the
subsurface structure and simulated graves using the
dipole–dipole, Wenner and Schlumberger arrays, and electrode
spacing ranging from 0.25 to 1 m. Hence, it allowed us to plan the
field resistivity measurements and decide optimum trade-off
between field constraints such as measurement time and the
desired sensitivity (Binley and Slater, 2020). Our forward
modeling results show that the dipole–dipole and Wenner and
Schlumberger arrays successfully delineate the low-resistivity
zones, mimicking the graves with human remains and the
empty controls (Figure 4). Although the dipole–dipole array
underestimates the high-resistivity unit representing the bedrock
and may be susceptible to smoothening at the edge, it offers a
unique advantage of a faster data acquisition time using the same
equipment and number of electrodes. For this study, using 42
electrodes at 0.5 m spacing with an eight-channel Supersting R8
resistivity meter (AGIUSA Texas, United States), the
dipole–dipole took 15 min to acquire 477 data points

FIGURE 5 | 2D distribution of electrical resistivity across graves for profiles 3 (left) and 4 (right). Five different measurements were conducted (A) prior to burial, (B)
2 days after burial, (C) 1 month after burial, (D) 2 months after burial, and (E) 6 months after burial.
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compared to the Wenner array which took 57 min to acquire 273
data points. With dipole–dipole being significantly sensitive to
the low-resistivity anomaly at the top 1 m, we decided to use it in
this study, trading the advantage of fast data acquisition time for
improved sensitivity to the bedrock layer which is not the focus of
the imaging in this study. This allows us to acquire all nine
transects at each of our repeated multigeophysical campaign.
However, the forward modeling result shows that where time is
not a constraint, the Schlumberger array provides a better
sensitivity to the soil and bedrock units down to 4 m. Our
forward modeling result also reveals that unit electrode
spacings of 0.25, 0.5, 0.75, and 1 m successfully delineated the
low-resistivity units mimicking both individual and mass graves.
Nevertheless, increasing the unit electrode spacing resulted in
slight decrease in the resolution of the anomalies from the
simulated graves.

Previous studies using ERT to monitor simulated graves have
mainly used the Wenner electrode array and unit electrode
spacing ranging from 0.25 to 1 m (Pringle et al., 2012; Molina
et al., 2016; Cavalcanti et al., 2018). Pringle et al. (2012) presented
a first of such study which compared field measurements using
dipole–dipole and Schlumberger and Wenner arrays and

concluded that the Wenner array was more optimal though
they did not show how such an optimum tradeoff was
reached. Cavalcanti et al. (2018) compared results using both
Wenner and Schlumberger arrays and concluded that both show
similar sensitivity to the shallow subsurface where the graves were
established, but the Wenner array provided an overall better
vertical resolution. Both Pringle et al. (2012) and Cavalcanti et al.
(2018) also emphasized the need for smaller unit electrode
spacing of 0.25 and 0.5 m, respectively to improve the
resolution of the grave features. These studies, however, rely
on field observations and comparisons for their post-
measurement deductions. We propose integrating a forward
modeling approach to efficiently establish the optimum
tradeoff. Indeed, our forward modeling results suggest the
dipole–dipole array with a unit electrode spacing of 0.5 m as
an optimum tradeoff where time is a constraint and given a
modern multichannel acquisition system. Forward simulations
should, however, be used to guide such decisions when necessary,
considering unique site properties.

The three-layer resistivity model seen in the resistivity data
acquired prior to excavation (top row in Figures 5, 6)
corresponds to the top clay-rich topsoil, the weathered

FIGURE 6 | 2D distribution of electrical resistivity across graves for profiles 5 (left) and 6 (right). Five different measurements were conducted (A) prior to burial, (B)
2 days after burial, (C) 1 month after burial, (D) 2 months after burial, and (E) 6 months after burial.
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bedrock, and the limestone bedrock observed in the grave pit. The
deeper middle-resistivity zone also corresponds to a deeper
weathered bedrock zone observed during the excavation with a

greater ease of excavation down to about 1 m. The results of 2D
resistivity measurements acquired 2 days after burial captures all
the graves including the controls as high-resistivity zones

FIGURE 7 |Quasi-3D resistivity distribution obtained bymerging nine 2D transects and inverting with a 3D inversion code. The complete resistivity volume showing
the outlines of the graves visible in post-burial 1 and 3 (rows 2 and 3) are show in column 1, the 3D volume sliced at 2 m × 4 m is shown in column 2 while a volume
rendering highlighting 3D anomalies produced by the grave is shown in column 3.
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(Figures 5, 6, row 2).We attribute these high resistivities to effects
of soil disturbances caused by excavation and backfilling. The
soils in the graves were aerated during excavation and backfilling

with the air-filled pores becoming more resistive (Sauer et al.,
2014; Yurkevich et al., 2021) than that of the surrounding
undisturbed soil. The preferential aeration within the grave

FIGURE 8 | 2D time-lapse resistivity distribution of for transects 4 (left) and 5 (right) cutting across all graves. Percentage changes were calculated as the difference
between the original measurements on undisturbed ground minus the measurements over the burials, divided by the original measurements. It is to be noted that the
scale for the top rows is limited to negative values, while that for the bottom profiles shows positive values.

FIGURE 9 |Comparison of 2D resistivity distribution for transects 4 (top) and transect 5 (bottom) with data acquired using a unit electrode spacing of 0.5 m (left) and
0.25 m (right).
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will last until subsidence enhanced by rainfall cause the soil to
settle. Cavalcanti et al. (2018) and Pringle et al. (2008) reported
that resistivity generally decreases after burial. It should, however,
be noted that both studies did not show resistivity results acquired
immediately (a few days) after burial which would have allowed
for a more appropriate comparison with the result of this study.
While it is thought that the process of soil excavation and
backfilling during the establishment of a grave increases the
soil porosity within the grave (Scott and Hunter, 2004; Jervis
et al., 2009), which should result in decrease in resistivity
following the petrophysical model developed for saturated
medium (Henry, 1997; Choo et al., 2016; Cai et al., 2017), our

results acquired 2 days after burial show an opposite trend with
an increase in resistivity observed in all graves including the
control graves.

Post-burial resistivity results measured 1, 2, and 6 months
after burial generally show decreasing resistivities in all the graves
with stronger decreases in the graves with human remains and the
decrease highest in the mass grave. The decrease is more rapid for
the first 2 months than 6 months after burial (Figures 5, 6). We
interpret the decrease in resistivities to result from 1) preferential
infiltration within the graves, resulting in an increasing soil water
content and 2) decay of the human cadavers which would have
produced a conductive leachate from liquified soft tissues. Hence,

FIGURE 10 | Soil electrical conductivity (top row), temperature (middle row), and volumetric moisture content (bottom row) measured in the mass grave.
Highlighted locations 1 to 4 are dates when post-burial geophysical measurements were conducted.
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with only the effect of infiltration expected within the control
graves, their resistivity decrease should be less than the
corresponding decrease in the graves with human remains
where both increase in soil water content and conductive
leachate from decay contribute to the observed resistivity
decrease. This is, indeed, what our data over a 6-month
period show.

Resistivity changes in graves with human remains after burial
could be subtle and difficult to quantify if we rely only on direct
comparison of successive timesteps. Time-lapse inversion results
shown in Figure 8 visualize the resistivity changes attributed to
the graves in comparison with measurements made prior to
burial taken as the background resistivity. The time-lapse
inversion results emphasize the stronger low-resistivity
anomaly around the mass grave than that of the single graves,
making resistivity even more viable for locating mass graves. In
addition, while results of measurements acquired 1 and 6 months
after burial do not show significant changes in regions with the
graves (Figures 5–7), which would make it difficult to identify
them in a blind study, the time-lapse results (Figure 8) show
changes in resistivity when compared to the background. This
makes the grave identifiable in the 2D resistivity images.
Although time-lapse measurement may not always be feasible
due to time and logistical constraints during the search for
clandestine individual or mass graves, time-lapse studies can
provide support for human decomposition research because
they can relate to the temporal processes of decay.

The 3D resistivity model shown in this study allows a
volumetric visualization of the resistivity anomalies attributed
to the graves and improves the delineation of their dimensions.
The 3D model offers a unique advantage of providing additional
information on the lateral and depth extent of the graves. The
resistivity volume rendering in Figure 7 (column 3) particularly
highlights resistivity anomalies as 3D shapes corresponding to the
graves for measurement carried out 2 days and 2 months after
burial but not for measurements carried out 1 and 6 months after
burial. The difficulty in identifying the grave for measurements
acquired 1 and 6 months after burial is due to the presence of
multiple anomalies in the model not related to the graves that
make identifying the graves difficult. This effect can be associated
with the decrease in sensitivity of the quasi-3D resistivity models
described as pseudo 3D models by Yang and Lagmanson (2006)
compared to a true 3D model. While this provide an argument in
favor of testing a true 3D data acquisition in a forensic context to
assess its value, it should be noted that such true 3D data
acquisition is resource-intensive, requiring more field
electrodes, suitable instrumentation, and data acquisition and
processing times.

A comparison of the results of 2D resistivity distribution using
0.5- and 0.25-m unit electrode spacing (Figure 9) show
improvement in the resolution of the resistivity anomaly
resulting from the graves when a smaller unit electrode
spacing is used. The structure of the anomaly is better
resolved with a thin high-resistivity structure overlying a low-
resistivity structure. The high-resistivity structure can be
interpreted as the backfilled soil layer overlying the buried
bodies. While such improvement in resolution is useful, it is

important to note that the data acquisition time and effort
increases by a factor of 4. While data acquisition with 0.5-m
unit electrode spacing would require only 42 electrodes to be laid
out with an acquisition time of 15.2 min, using a unit electrode
spacing of 0.25 m would require laying out 84 electrodes and an
acquisition time of 57.4 min and twice the setup time.

Generally, 2D and quasi-3D resistivity results in this study clearly
show locations of the graves with identifiable resistivity anomalies
over time demonstrating the efficacy of resistivity as a noninvasive
forensic search tool for locating clandestine graves and supporting
human decomposition research. The measured anomalies, however,
show temporal variations with the individual graves not easily
identifiable in the 2D and 3D models for data acquired 1 and
6months after burial. The changes in soil electrical conductivity,
temperature, and volumetric water content (Figure 10) show
variations which may partially account for this temporality in the
resistivity signals. Measurement carried out 2months after burial
matches a time when soil moisture, temperature, and water contents
were high corresponding to a strong resistivity contrast in the graves,
while measurement carried out 6months after burial matches time
with comparatively lower temperatures and electrical conductivities
and low-resistivity contrast between the graves and surrounding soils.
Jervis and Pringle (2014) and Pringle et al. (2016) showed that the
measured resistivity in graves varies with soil moisture and
precipitation volume. While our study appears to support this
conclusion, measuring the soil properties over a longer duration
as planned in this study and comparing that with weather data for a
similar time range will help us effectively compare the temporality in
measured resistivity anomalies with changes in soil properties and
climate variables.

CONCLUSION

This study validates the potential of 2D and 3D ERT as a
noninvasive tool for forensic scientists in the search for
clandestine mass and individual graves and as an imaging
technique to support human decomposition research. We used
both forward numerical simulation and field measurement of 2D
and quasi-3D electrical resistivity to image the graves and assess
the effects of disturbed ground and the presence of decaying
human remains and conductive decomposition products within
the graves. The measured resistivity anomaly is higher in the case
of the mass grave with multiple human remains than in the
individual graves containing single cadavers. This confirms
stronger capability of electrical resistivity in isolating
anomalies associated with mass graves than individual graves.

Forensic applications of ERT remain limited because it takes
more time to collect data than other geophysical methods such as
GPR or electromagnetic imaging, and it requires fixing electrodes
to the soil which is not possible in built-up areas and where the
surface is covered with concrete or asphalt. However, ERT should
not be dismissed as unsuitable for forensic investigations
especially in light of advances in instrumentation that address
some of these shortcomings. For example, state-of-the-art
multichannel acquisition equipment such as the equipment
used in this study can measure potentials between several
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pairs of electrodes simultaneously during the same current
injection, which significantly decreases the time to collect data;
mobile-probe arrays such as the Geoscan RM85 with PA20 frame
or MSP40 platform (Geoscan Research, Clayton UK) allow for
more rapid covering of a survey area and capacitively coupled
electrodes such as the OhmMapper technology (Geometrics, San
Jose, California) provide an alternative where classical electrodes
cannot be attached to the ground. A subsequent study could
compare aspects of acquisition and imaging for various methods
and different types of equipment applied at a forensic test site. At
minimum, our results prove that ERT can serve as a useful follow-
up technique for a more targeted investigation after an initial
scanning with GPR and before excavations are carried out on
potential burial anomalies, especially where anomalies detected in
GPR seem ambiguous or the ground produces a lot of scatters in
the radar data.

Our results show the usefulness of forward modeling of resistivity
data before data collection. Typically, ERT results are based on data
collected along lines of equally spaced electrodes and using standard
injection-measurement pairs (e.g., dipole–dipole, Wenner, and
Schlumberger). Forward modeling in this study allowed us to
select spacing and array type based on optimal efficiency. We
envision that such a forward modeling approach can be extended
to real 3D resistivity data acquisition, using a grid of electrodes as
opposed to the standard lines and unconventional electrode setups.
The approachmay further be extended to applyingmachine learning
during data acquisition to guide the optimal electrode arrangement
given the already measured data. The potential for ERT has not been
exhausted and in our opinion continues to hold promise for forensic
searches.
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