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The magnetic permeability
signature in high-frequency
electromagnetic data modeling:
a case study for GPR
approximation

Alejandra I. Sánchez* and Luis A. Gallardo

Department of Applied Geophysics, Centro de Investigación Científica y de Educación Superior de
Ensenada (CICESE), Ensenada, Mexico

Ground penetrating Radar (GPR) is a high-frequency geophysical prospecting
method whose signal is affected by dielectric permittivity (ε), electrical
conductivity (σ) and magnetic permeability (μ), but it is common practice
to assume that magnetic permeability has a negligible influence on
electromagnetic (EM) fields in geophysical applications. In this paper, we analyze
the distinctive effect of magnetic permeability on the radar signal. To evaluate
the transit of an electromagnetic wave, we developed a finite-difference time-
domain (FDTD) algorithm that accounts for ε−,μ−, and σ− heterogeneities. Using
a hypothetical coupled-layer model and an archaeological test example, we
demonstrate the importance of considering magnetic permeability in numerical
EM modeling, concluding that magnetic permeability is as relevant as the other
property variations and also is the only property that simultaneously affects the
velocity and attenuation of the electromagnetic wave and produces a unique
energy partition unpredicted by any combination of the other two EMproperties.

KEYWORDS

archaeological geophysics, electromagnetic properties, ground penetrating radar
(GPR), magnetic permeability, GPR modeling

1 Introduction

Ground penetrating Radar (GPR) is a non-invasive, high-resolution and highly
versatile geophysical prospecting method with diverse applications. The range of radar
applications is vast due to their high frequency signal and the wide range of electromagnetic
property variations. It is commonly used in geotechnical studies to locate pipes and to
determine concrete and pavement conditions in buildings and paved-roads (Cassidy et al.,
2011; Zhou and Zhu, 2021), to identify buried objects in forensic geophysics (Schultz
and Martin, 2012; Aditama et al., 2015), to locate mines and unexploded ordnances
(Steven et al., 2010; Giannakis et al., 2016), in studies of glaciers and permafrost
(Hamran et al., 1998; Woodward and Burke, 2007), and to monitor water content
in rocks (Klotzsche et al., 2018; Zhou et al., 2019). It is also common to combine
the GPR studies with other geophysical or teledetection techniques. For example, to
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FIGURE 1
Ranges of relative permittivity values for various materials. Data combined from the compilations of Butler (2012), Reynolds (2011) and Reichard (2020).
Note the coincidence of the permittivity values for most materials and that values lie within two orders of magnitude.

detect deformation zones or subsidence areas (Alonso-
Díaz et al., 2023; La Bruna et al., 2024) or in forensic studies
(Berezowski et al., 2024; Molina et al., 2024), among other
applications.

In archaeology in particular, it is commonly used alone or
in combination with other geophysical techniques to search for
buried remains, mounds, settlement patterns and ancient buildings
(Conyers et al., 2019; Ortega-Ramírez et al., 2020). For instance,
coincidences have been found in the results of magnetic exploration
and GPR, as in the work of Bianco et al. (2024), who demonstrated
the advantages of an integrated interpretation of magnetic and
GPR data in archaeological structures. This implies that a magnetic
signature exists in both data types, but the underlying magnetic
signature in radar data is poorly studied.

It is noticeable that, even in low-frequency electromagnetic
(EM) signals, some studies address the importance of magnetic
permeability. Pavlov and Zhdanov (2001) analysed the influence
of magnetic permeability in TDEM surveys. Noh et al. (2016)
evaluated the effects of conductivity and magnetic permeability in
the frequency domain controlled-source EM methods. Xiao et al.
(2022) studied the resistivity and magnetic susceptibility responses
for a 3D Controlled-source audio-frequency magnetotellurics
modeling. Heagy and Oldenburg (2023) considered how magnetic
permeability contributes to the EM response of a cased well in
grounded source EM experiments. Qiao et al. (2025) analysed

numerical experiments for a marine magnetotelluric approach
considering variations in conductivity and magnetic permeability
for 3D modeling. Notably, all of them concluded that the magnetic
permeability influences the EM signal.

By being the highest frequency EM technique, it seems
reasonable that the three properties must also be considered
in radar data. Some authors have studied the effect of μ on
radar signal transmission. Olhoeft (1998) demonstrated the
importance of electrical, magnetic and geometric properties in radar
electromagnetic modeling. Lazaro-Mancilla and Gómez-Treviño
(2000) considered variations in the three electromagnetic properties
in horizontal layers in the frequency domain and used propagation
matrices to obtain the surface electric field. Pettinelli et al. (2007)
analyzed the effect of electrical and magnetic properties on wave
attenuation for different scenarios of the Martian surface. Cassidy
(2008) investigated the attenuation and propagation characteristics
of GPR signal for a range of nano-to-micro scale quartz/magnetite
mineral mixtures. He determined that even with relatively low
amounts of magnetite, the magnetic materials can considerably
affect signal attenuation. Persico et al. (2012) used 3-D experimental
data and a two-dimensional Born approximation to explore the
influence of dielectric and magnetic properties on the radar signal.
They pointed to an interesting relationship between permittivity
and permeability. In a laboratory experiment, Van Dam et al. (2013)
described the effect of magnetite on the radar signal, and they
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FIGURE 2
Ranges of electrical conductivity (adapted from Palacky (2012). Note the wide range (eight orders of magnitude) of the conductivity and the significant
conductivity variations for individual materials depending on specific material conditions.

FIGURE 3
Ranges of relative magnetic permeability adapted from Palacky (2012) and Reichard (2020). Note the three orders of magnitude variations and the
marked dominant groups identified as magnetic and non-magnetic.
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FIGURE 4
FDTD Yee distribution for a single 3D cell (left) showing the electric (blue) and magnetic (orange) field components. Individual elements for TM and TE
modes are shown in the right panel.

concluded that themagnetite significantly reduces the speed of radar
waves. As in the EM low frequency signals, these authors concluded
that the magnetic permeability influences various characteristics of
the GPR signal.

Although the effect of ferromagnetic materials in the GPR
signal has been studied, it is still unclear whether this signal
is individually distinguishable from those produced by dielectric
permittivity and electrical conductivity or not. It is also arguable if
magnetic permeability contrast could significantly influence radar
signals so as to be noticeable in geophysical data modeling and,
ultimately, whether we should be able to infer this magnetic
permeability contrast in an inverse problem. We posit that magnetic
permeability does affect the observations differently from either
electric permittivity or conductivity contrasts and should thus be
considered in radar signal modeling and inversion.

This paper analyses the separate and combined influence of the
three electromagnetic properties in EM wave propagation at the
frequency range of radar signals. The finite-difference time-domain
(FDTD) method was implemented to compute the EM response.
We compare the computed fields with those from the widely used
software gprMax (Giannopoulos, 2005; Warren et al., 2016). We
then test if the electromagnetic response of the three properties
can be individually distinguished in its propagation through the
different media or in its interaction in the medium’s interfaces. We
also explore the existence of a response that cannot be reproduced if
magnetic permeability variations are ignored.

2 Electromagnetic rock properties

For ground penetrating radar, the equations that govern the
electromagnetic phenomenon are Maxwell’s equations, which, in
vector notation, are written as:

∇ ⋅D = ρ, (1)

∇ ⋅B = 0, (2)

∇×E = −∂B
∂t
, (3)

and

∇×H = J+ ∂D
∂t
. (4)

In these expressions, E is the electric field vector, ρ is the electric
charge density, H is the magnetic field vector, J is the electric
current density vector, B is the magnetic flux density and D is the
electric displacement. To fully couple these equations, we consider
the constitutive relationships for linear, isotropic and non-dispersive
materials given by: D = εE, B = μH and J = σE.

More commonly, ε is expressed as a relative permittivity
(εr- dimensionless) with respect to permittivity in the vacuum
(εo = 8.854× 10−12F/m) as ε = εrεo; similarly, the magnetic
permeability can be expressed in terms of the permeability of free
space (μo) as μ = μrμo, where μo = 4π× 10

−7H/m and μr is the relative
permeability (dimensionless).

In a magnetically homogeneous medium, Equations 3,4, can be
combined in a single expression, known as the Helmholtz equation
for EM propagation:

∇2E− με∂
2E
∂t2
− μσ∂E

∂t
= 0. (5)

For a magnetically heterogeneous medium, however, the
Helmholtz equation is more complex, and a different scheme is
preferred for modeling (Noh et al., 2016; Pavlov and Zhdanov,
2001). Despite this, in electromagnetic modeling, it is common
practice to assume either that variations in μ are small and to
consider μ = μ0 or to attribute all the differences in geophysical
responses to ε or σ variations. In GPR applications, the most
obvious choice is to combine these three properties into two
coefficients (με and μσ); however, as we may observe in the
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FIGURE 5
Schematic FDTD algorithm flowchart for numerical modeling.

following sections, this assumption has noticeable consequences in
the numerical modeling of electromagnetic fields in heterogeneous
materials.

The importance of considering magnetic permeability in
EM modeling starts from their natural variations in minerals
and rocks. It is currently acknowledged that common Earth
materials have at least a two-order of magnitude variation in
each one of these three electromagnetic properties (Figures 1–3);
therefore it seems reasonable that they all may produce
an electromagnetic radar response. From the comparative
analysis of the summarizing figures, we can remark the
following:

1. The material’s dielectric permittivity varies within a
much narrower range than conductivity, even under the
influence of various fluid (water or air) concentrations.
Variations are due to particular sample conditions such as

its porosity, the presence of water, its degree of compaction,
etcetera.

2. Within their ranges of variation, the presence of water
influences notably both the dielectric permittivity and
conductivity, whereas magnetic permeability is particularly
independent of the water content. In fact, magnetic
permeability is the electromagnetic property most influenced
directly by mineral composition.

3. Some common target materials in radar exploration, such as
basalt, polar ice, etc., can be equivocally characterized by the
combined values of the three properties.

Conceding that, for Earth materials, heterogeneities in the
three EM properties exist and are relevant, we now face the
challenge of computing their influence in radar data using directly
Equations 1–4.
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FIGURE 6
Selected traces of E (top row) and H (bottom row) fields computed for
a test model. The responses from our algorithm are shown in blue,
and those from gprMax are in red.

3 FDTD numerical modeling of radar
signals for full heterogeneous models

Finite-difference time-domain (FDTD)
The FDTD method allows solving a coupled set of equations

in discrete steps in time and space. It has long been used as
a common strategy in seismological modeling, e.g., Virieux and
Madariaga (1982), and Komatitsch and Martin (2007), among
others. In electromagnetic modeling for geophysical applications,
the method has been widely used since the early 90s (Holliger and
Bergmann, 1998; Lampe et al., 2003; Cabrer et al., 2022); many of
these publications, however, consider μ equal to μo.

We start our development from Equations 3, 4, using a leapfrog
scheme to approximate the time derivatives. The time-step leapfrog
schemewas first applied to the solution ofMaxwell’s equations byYee
(1966). The Yee cell discretizes the electric and magnetic fields in
time and space so that both fields are intertwined. This scheme
is known to be second-order accurate, enables computationally
efficient time progress, and reduces memory storage.

For the three-dimensional case, Faraday’s and Ampere’s
Equations 3, 4 can be expressed as follows:

∂Ex
∂t
= 1
ε
(
∂Hz

∂y
−
∂Hy

∂z
− σEx − Jx), (6)

∂Ey
∂t
= 1
ε
(
∂Hx

∂z
−
∂Hz

∂x
− σEy − Jy), (7)

∂Ez
∂t
= 1
ε
(
∂Hy

∂x
−
∂Hx

∂y
− σEz − Jz), (8)

μ
∂Hx

∂t
= −(

∂Ez
∂y
−
∂Ey
∂z
), (9)

μ
∂Hy

∂t
= −(

∂Ex
∂z
−
∂Ez
∂x
), (10)

and

μ
∂Hz

∂t
= −(

∂Ey
∂x
−
∂Ex
∂y
). (11)

We apply the FDTD scheme in a Yee (1966) grid to
Equations 6–11. A schematic diagram of the Yee array is presented
in Figure 4 and the relevant update equations for the Ex and Hx
components are given by Equations 12, 13:

Ex|
i,j,k
t+Δt  =  
(1− Δtσ|i,j,k

2ε|i,j,k
)

(1+ Δtσ|i,j,k

2ε|i,j,k
)
Ex|

i,j,k
t +

1

(1+ Δtσ|i,j,k

2ε|i,j,k
)

Δt
ε|i,j,kΔy
(Hz|

i,j,k
t+Δt/2 −Hz|

i,j−1,k
t+Δt/2)

− 1

(1+ Δtσ|i,j,k

2ε|i,j,k
)

Δt
ε|i,j,kΔz
(Hy|

i,j,k
t+Δt/2 −Hy|

i,j,k−1
t+Δt/2) (12)

and

Hx|
i,j,k
t+Δt/2 =  Hx|

i,j,k
t−Δt/2 −

Δt
μ|i,j,kΔy
(Ez|

i,j+1,k
t −Ez|

i,j,k
t )

+ Δt
μ|i,j,kΔz
(Ey|

i,j,k+1
t −Ey|

i,j,k
t ) . (13)

For a two-dimensional case, the EMfields propagate in two fully-
decoupled modes: the transverse electric (TE) and the transverse
magnetic (TM) modes.

We will work with the TM mode, where the update equations
for Ez (Equation 14), Hx (Equation 15) and Hy (Equation 16)
are:

Ez|
i,j
t+Δt  =  
(1− Δtσ|i,j

2ε|i,j
)

(1+ Δtσ|i,j

2ε|i,j
)
Ez|

i,j
t +

1

(1+ Δtσ|i,j

2ε|i,j
)

Δt
ε|i,jΔx
(Hy|

i,j
t+Δt/2 −Hy|

i−1,j
t+Δt/2)

− 1

(1+ Δtσ|i,j

2ε|i,j
)

Δt
ε|i,jΔy
(Hx|

i,j
t+Δt/2 −Hx|

i,j−1
t+Δt/2) (14)

for the electric z component, and:

Hx|
i,j
t+Δt/2 =Hx|

i,j
t−Δt/2 −

Δt
μ|i,jΔy
(Ez|

i,j+1
t −Ez|

i,j
t ) (15)

and

Hy|
i,j
t+Δt/2 =Hy|

i,j
t−Δt/2 +

Δt
μ|i,jΔx
(Ez|

i+1,j
t −Ez|

i,j
t ) (16)

for the magnetic x and y components.
Similarly, for the one-dimensional FDTD case, the Maxwell’s

equations are reduced to:

Ex|
k
t+Δt =
(1− Δtσ|k

2ε|k
)

(1+ Δtσ|k

2ε|k
)
Ex|

k
t −

1

(1+ Δtσ|k

2ε|k
)

Δt
ε|kΔz
(Hy|

k
t+Δt/2 −Hy|

k−1
t+Δt/2)

(17)
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FIGURE 7
Electric (left) and magnetic (right) fields for two contrasting layers, considering separated variations for εr, μr and σ. The (a) and (b) panels represent the
EM wave before it arrives at the transition zone. The (c) and (d) correspond with variations only in ε. In (e) and (f) traces, the propagation corresponds
with μr1 = 1.1 for the first medium and μr2 = 3 for the second in blue. Finally, only the electrical conductivity σ is changing in the (g) and (h) panels. Notice
the differences in the amplitude and polarity of the transmitted and reflected waves in the transition zone in each one of the cases.

and

Hy|
k
t+Δt/2 =Hy|

k
t−Δt/2 −

μ|kΔt
Δz
(Ex|

k+1
t −Ex|

k
t ) . (18)

The above equations represent the necessary components
for the 1D and 2D electromagnetic wave propagation for
numerical modeling.

In all our experiments, an incomingGaussian signal with central
frequency 200 MHz was used as a source. To have an adequate
discrete representation the grid spacing must be sufficiently small
to resolve the shortest wavelength. For this, we select 35 point
per wave length (min(Δx,Δy,Δz) ≤ v/35 f, where v is the speed of
propagation of the wave and f the frequency), that is superior to the
Nyquist sample criterion. To ensure numerical stability, the time-
space steps are constrained to satisfy the Courant-Friedrich-Lewy
(CFL) condition:

Δt < 1

co√
1

Δx2 +
1

Δy2
+ 1

Δz2

. (19)

To reduce spurious waves reflected from the edges of the
model we adapt the Perfectly Matched Layer (PML) method for
the coupled solution of Ampere’s and Faraday’s laws considering
the three EM properties, (e.g., Berenger, 1994). The basic
considerations for developing this formulation can be found in
Supplementary Appendix A. The adapted PML equations for the
corresponding Equations 14, 15, for the two-dimensional TMmode:

Ez|
i,j
t+Δt =mEz1Ez|

i,j
t +

1
dEz
( Δt
ε|i,j

CH
z |

i,j
t+Δt/2)+

1
dEz
(−

σ′x|
i,jσ′y|

i,jΔt2

ε|i,jε2o
IEz|

i,j
t ),

(20)

where σ′x and σ′y are the fictitious values for the PML
formulation, and:

dEz = 1+
σ′x|i,j + σ′y|i,jΔt

2εo
+
σ′x|i,jσ′y|i,jΔt2

4ε2o
+
σ|i,jΔt
2ε|i,j
, (21)

mEz1 =
(1−

σ′x|i,j+σ′y|i,jΔt
2εo
−

σ′x|i,jσ′y|i,jΔt2

4ε2o
− σ|i,jΔt

2ε|i,j
)

dEz
, (22)
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FIGURE 8
An illustration of the two-dimensional TM-mode array distribution for
the coupled layer model. The observation plane lies on the x-y plane.

IEz|
i,j
t =

T

∑
t=0

Ez|
i,j
t ; CH

z |
i,j
t+Δt/2 =

Hy|
i,j
t+Δt/2 −Hy|

i−1,j
t+Δt/2

Δx
−
Hx|

i,j
t+Δt/2 −Hx|

i,j−1
t+Δt/2

Δy
.

(23)

Similarly, the Hx component is giving by:

Hx|
i,j
t+Δt/2 =mHx1Hx|

i,j
t−Δt/2 +

1
dHx
(− Δt

μ|i,j
CE
x |
i,j
t )+

1
dHx
(−

σ′x|
i,jΔt2

εoμ
ICEx|

i,j
t ),

(24)

with the coefficients:

dHx = 1+
σ′y|i,jΔt
2εo
; mHx1 =

(1−
σ′y|i,jΔt
2εo
)

dHx
; ICEx|

i,j
t =

T

∑
t=0

CE
x |
i,j
t ;

(25)

CE
x |
i,k
t =

Ez|
i,j+1
t −Ez|

i,j
t

Δy
. (26)

The Equations 12, 13, which correspond to the 3D formulation,
were developed for future work; however, in the following sections,
we focus our results on one and two-dimensional models. In
this context, the Equations 16–26 were used for modeling the
EM propagation. The implemented flowchart of the algorithms
is shown in Figure 5.

As a first test to gauge the results obtained from this algorithm,
we compare the fields computed for a homogeneous medium with
those of the well-known software gprMax (Warren et al., 2016).
For this experiment we set εr = 3, μr = μ0 and σ = 0.00001 S/m and
selected a source with a central frequency of 300 MHz. In Figure 6
we superimpose the Ez and Hx field components traces from our
FDTD algorithm and those resulting from gprMax. As seen in
the traces, the waveforms resemble each other within one order
of magnitude and may be considered a fair approximation for the
numerical modeling.

4 The magnetic permeability in the
transmission and reflection of em
waves

In the following numerical experiments, we consider variations
in each EM property to analyse the influence of each one of them on
the radar signal and its combination for a simultaneous effect. We
modelled electric and magnetic components to analyse the effect in
both fields.

Since EM field propagation depends on dielectric permittivity,
electrical conductivity and magnetic permeability, we expect that
each one of these properties affects the radar signal differently,
and even though their effects combine into a single EM signal,
they can still be individually distinguished. So, to identify their
combined effects, we resource to one and two-dimensional models
with different physical properties and compute the electric and
magnetic fields as they propagate through the media.

To illustrate and explain the differences in reflectivity
mechanisms when facing electromagnetic ε,μ or σ property contrast
we use amodel with two contacting homogeneousmedia (Figure 7).
The top panels show fields at time 8 ns when they are still travelling
through the first media with εr1=3, μr1=1.1and σ1=0.0001 S/m”.
In the following rows, we illustrated the same fields at time 9.4 ns
once the signal impinged on the contrasting interface varying only
permittivity (εr2=8, Figures 7c, d), magnetic permeability (μr2=3,
Figures 7e, f) and conductivity (σ2=0.01 S/m, Figures 7g, h).” From
our results, we may summarize the following observations: a) a
change in properties determines the fraction of energy transmitted
or reflected in both media, b) the polarity of the reflected with
respect to the transmitted wave changes in E and H fields, this
change in polarity provides evidence whether the change is in ε
or μ and c) conductivity produces mainly an attenuation effect in
the signal.

From these 1D experiments, however, we cannot observe
any implications related to geometrical divergence. For this, we
conducted the two-dimensional experiments of the following
sections. In the example from the next section, we explore a 2D EM
wave propagation through two media with identical wave speed and
attenuation constants, but different μ values so as tomake both layers
equivalent in the Helmholtz framework. We refer to this example
as the coupled-layer model, which is intended to prove the need to
include the magnetic permeability in high-frequency EM modeling,
and the detectability of two layers for their sole change in μ. In the
last example, the effect of the magnetic permeability contrast on the
GPR signal is tested on an archaeologically relevant target.

4.1 Testing the need of magnetic
permeability in a “coupled-layer model”

Although the theoretical EM framework makes it obvious
that signal depends on μ, posing an example where its effect
is isolated from the other two properties does not exist in the
publish literature. For this, we design a coupled layer model with
two media with different EM properties but identical wave speed
(εμ) and attenuation (σμ) factors (Figure 8). In this experiment, an
incoming Gaussian signal with a central frequency of 200 MHz was
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FIGURE 9
E (left) and H (right) field traces for a model that includes variations in the three properties, designed for the coupled layer model (εr1μr1 = εr2μr2 , and
σ1μr1 = σ2μr2). The traces in the top panels show a propagation when μr1 = μr2 = μ0. Bottom panels show traces when μr1 ≠ μr2. Circles mark the reflected
wave unpredicted by the conventional radar modeling.

sampled with 35 points per wavelength to have an adequate discrete
representation.

Following Figure 8, we set εr1 = 1, μr1 = 10 and σ1 = 0.0001 S/m
for the upper layer and εr2 = 10, μr2 = 1 and σ2 = 0.001 S/m for the
deepest layer. In thismodel, εμ and σμ products are the same for both
media, so, according to the Helmholtz framework, the propagation
of the electromagnetic wave through all numerical space should be
identical.

Figure 9 shows the electric and magnetic field traces at an
observation point at the surface. In the first row of Figure 9, the
magnetic permeability is set equal to μo (as it is commonly assumed
in radar modeling so μr1 = μr2 = μo). The second row of Figure 9,
shows the field for the coupled layer model considering layers
with equivalent wavelength, velocity, attenuation, and discretization
parameters but μ ≠ μo. In these traces, the reflectedwave at time 0.5×
10−7s (marked with a red circle) can only be predicted if magnetic
permeability contrasts are considered for numerical modeling.

The snapshots and shot gathers in Figure 10 show the actual EM
wave travelling through the same coupled layer model. Note that
the marked reflection would not exist if magnetic permeability was
constant, as in the Helmholtz framework (Equation 5). While this
examplemay be difficult to find in nature, it shouldmake evident the
need to includemagnetic contrast in the numericalmodeling of high
frequency EM waves, otherwise, the wave propagation would act as

if there were only one propagationmedium and the signal masks the
transition zone.

These experiments show the need to consider magnetically
heterogeneous media, which is not implemented in most
geophysical EM modeling approaches.

4.2 Testing the relevance of magnetic
permeability: the Olmec head example

The Olmec heads (Figure 11) are sculptures of members of the
nobility of the ancient Olmec culture carved in volcanic stone.
These sculptures were found in Quaternary coastal alluvial deposits
associated with the currents of the Coatzacoalcos and Uxpana rivers
in San Lorenzo Veracruz, Mexico. These 1− 2.7 m sized stone
boulders are allochthonous to the river bank and were brought from
the Cerro Cintepec volcano near the Sierra of Los Tuxtlas. As many
as 124 stone sculptures have been discovered since the 60s and some
geophysical studies were developed in the area, starting from the
pioneering work of Breiner and Coe (1972), and it is suspectedmore
are still buried.

Despite their size and allochthonous origin, precise
identification of these colossal archaeological remainsmay still be an
interesting target for GPR surveys. Besides natural water moisture

Frontiers in Earth Science 09 frontiersin.org

https://doi.org/10.3389/feart.2025.1632441
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Sánchez and Gallardo 10.3389/feart.2025.1632441

FIGURE 10
Two-dimensional snapshots (top panels) and radar trace gathers (bottom panels) for the EM wave propagated through the model illustrated in Figure 8.
The dotted line in each snapshot indicates the location of the layer boundary; the reflection remarked with red arrows cannot be recovered if μ is
considered as μo.

FIGURE 11
Historic photograph and schematic diagram of the Olmec Head example (left) and our selected model parameters for the Olmec example (right).
Image credit Richard Hewitt Stewart/National Geographic Creative, Olmec Colossal Head, Monument 1, San Lorenzo, 1946, in Matthew Stirling,
National Geographic, Washington.

alterations, the magnetic permeability of the basalt stone may be
the most contrasting feature, and its identification in the signal
should lead to the distinction of these volcanic boulders. In this
scenario, modeling and identifying themagnetic permeability signal
in the GPR data becomes a key element. In Figure 11, we sketch
the hypothetical head models and our selected electromagnetic
properties.

To illustrate the differences in the actual electric field
propagating through the Olmec head, we present some
snapshots in Figure 12. Note that after 18 ns, the wave reaches and
interacts with the target.

To simulate the GPR response of these archaeological remains,
we used characteristic properties of the material where the Olmec
heads were discovered. The sedimentary rocks of the San Lorenzo
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FIGURE 12
Selected 2D- Ez snapshots for the Olmec Head example. Circle denotes the location of the set basalt Olmec’s Head, from the geometry models
in Figure 11.

area correspond to Miocene and Jurassic deposits of coastal marine
origin; they are a sequence of sands and clay sedimented in a marine
and shallow-water environment. The rock materials in this area
are structured in a layer of compacted coarse-grained sands with
clays over finer-grained sands mixed with interspersed clays with
high carbon content deposits. The basalt properties selected for
the numerical models of Figure 13 are different for μr, but εr and
σ are held constant for all the examples (εrbasalt = 12 and σbasalt =
0.0001 S/m).

Figure 13 shows an example of our computed E- and H- fields.
For this experiment, we explore three scenarios using the magnetic
permeability values for basalt from the seminal work of Breiner and
Coe (1972) in the area of San Lorenzo: i) μrbasalt = 1 (the standard
assumption), ii) μrbasalt = 2.5 and iii) μrbasalt = 4.5. In this example, the

hypothetical Olmec head is approximately 1 m in size and is buried
at 0.6 m.

We cannotice interesting differences in thewaveform, amplitude
and travel time of the reflected EM wave on the set target. These
differences result solely from magnetic permeability variations,
confirming the relevance of μ for this archaeological target.

In Figure 13, we observe that the first reflected wave increases
its amplitude when μ increases (red dot line), whereas the second
reflected wave (marked with a red circle) delays and decreases
its amplitude when traversing through the Olmec head with
an increased magnetic property. Additionally, we can notice an
attenuation of the second reflected wave with the increment in
magnetic permeability, so we can conclude that magnetic properties
have a characteristic combined effect on the amplitude and delay of
the radar signal.
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FIGURE 13
Two-dimensional radargrams for the Ez (left) and Hy (right) components for the Olmec Head example. The (a,b) panels correspond with μrbasalt = 1 as in
a traditional radar scheme modeling. Notice the effect from (c–f) panels because of the increment in magnetic permeability, highlighted with red
circles. If the variations in magnetic permeability are not considered for modeling, these effects go unnoticed.

To simulate a more realistic scenario for the San Lorenzo
examples and explore the complexity added by a conductive layer,
we added a hypothetical clay layer above and below the Olmec
head. The results (Figure 14) show that the clay layer attenuates
the EM signal effectively (see the red blur mark and arrows in the
figure); however, the position and thickness of this clay layer may
eithermask (top panels) or enhance (bottom panels) the target radar

response. This effect is especially noticeable for the magnetic field
component (right columns).

In general, we observed that the magnetic permeability
contrast notably influences the GPR response, thus facilitating
the detection of the target and setting the path for the joint
inversion of magnetic and GPR data for any modern archaeological
exploration.
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FIGURE 14
Two-dimensional radargrams for the Ez (left) and Hy (right) components for the Olmec Head example, including a clay cap. The (a,d) panels
correspond to the diagrams showing the clay cap position (thin yellow layer). The b, c, e and f panels correspond to the radargrams for the electric
(b,e) and magnetic (c,f) components.

5 Conclusion

In this work, a staggered E-H FDTD algorithm for radar
modeling was developed by using a coupled Faraday-Ampere
framework. The method considers heterogeneities in the three
EM properties for radar signal modeling: dielectric permittivity,
magnetic permeability and electrical conductivity.

As expected, when the EM wave travels through an
homogeneous media, each property affects their transit differently:
permittivity determines the wave propagation velocity and electrical
conductivity the wave attenuation whereas magnetic permeability
influences both aspects. Notably, our results show that the polarity
of the reflected vs. transmitted waves are very insightful; a change
in ε reverses the polarity of the E field and μ reverses the polarity of
the H field.

Contrasting values in the magnetic permeability affect not only
the transmission/diffusion of the EM wave but also the interactions
in the interfaces, resulting in reflected and transmitted waves that
cannot be replicated with the sole combination of ε and σ.

Our experiments show how measuring E and H fields
allows distinguishing variations from the three properties.
Currently, magnetic field components are not considered in
radar despite the fact they may contribute to the GPR signal
interpretation.

Whereas the combined effect of the radar properties in the
GPR signal canmake their interpretation challenging, the possibility
of use a full three electromagnetic property and both E-H fields

propagation for numerical modeling algorithms should lead to
a more accurate and discriminative interpretation of the data.
Concurrently, the potential acquisition of magnetic field in radar
surveys may also contribute to a more unique characterization of
the causing heterogeneities.

Given all these possibilities, it is interesting to considermagnetic
permeability not only in archaeological examples but also in other
applications where magnetic properties may be prominent, such
as unexploded ordnances, extraterrestrial explorations, borehole
studies and geotechnical studies.
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