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Abstract

This review provides an overview of three widely applied geophysical methods in archaeological
investigations: DC resistivity, magnetic, and Ground-Penetrating Radar (GPR). Each geophysical methods
are sensitive to distinct physical parameters and presents unique advantages and limitations in various site
conditions. DC resistivity is effective for mapping subsurface resistivity contrasts but is affected by highly
conductive soils; magnetic methods are rapid and sensitive to ferrous materials yet susceptible to cultural
and environmental noise; GPR offers high-resolution imaging of buried features, though its performance
diminishes in conductive, clay-rich, or water-saturated soils. Proper data acquisition, processing, and
interpretation require professional expertise to avoid misinterpretation, such as confusing noise with
true anomalies. This paper emphasizes the importance of selecting the appropriate geophysical method
based on site conditions and archaeological objectives, supported by literature-based evaluations.

Keywords: Archaeogeophysics; DC resistivity; Magnetic; Ground Penetrating Radar (GPR); Data
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Introduction

Archaeology is the study of human activity through the recovery and analysis of material
remains from ancient and extinct cultures [1]. One major branch of archaeological research
involves the excavation of ancient remains. Prior to conducting excavations, archaeologists
first review historical documents, old maps, travelers’ accounts, previous excavation reports,
and local oral histories to gather contextual information about the site. Following this
preliminary research, a comprehensive desk-based study is undertaken, incorporating these
historical records along with systematic field observations aimed at detecting potential surface
remains, such as fragments of fired ceramics or worked stone artifacts. The integration and
synthesis of these datasets provide the basis for determining the precise locations and scope
of subsequent excavation activities. Archaeological excavations often extend over many years,
sometimes spanning decades. For example, systematic excavations at Alaca Hoyilika major
Hittite cult center-began in 1935 [2] and continue to this day. Since the 1940s, geophysical
techniques have been widely employed globally for the investigation of archaeological
remains [3]. Various geophysical methods-including electrical, electromagnetic, and magnetic
techniques-are effectively utilized for mapping extensive areas.

Archaeologists refer to these field applications as Archaeological remote sensing,
Archaeogeophysics, or Archaeological Prospection [3] and [4], with “Archaeogeophysics”
becoming the prevailing term in recent years. Studies focusing on the dating of archaeological
objects (archaeomagnetic dating) or their provenance (isotopic provenance) provide valuable
insights into ancient trade and communication networks. These broader-scale investigations
are distinguished from archaeogeophysical surveys and categorized as Archaeophysics [5].
Rapid identification of archaeological objects for rescue or conservation purposes is termed
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“Rescue Archaeology” For instance, following the completion of
the Ilisu Dam in Tiirkiye, numerous ancient settlements, including
Hasankeyf will be submerged. In such rescue archaeology projects,
archaeogeophysical surveys enable the swift determination of
artifact locations, dimensions, and depths, facilitating expedited
salvage excavations. The application of geophysical methods
in rescue archaeology offers significant economic benefits. By
enabling faster and more accurate detection of subsurface remains,
geophysical surveys substantially reduce downtime and associated
costs during rescue excavations.

Based on surface surveys, archaeogeophysical investigations
using geophysical methods have become a standard preliminary
step for newly identified archaeological sites as well as for
guiding ongoing excavations. This review focuses on three
principal geophysical methods widely used in archaeogeophysical
investigations: Direct Current (DC) resistivity, magnetic, and
Ground-Penetrating Radar (GPR). Advances in instrumentation,
software, and interpretation techniques-driven by developments
in computer and electronic technologies-have greatly enhanced
their capability to produce accurate subsurface images. Recent
applications and case studies are presented to illustrate progress
in data acquisition, processing, modeling, and interpretation. The
distinct physical sensitivities of each method result in unique
strengths and limitations, which are discussed and compared in
detail.

Geophysical Methods

This section presents the three most commonly used
geophysical techniques in archaeogeophysics-DC Resistivity,
Magnetic, and Ground-Penetrating Radar (GPR)-covering their
fundamental principles, measured physical quantities, and recent
advances in data processing, modeling, and interpretation.

DC Resistivity method

Basic theory: The DC resistivity method is a well-established
geophysical technique sensitive to subsurface electrical resistivity
variations. It has been applied since the early 20 century [6,7]. In

Table 1: Evolution of DC resistivity acquisition speed.

this method, mainly direct current (I, in mA) is injected into the
ground through two current electrodes (A and B) and the resulted
potential differences (AV, in mV) is measured between two
potential electrodes (M and N). The measured values are converted
to apparent resistivity (pa, n m) using following equation.
Av
P.=k N2
where is the geometric factor (in meters) defined as:

k=27/(1/ AM -1/ AN =1/ BM +1/ BN)

The electrodes are generally made of stainless steel [8,9].
The arrangement of current and potential electrodes defines the
electrode array, and each electrode array has specific advantages
and limitations. In archaeogeophysical studies, dipole-dipole
and pole-dipole (left and right-sided) arrays are often preferred;
joint inversion of their data can yield better results than single-
array inversions using conventional Schlumberger or Wenner
configurations [10,11].

Data acquisition: Until the early 1990s, DC resistivity
surveys used a four-electrode system, with manual repositioning
of electrodes along the survey line. This was time-consuming,
requiring ~180minutes for 100 readings. Advances in electronics
and reduced component costs led to the development of multi-
electrode systems in the 1990s, which use more than 25 equally
spaced electrodes connected via a multiplexed cable to a control
unit. Computer-controlled switching enables automatic selection of
electrodes for current injection and voltage measurement, reducing
acquisition time for 100 readings to ~28minutes. From the mid-
1990s, multi-electrode, multi-channel systems (e.g., AGI SuperSting
R8/1IP, IRIS Syscal) were introduced, capable of recording voltages
on 8-10 channels simultaneously. These systems can acquire 100
readings in ~4minutes, enabling rapid collection of high-density
datasets suitable for 3D resistivity tomography (Table 1). Currently,
archaeogeophysical surveys typically use sounding-profiling
techniques along parallel survey lines to generate 3D resistivity
models [11-14]. This approach allows efficient mapping of buried
archaeological features.

System Type Period of Use Time for 100 Readings
Four-electrode 1920-1990 ~180 min
Multi-electrode Since 1990 ~28 min

Multi-electrode & multi-channel Since 1995 ~4 min

Data Processing, modeling, and interpretation: The DC
resistivity method is governed by the Poisson equation, which
relates current flow to subsurface resistivity distribution. Numerical
forward modeling simulates expected measurements, forming the
basis for inversion algorithms that estimate true resistivity values
from field data. In earlier archaeogeophysical applications, 2D
inversion was predominantly used to interpret DC resistivity data
[10,12,15]. However, recent studies increasingly favor 3D inversion,

as it offers improved spatial resolution and reduces inversion
artifacts [13,16-18]. An example workflow is shown in Figure 1,
where 3D DC resistivity inversion accurately delineated subsurface
archaeological structures, later verified through excavation. In
addition, deep learning algorithms have recently been applied
to enhance inversion results, improving the detection of subtle
archaeological features [19].
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Figure 1: Workflow of DC resistivity in archaeogeophysical studies (adapted from [37]). The survey used a dipole-
dipole array with 1m electrode spacing along, totaling 280 electrodes arranged in 28 positions along x and 10 along
y direction (taken web link [37]).

Magnetic Method
Basic theory

The magnetic method is one of the most widely applied
geophysical techniques in archaeogeophysics, often used alongside
DCresistivity surveys. [t measures variations in the Earth’s magnetic
field caused by contrasts in the magnetic properties of subsurface
materials. The Earth’s main magnetic field is approximately dipolar,
oriented from the magnetic south pole to the magnetic north pole
[20]. This field induces magnetization in rocks and soils, which
can be induced magnetization (aligned with the present-day field)
or remanent magnetization (permanent magnetization acquired
during formation or heating and cooling in the past). Archaeological
materials often possess enhanced magnetic properties due to
heating (e.g., in kilns, hearths, or burnt structures) or soil-forming
processes such as pedogenesis, which can enrich ferromagnetic
minerals like magnetite. The degree of magnetization is expressed
in terms of magnetic susceptibility (k), a dimensionless parameter.

Data acquisition

In most archaeological surveys, the measured parameter is

the total magnetic field intensity, expressed in nanoteslas (nT).
Anomalies in the magnetic field can indicate the presence of
archaeological features such as walls, ditches, pits, hearths, or metal
artifacts [20]. Magnetic data are acquired using magnetometers,
which differ in precision, advantages, and limitations depending
on the application (Table 2). Detailed reviews of magnetometer
types and their archaeological applications are available in
[21-23]. For large-area preliminary surveys, Proton Precession
Magnetometers (PPM) are recommended due to their robustness,
reliability, and cost-effectiveness, despite moderate precision. For
high-resolution site surveys where subtle magnetic anomalies
must be detected, Optically Pumped Magnetometers (Cesium or
Rubidium) are preferred because of their high sensitivity and
rapid data acquisition rates. When rapid mapping is required in
complex or urban environments, Overhauser Magnetometers offer
a good balance between sensitivity and operational simplicity. For
localized anomaly detection and detailed gradiometric surveys,
Fluxgate Magnetometers are ideal due to their portability, suitability
for gradient measurements, and ability to provide directional data.

Table 2: Common magnetometer types and precision comparison used in archaeological surveys.

Magnetometer Type

Typical Precision

Advantages

Limitations

Common Uses

Proton Precession
Magnetometer (PPM)

+0.1to InT

Simple, robust, reliable

Slow sampling rate; bulky
sensors

General surveys, regional
studies

Overhauser Magnetometer

+0.03 to 0.1nT

Higher sensitivity than
PPM; faster

Slightly more complex and
expensive

Archaeological &
environmental surveys

Optically Pumped

Very high precision; fast

High-resolution

data

affected by temperature

Magnetometers (Cesium, +0.01 to 0.03nT . More delicate; higher cost .
o sampling archaeological surveys
Rubidium)
Compact; good for Lower absolute accuracy; Detailed gradiometric
Fluxgate Magnetometer +0.1to InT gradiometry; directional Y g

surveys, borehole logging
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Magnetic gradiometry data

Magnetic gradiometer measures the spatial gradient (rate of
change) of the magnetic field over a short distance, typically by
recording the magnetic field at two different heights at each survey
point and calculating the difference (in nT/m). Any magnetometer
type listed in Table 2 can be configured for gradient measurements.
By measuring the gradient, this technique reduces the influence of
large-scale variations in the Earth’s magnetic field caused by solar
activity or other environmental factors. Magnetic gradiometry
enhances the detectability of subtle archaeological features that
may not be visible in total-field surveys. Because it suppresses
temporal variations and emphasizes local anomalies, magnetic
gradiometer measurement is the preferred approach for most
archaeological investigations.

Data processing, modeling and interpretation

In archeogeophysical surveys using magnetic gradiometers,
data processing differs from that of total-field magnetometer
data. Gradiometers measure the difference between two sensors
rather than the absolute field intensity, making them inherently
less affected by diurnal geomagnetic fluctuations and large-scale
regional trends. As a result, corrections such as diurnal correction
and Reduction to The Pole (RTP), which are essential for total-
field data, are generally unnecessary for gradiometer datasets.
Nevertheless, processing is essential to enhance archaeological
anomalies and minimize noise.

Common steps include:

a. Noise filtering-Removing high-frequency noise from cultural
interference or instrument limitations using low-pass filters
or smoothing.

b. Gradient filtering-Applying first- or second-derivative filters to
sharpen anomaly boundaries and improve resolution.

c. Spatial filtering-Using band-pass filters to isolate wavelength
components associated with archaeological features.

d. Interpolation and gridding-Converting irregularly spaced data
into regular grids for mapping and interpretation.

Because gradiometer data emphasize shallow, localized
sources, they are particularly effective for detecting subtle
archaeological features. Three-dimensional inversion of magnetic
gradiometer data is rare in archaeology [24]; instead, most datasets
are processed using specialized filtering and enhancement methods

[25-28].
Georadar (or Ground Penetrating Radar- GPR)
Basic theory

Ground Penetrating Radar (GPR), also known as Georadar,
is a non-invasive geophysical method that images the subsurface
by transmitting high-frequency Electromagnetic (EM) waves into
the ground and recording reflections from subsurface structures
[29,30]. The primary measured quantity is the two-way travel

time of the reflected EM waves, which depends on the dielectric
permittivity of the subsurface materials. Reflections occur at
boundaries where there is a contrast in dielectric properties-
such as between soil and masonry, or between sediment layers.
GPR transmits short EM pulses, typically between 10MHz to
3.5GHz, using a transmitter antenna. These waves propagate at a
velocity determined by the dielectric permittivity (¢) and magnetic
permeability (i) of the ground, given by:

V=C/\/;,

where c is the speed of light in vacuum and ¢_is the relative
permittivity. When the EM wave encounters a boundary between
materials with different dielectric properties, a portion of the wave
is reflected to the surface, while the rest is transmitted deeper.
The reflection coefficient depends on the contrast in permittivity
between the archeological target and the surrounding medium.

Data acquisition and processing

GPR surveys record the time delay between the transmitted and
received signals. With an estimated wave velocity, these times are
converted to depths. Multiple closely spaced profiles (radargrams)
can be compiled into 2D cross-sections or 3D volumes for
interpretation.

Basic interpretation generally involves:
a. Time-zero correction
b. Dewow filtering (removal of low-frequency drift)
c. Background removal (horizontal banding suppression)
d. Band-pass filtering within antenna bandwidth
e. Gain application (e.g., SEC, AGC) to compensate attenuation

These steps enhance anomaly visibility and allow recognition
of patterns in radargrams [31-33].

Detailed interpretation includes:

a.  Migration (to correct reflector geometry and collapse
diffractions)

b.  Velocity estimation (CMP surveys or hyperbola fitting)
c.  Time-depth conversion
d. 3D visualization (depth slicing and volume rendering)

These processes allow quantitative mapping of buried features
and integration with other datasets [31-34]. In archaeogeophysical
practice, basic interpretation is more commonly applied, but
detailed interpretation is increasingly adopted in research projects
to produce high-resolution 3D models.

Overview of the Geophysical Methods

In archaeological prospection, DC resistivity, magnetic, and
GPR are the three most widely used non-invasive geophysical
techniques. Each method relies on a different physical principle and
is sensitive to specific subsurface properties:
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a. DCresistivity methods measure potential differences resulting
from injected current; it is influenced by subsurface electrical
resistivity variations.

b. Magnetic methods measure the total magnetic field or its
spatial gradient, detecting anomalies caused by materials
with susceptibility or
magnetization.

contrasting magnetic remanent

c. GPR uses high-frequency EM waves to detect reflections at
boundaries with contrasting dielectric permittivity.

The performance of these methods depends strongly on
site-specific factors such as soil type, moisture content, and the
presence of cultural or natural noise sources (Table 3). Combining
methods often yields more reliable interpretations than using a
single technique (Figure 2).

Table 3: Comparison of three main geophysical methods in Archaeogeophysics.

Method Sensitive to Physical Parameters

Advantages Limitations

Electrical resistivity (target must
differ from the surrounding
medium)

DC Resistivity

1. Effective for detecting stone foundations,
walls, and moisture-filled ditches.

2. Performs well in clay-rich soils where
GPR is less effective.

3. Provides both depth and shape

4. Suitable for 3D modeling and

Time-consuming for large areas.

information.

visualization.

Magnetic susceptibility or remanent

1. Rapid coverage of large areas.

2. Effective for detecting fired structures

1. Highly sensitive to modern metallic
debris (nails, fences, vehicles).

medium)

Magnetic magnetization (target must differ (kilns, hearths), ditches, and soil 2. Reduced effectiveness in geologically
from the surrounding medium) disturbances. noisy areas (e.g., basalt).

3. Non-contact and non-invasive. 3. Limited depth penetration (<3-4m).

. - . 1. Poor performance in wet or clay-rich

1. High-resolution imaging of subsurface soils due to EM attenuation.
features.
2. Requires a relatively smooth ground
Dielectric permittivity (target 2. DeFects small-scale. struct.ures, surface.
GPR must differ from the surrounding stratigraphy, and buried objects.

3. Provides both depth and shape

4. Suitable for 3D visualization.

3. Sensitive to surface clutter and metallic

. ; interference.
information.

4. 3D visualization requires time-
consuming processing.

Magnetic
Gradiometer

DC
Resistivity

Successful
Archaeological
Excavation

eoradar

(GPR)

Figure 2: The best result by the combined use of three geophysical methods (taken from [37]).

Conclusion

This review has outlined the principles, strengths, and
limitations of three geophysical methods widely applied in
archaeological investigations: DC resistivity,
Ground-Penetrating Radar (GPR). Each method responds to

magnetic, and

different subsurface properties-electrical resistivity, magnetic
susceptibility, and dielectric permittivity, respectively-resulting in
varying effectiveness depending on site conditions. As summarized
in the comparison table, all three methods are subject to specific
environmental constraints and potential sources of noise that
can compromise data quality [35-37]. Careful survey design,
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precise data acquisition, and rigorous data processing are
essential to minimize these effects and to avoid misinterpreting
noise as meaningful archaeological features. For this reason,
archaeogeophysical surveys should be conducted and interpreted
by experienced geophysicists or geophysical engineers, ensuring
that results are both reliable and capable of providing effective
guidance for archaeological excavation.
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