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ABSTRACT
A combination of electrical resistivity tomography (ERT) and magnetic gradiometry
was selected to examine a hypothesis concerning the presence of remains of one of
the oldest archaeological churches in the Rhineland, located in Neuss-Norf, Germany.
The gradiometer survey was carried out to measure the vertical gradient of the mag-
netic field using a proton precession magnetometer along several profiles. The mag-
netic data were reduced to the magnetic pole; then analytic signal and power spectrum
techniques were applied. The ERT survey was based on the magnetic results, and both
Wenner and dipole–dipole configurations were employed to collect the apparent re-
sistivity data along 12 ERT profiles. The field ERT data from these two arrays were
merged into one dataset to form a non-conventional mixed array. The robust (blocky)
inversion technique was applied to the resistivity data in order to derive the two-
dimensional resistivity distribution of the subsurface. Despite the noisy surroundings,
the magnetic survey was able to give an indication of potential walls of the ancient
church in addition to several subsurface magnetic sources.Moreover, highly resistivity
anomalies were observed within the first 1–2 m of the subsurface soil and were inter-
preted as possible remains of man-made structures. This depth range was also con-
firmed by the spectral analysis of the magnetic data. A strong consistency between the
twomethods was observed in some locations of the site. In addition, the ERTmeasure-
ments confirm and complement most of the magnetic results.We successfully detected
anomalous zones that could be associated with the walls of at least one ancient church
building in addition to several possible archaeological structures in the survey area.
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INTRODUCTION

Over the past few years, non-destructive geophysical explo-
ration methods have been developed and adopted rapidly
for examining shallow-buried structures and remains in
archaeological sites (Piro, 2009). Archaeological excavation
is, fundamentally, a laborious and invasive process and can
cause serious and irreparable damage to the buried archaeo-
logical remains. Geophysical methods can therefore serve as
fast, cheap and nondestructive tools in determining locations
for prospective excavation (Reynolds, 2011; Gündoğdu
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et al., 2017; Karaaslan and Karavul, 2018). A number of
geophysical techniques have been used to investigate archae-
ological sites, including direct current resistivity, magnetic,
ground-penetrating radar (GPR), electromagnetic, micro-
gravity and seismic methods (Jeng et al., 2003; Rizzo et al.,
2005; Batayneh et al., 2007; Müller et al., 2009; Zhao et al.,
2013; Rabbel et al., 2014; Martinez et al., 2015; Di Maio
et al., 2016; Gündoğdu et al., 2017; Akca et al., 2019; Florio
et al., 2019; Křivánek, 2019; Lulewicz et al., 2019; Orlando
et al., 2019; Yilmaz et al., 2019). Ultimately, the adoption
of geophysical techniques in archaeology is not only to the
advantage of archaeologists, but also constitutes a precious
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Figure 1 Location map of the study area. The yellow rectangle marks the location of the archaeological site

resource for decision-makers involved in the protection of
human heritage (Hegyi et al., 2019).

Buried archaeological features can be detected using geo-
physical techniques because of their physical properties con-
trast with the surrounding soil (Drahor, 2019). However, it
is important to note that each individual geophysical method
has its limitations due to the assorted range of physical hetero-
geneity in the subsurface of the archaeological site (Piro et al.,
2019). A combination of several geophysical techniques can
therefore give a powerful approach to overcome this prob-
lem, providing significant complimentary information about
archaeological structures before the excavation process begins
(Cardarelli et al., 2008; Epov et al, 2016; Piro et al., 2019).

In urban areas, unwanted cultural magnetic noise can be
reduced by using a vertical magnetic gradiometer configura-
tion without losing the signal of archaeological information
(Ciminale and Gallo, 2008). However, the presence of an
archaeological site in an urban area represents a great
challenge for carrying out proper magnetic measurements.
Several visible metallic objects together with moving vehicles
constitute strong sources for noise preventing the execut-
ing of an appropriate magnetic survey. Therefore, a high
degree of awareness of the difficulty of such measurements
should be considered during the acquisition, processing and
interpretation of magnetic data.

THE NORF ARCHAEOLOGICAL S ITE :
LOCALITY AND HISTORICAL
BACKGROUND

The area investigated (Fig. 1) is a historical estate in the old
part of the parish of Norf, an urban district in Neuss, Ger-
many. It occupies an area of 45 × 30 m2 that rises about 2
m higher than the surrounding terrain. The area is currently
a local park with tombstones and trees, but no signs or re-
mains of a church. There are some suggestions that the po-
tential church could be older than Lambertus-Chapel in Ram-
rath, seven kilometers from Norf, dating from the ninth or
tenth century (Boele, 1997), which is currently believed to be
the oldest church in the district. Norf’s importance stems from
its location between the cities of Neuss and Cologne. The re-
gion was under the governance of the Roman Empire in the
period between the first and fourth centuries, when military
bases and settlements were founded in these cities. This was
followed by the Frankish period (fifth to ninth century).Many
archaeological finds reported in Pütz (1974) confirm activity
in Norf in these periods.

According to Fischer (1989), bigger farmsteads were de-
veloped during the Frankish period and some of them in-
cluded small churches. Directly adjacent to the explored site is
a farm called Norfer Hof, which – according to archaeological
finds – has existed at least since the Frankish period. This
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Figure 2 Ground plot of Norf based on the cadastral land register from 1812 showing the locations of the old and new churches (after, Pütz,
1974)

suggests that the potential building, old St. Andreas, possi-
bly originated from that age. The oldest document currently
knownmentioning the name St. Andreas connected to this dis-
trict is dated 817 (Lacomblet, 1840). Although this document
is somewhat vague, Fischer (1989) combines this with other
insights and concludes that it is likely that a church build-
ing already existed here in 817. The church has an expected
size of 25 m × 7–8 m. The basis for this estimation is a com-
parison of the St. Andreas church drawn on a map plotted in
1808 with the building still existent on Norfer Hof (Remmen,
2013). A copperplate engraving created in 1586 shows a map,
including a schematic figure of the church. According to this,
the church was built in an east–west direction, with a massive
stump tower in the west (Fischer, 1989; Metzdorf, 2019). Dur-
ing the period from 1765 to 1770, a new, bigger church was
built a few hundred meters away from the old church. A map
showing the locations of the old and new churches (Fig. 2) was
produced in 1812. The old St. Andreas church fell into disuse
and was pulled down in 1839 due to its ruinous condition
(Pütz, 1974). Here, it is worth mentioning that a road widen-

ing process was reported in 1954/1955; therefore, the location
and the width of the old road (Kirchstraße) are different from
its current ones.

In 1585, the conflict between Catholic and Protestant
potentates led to considerable losses in Norf (Pütz, 1974),
including the burning of the St. Andreas church (Emsbach
and Tauch, 1986). This event potentially influences our re-
search. A document from the year 1586 states that the Arch-
bishop of Cologne gave a directive towards clerics from the
superior monastery of Neuss to return to their place. Accord-
ingly, St. Andreas church and other buildings in Norf were re-
constructed (Landesarchiv NRW, 2020). Unfortunately, there
is no information about the construction process and it
is still vague whether the church was reconstructed in the
same place or a new church was built close to the original
one.

A woman’s grave of the Frankish period was found in
the 1920s in the neighbouring property. Furthermore, parts
of skeletons were reported during roadwork directly adja-
cent to the investigated site in 1954/1955. These and other
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Figure 3 Geological and hydrogeological cross section passing very close to the investigated archaeological site (modified after Geologischer
Dienst NRW, 1983)

details about historic findings around the investigated area are
described in Siegmund (1998) and Pütz (1974). Unfortunately,
no information about the typical size of graves is reported.

According to archaeology experts, the walls of the early
churches in the study region were most likely made of wood,
later natural stones such as sandstone, tuff, shale, greywacke
and so on were used in the construction works, but after the
fourteenth century the use of baked bricks became popular in
construction. In the case of tombs having masonry walls, they
were mostly made from baked bricks, while natural stones
were rarely used for this purpose (Weber, 2020).

GEOLOGY OF THE SITE

The geology of the Norf area consists of fluvial terrace
sediments, mainly from the Rhine and other smaller streams
(Geologischer Dienst NRW, 1983). The Rhine is only 3 km
away from the site. An inspection of the geological cross sec-
tion (Fig. 3) shows that the investigated area is located on a
hill to the west of a small stream. The top layer consists of dry
sediments, of which the uppermost formation are Holocene
fluvial silts containing organic material with a thickness of ap-
proximately 1 m (Geologischer Dienst NRW, 1931). The sand
below this layer forms the Rhine Pleistocene terraces. The sed-
iments become gradually coarser with depth, that is from silty
sand to coarse sand with gravel and, finally, to gravel with
coarse sand. This gravelly sand layer represents a productive
groundwater aquifer with a thickness of 10–15 m. A Tertiary

layer of fine sand with silt forms the base of the aquifer and is
characterized by poor hydraulic conductivity. The groundwa-
ter level is expected at a depth of approximately 8 m below
the ground surface (Geologischer Dienst NRW, 1983). Since
the investigated site can be an artificial topographical feature
to protect the church from flooding, it is likely that the upper
layer is an anthropogenic soil overlying the silt layer.

GEOPHYSICAL METHODS

Non-invasive techniques such as magnetic and electrical re-
sistivity tomography (ERT) geophysical techniques have been
widely used in archaeological exploratory studies and have
also been employed in the current research as well. A com-
bination of these techniques is believed to give reasonable in-
formation about the Norf archaeological site. Examples in the
literature about the integration of these methods for archae-
ological prospecting are reported in articles by Drahor et al.
(2008), Quesnel et al. (2011), Di Maio et al. (2016), Fauchard
et al. (2018), Getaneh et al. (2018) and Karaaslan and Karavul
(2018) and others.

Magnetometry in archaeological prospecting

Since their introduction, magnetic methods have become the
backbone of archaeological prospecting (Piro, 2009). Mag-
netic surveys are generally employed to determine spatial vari-
ations in the earth’s magnetic field resulting from local changes
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in total magnetization (Schmidt, 2009). By analysing magnetic
anomalies, we can eventually reveal the presence of subsur-
face archaeological remains. To achieve this, a clear magnetic
contrast between the archaeological structures and the host-
ing medium is required (Di Maio et al., 2016). This contrast
is generated naturally and anthropogenically. Trenches filled
with topsoil, intrusive structures (walls and foundations), fire-
places, pottery and bricks constitute typical examples of an-
thropic features (Piro, 2009; El-Qady et al., 2019).

Generally speaking, the magnetic intensity of a buried
body depends on the magnetization contrast and the depth
of the body. Deep sources produce broad anomalies, while
shallow sources create narrow and focused anomalies (Telford
et al., 1990; Reynolds, 2011). The amplitudes of magnetic
anomalies range between a few or tenths of nT (graves and
walls) to hundreds of nT (pottery, kilns and other baked ob-
jects) and up to few thousands of nT in case of buried ferro-
magnetic metallic objects (Florio et al., 2019). Negative mag-
netic anomalies can be obtained over walls of sandstone or
limestone (Quesnel et al., 2011; Ayad and Bakkali, 2018).

In magnetometry, the influence of the diurnal variations
on the two sensors is identical because of the small distance
between them; therefore, measuring the vertical gradient of
the magnetic field using two sensors aligned vertically pro-
vides a significant advantage because it automatically elimi-
nates both the diurnal variations of the earth’s magnetic field
and the background magnetic fields (Linsser, 1970; Sharma,
1997; Rizzo et al., 2005; Milsom and Eriksen, 2011; Hinze
et al., 2013). It also increases the spatial resolution of the
high-frequency shallow anomalies associated with archaeo-
logical sources, which are often masked by noise with respect
to the low-frequency deep-seated sources of geological origin
(Lowrie, 2007; Florio et al., 2019). The difference between the
magnetic intensity values recorded by the two sensors, divided
by the distance between them gives the vertical magnetic gra-
dient at the mid-point between the sensors (Reynolds, 2011):

∂M/∂z ≈ �M/�z = (M1 −M2) /�z (1)

where M1 and M2 are the total magnetic fields at the lower
and upper sensors, respectively; �z is the distance between the
sensors. Details on the theoretical principles regarding mag-
netometry can be found in the geophysical literature (e.g.,
Sharma, 1997; Reynolds, 2011; Milsom and Eriksen, 2011).

The current magnetic survey was carried out in order to
detect the possible buried church walls in addition to other po-
tentially related archaeological relics. Prior to the survey, we
carefully cleaned the area from disturbingmagnetic bodies vis-

ible on the surface of the ground. The vertical gradient of the
magnetic component was measured with a fixed distance of
1.04m between the sensors.The lower sensor of the gradiome-
ter was set up at a height of 0.32 m from the ground level. The
measurements were carried out using the Gem-System GSM-
19T Proton magnetometer. The instrument has a sensitivity of
less than 0.1 nT, making it suitable to the purpose of archae-
ological prospecting. A setting for the most accurate readings
(4 s cycling time per measured point) was used. During the
test measurements, we observed sharp spikes in the magnetic
data. These spikes were coming from the passing nearby cars.
However, magnetic measurements can be influenced by vehi-
cles at distances of up to 20 m (Milsom and Eriksen, 2011).
Though a base station is not necessary in gradiometry mea-
surements, a second magnetometer of the same type was used
to record temporal changes in the magnetic field, in order to
detect any distortion resulting from active cultural noise (ve-
hicles). The time and the amplitude of these sharp spikes can
then be seen on the diurnal variation curve (Fig. 4). Hence,
the influence of vehicles on the magnetic measurements was
recorded. We avoided measurements during times when cars
drove along the road adjacent to the study area. Thus, the
measurements were realized during less active cultural noise.
However, some spikes produced by far passing vehicles were
manually removed from the data.

A local Cartesian coordinate system was set out on the
site for the collecting of magnetic and ERT data. Figure 5
shows the layout of the ERT and magnetic surveys. Several
plastic measuring tapes formed a grid 38 × 22 m2. Small
wooden sticks were used to permanently fix the sides of the
grid for the duration of the survey. The magnetic survey was
executed along 27 parallel profiles oriented approximately
N80E–S80W with a length ranging from 20 to 37.5 m. The
difference in the length of the profiles was due to natural and
man-made obstacles. Some parts of the site could not be cov-
ered by the measurements due to the presence of trees. Ac-
cording to historical information (see, Fig. 2), the southern
part of the area is the expected location of the church. More
attention was therefore paid to this area. A spacing of 0.5 and
1.0 m between adjacent profiles was chosen for the southern
and northern parts, respectively. A spatial sampling interval
of 0.5 m along each profile was selected, which would be ad-
equate for determining large structures such as ancient build-
ings and tombs.

Like in other geophysical methods, pre-processing of the
magnetic data is a prerequisite before the actual processing
phase. Through this, all effects not associated with buried
archaeological structures should be removed. The magnetic
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Figure 4 Diurnal variations of the earth’s magnetic field at the base station. The effects of passing vehicles on the adjacent road (approximately
24 m from the sensor) on our magnetic measurements appear as sharp spikes on the diurnal variation curve

Figure 5 Scheme showing the local coordinate system for collecting magnetic and ERT data. Black lines represent the ERT profiles while blue
dots represent the magnetic stations

data were inspected manually, and data associated with noise
sources were removed. Then a non-linear spatial de-spiking
filter was applied to automatically replace the iron spikes usu-
ally existing in gradiometry data with the mean of the adjacent
values. The resultant data were gridded using the minimum
curvature method and then mapped as shown in Figure 6(a).
The minimum and maximum recorded values of the vertical
gradient magnetic field are −700 nT/m and 751 nT/m, respec-
tively. Themost important features on this map are two clearly
distinguishable magnetic zones divided by a negative linear
structure trending in the E–W direction. Several dipolar and
isolated highly positive magnetic anomalies, presumably as-
sociated with buried metallic bodies, and other magnetic fea-
tures can be recognized on the magnetic map. To overcome
the distortion caused by the inclination of the earth’s magnetic
field and to re-position magnetic anomalies directly over their
sources, the magnetic data were transferred to the frequency
domain using fast Fourier transform (FFT), then a reduction
to the north magnetic pole (RTP) filter was applied assuming
that the sources have no remanent magnetization (Baranov
and Naudy, 1964; Rajagopalan, 2003; Ibraheem et al., 2018a;
Ibraheem et al., 2019a, 2019b). RTP filtering is a fundamental

process, which allows a more precise estimate of the location
of magnetic sources than the total magnetic intensity data. It
removes the dipolar nature of magnetic anomalies; only true
dips (associated with asymmetric anomalies) can be seen on
the RTP magnetic map (Isles and Rankin, 2013). Values of
66.46° and 2.03° were used for the inclination and the decli-
nation of the magnetic field, respectively. Analysis of the RTP
vertical gradient magnetic map (Fig. 6b) clearly shows that
the area is characterized by several distinguishable magnetic
anomalies with different polarizations, shapes and amplitudes
ranging from −545 nT/m to +885 nT/m. This map reflects
a northward shift in the locations of the magnetic anomalies
and a visually enhanced image compared with the vertical gra-
dient magnetic map (Fig. 6a). Moreover, the RTP magnetic
data clearly show that the area is divided into two distinct E–
W trending sectors; one in the south (zone 1) and the other
to the north (zone 2). However, the southern part exhibits
a high density of magnetic anomalies, which could possibly
be associated with the location of the potential targets. Three
discernible bipolar magnetic anomalies denoted B1, B2 and
B3 can be seen on the map, reflecting large magnetic sources
dipping towards the east or possessing a remanent magne-
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Figure 6 (a) Vertical gradient and (b) RTP vertical gradient magnetic maps of the archaeological site. Lines represent the location of ERT profiles.
A negative magnetic belt between two highly magnetic zones can be clearly seen on the map. Dashed black lines show the boundaries of this belt

tization in this direction. It is worth noting that these high
magnetic values are not coming from the surface, rather they
are generated from metallic materials in the subsurface. How-
ever, because the area has been open to the public for cen-
turies, they are possibly but not necessarily of archaeological

origin. Also, the archaeological epoch cannot be determined.
This represents one of the drawbacks of the current study.
The validity of the anomaly B2 is still more questionable and
lower than that of B1 and B3 due to the absences of the mag-
netic data in a small area occupied by trees and gravestones

© 2021 The Authors. Near Surface Geophysics published by John Wiley & Sons Ltd on behalf of European Association of Geoscientists
and Engineers.,Near Surface Geophysics, 19, 603–623



610 I. M. Ibraheem, R. Bergers, and B. Tezkan

Figure 7 2D radially averaged power spectrum. Average depth to magnetic sources was calculated from the ground surface

preventing the acquisition of data (refer to Fig. 5). Moreover,
several moderate to small magnetic anomalies are distributed
all over the magnetic map. According to archaeology experts,
the typically used materials for walls built after the fourteenth
century are baked bricks. The range of magnetic values for
such buried archaeological structures is mostly in the range
of ±15 nT (Scollar et al., 1990), and in some cases can reach
several tens of nT (El Emam et al., 2014). In general, the over-
printing of low amplitude anomalies by large ones (possibly
produced by metallic sources) in several places in the inves-
tigated site makes the interpretation of magnetic data quite
difficult and more challenging.

Spectral analysis

The spectral analysis technique was used in order to deter-
mine the depth of the buried magnetic sources (Bhattacharyya,
1966; Spector and Grant, 1970; Cassano and Rocca, 1975;
Hahn et al., 1976; Fedi et al., 1997; Ghazala et al., 2018;
Ibraheem et al., 2018b). The power spectrum of the mag-
netic data is the product of the two-dimensional (2D) Fourier

transform and its complex conjugate. Several depth ensembles
can be acquired, based on the slopes (S) of the segments of
the power spectrum (Kivior and Boyd, 1998). The depths to
magnetic sources are calculated using the following formula
(Hinze et al., 2013; Ibraheem et al., 2018a):

Depth z = − S
4π

(2)

The 2D radially averaged energy–power spectrum curve
of our magnetic data (Fig. 7) was generated after applying the
FFT to the RTP magnetic data. The first segment of the curve
(deep magnetic sources) did not consider in our calculations,
and only wavenumbers between 0.1 and 0.3 m−1 were consid-
ered in order to avoid over-interpretation based on possible
aliasing effects. Calculations show that the average depth to
magnetic sources from the ground surface is 0.85 m.

Analytical signal

The amplitude of the analytical signal (also called the total
gradient) for three-dimensional (3D) structures is given by
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Figure 8 Analytical signal map of magnetic data at Norf archaeological site. Black lines represent the course of the ERT profiles. Dashed white
lines refer to interpreted causative magnetic sources. Magnetic anomalies B1–B4 are probably produced by buried metallic bodies and B5–B9
are other strong magnetic anomalies

the following expression (Roest et al., 1992; Ibraheem et al.,
2019a):

AS(x, y) =
√(

∂M
∂x

)2

+
(

∂M
∂y

)2

+
(

∂M
∂z

)2

, (3)

where AS(x,y) is the amplitude of the analytic sig-
nal, M is the measured magnetic field at (x, y), and
∂M/∂x, ∂M/∂y and ∂M/∂z are the two horizontal and vertical
derivatives of the measured field, respectively.

The amplitude of the AS filter peaks and produces bell-
shaped anomalies over magnetic sources. Therefore, its max-
ima are very powerful in determining the edges of magnetic
bodies (Nabighian, 1972), especially for those of shallow
depths (Jeng et al., 2003; Arisoy and Dikmen, 2013) irrespec-
tive of the orientation of the body’s magnetization (Isles and
Rankin, 2013). It is clear that the AS map of the Norf archae-
ological site (Fig. 8) shows the presence of several highly mag-
netic anomalies (B1–B9), which could indicate shallow buried
magnetic sources of different sizes and depths in the study

area. Most of these anomalies can be seen on the RTP mag-
netic map (Fig. 6b). The most interesting are the three anoma-
lies (B1–B3), which distribute on the E–W trending line pass-
ing through the centre of the map. These anomalies are clearly
seen on the RTP magnetic map as dipolar magnetic anomalies
and can possibly be explicated as magnetic sources of metal-
lic nature. High-amplitude anomalies at the western parts of
the AS magnetic map are interpreted as noise because they
are very close to the metallic handles of the stairs and several
tombstones (refer to Fig. 5).

According to archaeologists familiar with this part of the
Rhineland, caskets are likely to be endowed with handles and
other fittings consisting of iron. Also, caskets made of lead
and metallic grave goods, such as parts of livery, were not un-
usual. An example of such ferromagnetic materials is a sword
and a spearhead from the seventh century, which were found
in a grave 2 km away from the study location (Marzinkowski,
2020). A modelling study was carried out to calculate the ver-
tical gradient magnetic response of such a sword at several
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depths. Its dimensions were inferred from a published pic-
ture of the previously mentioned archaeological sword. It was
modelled as tubular shape oriented in the E–W direction and
dipping 20° towards the east with a thickness of 1 cm, length
of 0.5 m and width of 3.5 cm. Values of 48946 nT, 66.4° and
1.9° were considered for the intensity, inclination and declina-
tion of the magnetic field, respectively. A susceptibility value
of 250 SI (Billings et al., 2006; Sanchez et al., 2006) was as-
signed to the modelled object. As a result, the obtained vertical
gradient magnetic values generated by the body at depth of
0.5 m (1.34 m from the midpoint between the sensors) range
from −16 nT/m to +129 nT/m. These values are much lower
than the amplitude values of anomalies B1, B2 and B3, which
indicates that swords cannot produce such high anomalies.

Moreover, engravings of some existing tombstones show
dates of the nineteenth and early twentieth centuries; this
means a younger overprinting of older features must be taken
into account. Furthermore, because the area has been open
to the public for centuries, other buried metallic objects are
thinkable,which in archaeological interpretation is considered
being noise.

Two-dimensional electrical resistivity survey

ERT methods have been widely used as powerful tools in ar-
chaeological prospecting in order to provide high-resolution
images of the subsurface (Hawamdeh et al., 2015; Sapia et al.,
2017; Tsokas et al., 2018; Yilmaz et al., 2019). ERT is an ac-
tive geophysical technique for imaging subsurface structures
by using multi-electrode electrical measurements made at the
surface. It relies on the presence of a resistivity contrast be-
tween the buried archaeological structures and the hosting
medium (Reynolds, 2011). The detection of archaeological
structures using resistivity exploration is sometimes difficult
because of resistivity variations of subsurface soils associated
with local lithology types and water saturation. Therefore,
anomalies caused by the archaeological context may easily be
concealed under such conditions. Moreover, the type of elec-
trode configuration plays an important role in defining the
resistivity values of the archaeological remains and their host-
ing medium (Drahor et al., 2008; Oswin, 2009). The superi-
ority of any electrode configuration is based on its horizontal
and vertical resolution, data coverage and investigation depth,
which play a main role in defining the proper array. The Wen-
ner array has a good signal/noise ratio and is less sensitive to
horizontal changes in the resistivity. Hence, it resolves vertical
changes with a good resolution and, therefore, it is a very suit-
able choice in noisy areas. When good horizontal resolution

and data coverage are required, choosing the dipole–dipole
configuration will be the right decision (Loke, 1999, 2020).
The final decision of choosing the proper configuration has to
be made according to the aim of the survey, the geology of the
area, and other field considerations. Formore details about the
advantages and disadvantages of electrode configurations, re-
fer to Zhou and Dahlin (2003), Dahlin and Zhou (2004) and
Loke (2020). Generally, in archaeology, the existence of a high
apparent resistivity anomaly refers to a resistive construction
such as a cavity, a wall, a grave or a foundation hosted within
a less resistive medium (Cozzolino et al., 2018).

In archaeological sites, lateral and vertical variations of
the subsurface formations are generally expected. Hence, the
use of a single configuration will not be adequate in order to
achieve precise results. To improve the efficiency of our ERT
results, a combined dataset in a non-standard general array
format (mixed array) with an increased number of data levels
was created using a mixture of measurements from the Wen-
ner and dipole–dipole arrays (Loke, 2000). Kaufmann and
Quinif (2001) and Zhou et al. (2002) have employed this kind
of composite/mixed array to detect sinkholes and found that
it is more effective than individual arrays. This procedure has
the advantage of increasing subsurface data coverage (i.e., in-
creasing the number of data points in the subsurface within
unit depth) as well as providing good horizontal and vertical
resolution. This results in an enhanced 2D resistivity image of
the subsurface that is superior to the image obtained by indi-
vidual array inversion; sensitivity is increased, and uncertainty
is reduced by combining the vertical resolution of the Wenner
array and the horizontal resolution of the dipole–dipole ar-
ray (Zhou et al., 2002). This leads to more realistic imaging
and interpretation of the revealed anomalies (Ibraheem et al.,
2021).

Due to the area’s elevation, rainwater can flow outwards
from the surface very easily. The surficial soil is therefore very
dry compared to the surroundings. The presence of trees in the
measuring area may constitute an additional reason for dry-
ness. The dryness of the subsoil causes problems in coupling
the electrodes during the measurements, so a small amount of
fresh water was applied to improve this process. Overall, the
measuring area is very flat except for the side close to the road
which has a sloping topography. Therefore, topography mea-
surements were carried out to be incorporated in the inversion
process.

The current geoelectrical survey was based on the results
of the magnetic survey and was carried out along 12 profiles
(Fig. 5). The design of the ERT survey took into consideration
that the ERT profiles should correspond to the potential
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Table 1 Overview of measured profiles with the mixed array in the ERT survey using the Res2DInv software

Profile Length (m) Electrode spacing (m) Absolute error

P1 37.5 0.5 1.8
P2 29.5 0.5 1.9
P3 30 0.5 1.8
P4 29.5 0.5 2
P5 20 0.5 1.3
P6 20 0.5 1.4
P7 20 0.5 1.3
P8 17.5 0.5 1.7
P9 40 0.5 1.6
P10 102 1.5 4.4
P11 40 1 2.4
P12 37 1 1.8

ancient walls as perpendicularly as possible and cut through
the most interesting magnetic anomalies in the archaeological
location. The standard Wenner and dipole–dipole configura-
tions were applied to all measured profiles using ABEM Ter-
rameter LS. The distance between each electrode was 0.5 m,
and the roll-along procedure was used to extend the length of
the profiles and gain a good resolution near the surface at their
beginnings and ends (ABEM, 2010). In the current research, a
non-conventional mixed array was used for all profiles during
the processing of the ERT data. The apparent resistivity data
obtained from the Wenner and the dipole–dipole arrays
were combined in one dataset for further processing. The
data were processed with the RES2DINV software (Loke,
2000) using the robust (L1-norm) inversion technique (Wolke
and Schwetlick, 1988) in order to create a reasonable 2D
geoelectric model for the distribution of the true resistivity
along each profile. Since a considerable resistivity contrast
between anthropogenic structures and hosting medium is
expected, the robust (blocky) inversion was chosen because
it tends to produce models with sharper edges and generally
better imaging results than the smoothness-constrained least-
squares (L2-norm) inversion (Loke et al., 2003; Dahlin and
Zhou, 2004). This makes it more suitable for archaeological
investigations (Berge and Drahor, 2011). The accuracy of
the data fit is expressed in terms of the absolute error, which
provides a scale of the absolute differences between the
measured and calculated resistivity data and an indication
about the quality of the model obtained (Claerbout and Muir,
1973).

By inspection of the apparent resistivity pseudo-sections,
bad datum points were removed manually. Moreover, data
values with a highly normalized standard deviation (variation
coefficient) in addition to negative apparent resistivity values

were also deleted from the dataset. An overview regarding the
length, electrode spacing, number of iteration, and absolute er-
ror for each ERT profile can be seen in Table 1. The absolute
error values obtained for the 2D ERT inverted sections range
between 1.3% and 2.4% overall ERT traverse lines. One ex-
ception is Profile P10 with an absolute error of 4.4%, which
could be due to the surficial lateral resistivity variations along
this long profile.

All of the ERT profiles show near-surface features, prob-
ably corresponding to man-made structures in addition to a
very resistive layer (reaching several thousands of �m in some
profiles) with a depth of 2–4 m. It was not clear whether this
resistive layer is a natural geological layer or an archaeologi-
cal construction. Therefore, Profile P10 of Figure 5 was con-
structed as a long reference profile with a length of 102 m
and an electrode spacing of 1.5 m to investigate subsurface
formations (Fig. 9). Although the subsurface geological struc-
ture is the same, some discrepancies between the inverted re-
sistivity models from the Wenner and dipole–dipole arrays are
observed (see Fig. 9). The most remarkable discrepancies are
highly resistive structures of the shallow subsurface between
distance 73 m and distance 85 m along profile P10.Moreover,
the overall 2D resistivity image in the mixed model is consis-
tent with the available geological information (see, Fig. 3). The
mixed array was therefore chosen to perform the inversion
process for all profiles. An inspection of profile P10 shows
that the resistivity depth section beneath the investigated site
consists of four layers, from top to bottom: (i) A relatively
intermediate resistivity layer (average resistivity of 300 �m)
with a thickness of 0.5–2.5 m. This layer contains local low
and high electrical anomalies and can be interpreted as anthro-
pogenic soil. (ii) A relatively low resistivity layer (<100 �m
down to 10 �m). It can be interpreted as a silt layer. (iii) A
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Figure 9 Inversion results of 2D ERT of profile P10 (Fig. 5) in the E–W direction using robust (blocky) inversion using (a) Wenner, (b) dipole–
dipole and (c) non-conventional mixed arrays

high-resistivity layer (>700 �m up to several thousand �m)
that can be associated with a dry gravel and sand formation. It
reaches a depth of 8–10 m, coinciding with the groundwater
table level in the area. (iv) A relatively low resistivity layer rep-
resenting the base of the geoelectric section and the gravelly
coarse sand groundwater aquifer in the area. This layer could
be affected by salt contamination caused by salt stones situ-
ated at the location, where the topographic change is noticed
on profile P10 (at a distance of 40.5 m from the beginning
of the profile). Salt licks have been used by farmers for their
cattle for a long time. Moreover, an accumulation of washed
fertilizers and cow manure in this local depression could be
an additional reason for the reduction of resistivity values. It
is worth mentioning that small-scale archaeological remains
cannot be seen clearly along this profile due to the relatively
large electrode spacing of 1.5 m. By comparison, the resistive
bodies of the first layer cannot be seen on the 2D resistivity

model inverted from the Wenner array. Furthermore, the 2D
inverted resistivity model from the mixed array somehow re-
sembles the 2D inverted resistivity model obtained from the
dipole–dipole array. Despite the long time required for data
collection, the mixed array procedure significantly increases
the resolution of subsurface images with respect to other con-
figurations.

In most of the ERT profiles, a superficial layer was de-
tected with a thickness of up to 2 m, characterized by an aver-
age resistivity value of 300 �m. Within this layer, local struc-
tures with resistivities exceeding 350 �m were detected and
interpreted as anthropogenic/manmade. Figure 10 shows the
inversion results after five iterations along profile P12 with an
absolute error of 1.79. The sequence of the four geoelectric
layers in addition to five resistive objects is clearly seen along
this profile. These resistive bodies are in agreement with highly
magnetic anomalies or withmagnetic edges of the gradiometer
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Figure 10 Measured and calculated apparent resistivity pseudosections of profile P12 using non-conventional mixed array and the result of
robust inversion of the ERT data after five iterations (absolute error = 1.79)

image (Fig. 6b). Additionally, the groundwater level is detected
at a depth of around 8.5 m. The 2D resistivity inverted models
along profiles P1 to P9 are presented in Figures 11 and 12.

Combined interpretation of magnetic and electrical resistivity
tomography data

Most of the resistive objects along profiles P1, P2, P3 and P9
(Fig. 11) are in agreement with the boundaries of the magnetic
anomalies in Figure 6(b). For example, the resistive structures
along profile P1 between distance 13 m and distance 25 m are
coincident with the northern edge of the magnetic zone 1. ERT
profile P8 (Fig. 12) has a resistive zone at a distance between
7.5 and 9.0 m from the beginning of the profile. This zone co-
incides with the highly magnetic anomaly B1 in Figures 6(b)
and 8. A resistive structure consisting of two resistive bodies
located on top of each other is imaged at a 12-m distance from
the beginning of profile P6 (Fig. 12). It reaches a depth of up to
1.3 m from the ground surface. The same structure can be seen
on profile P7 (Fig. 12) and also on profile P5, but as one resis-
tive body. Two resistive bodies are detected along profile P4.
The highly magnetic body B5 (Fig. 8) is confirmed by highly

resistive anomalies along profiles P3 and P11. The inverted 2D
ERT resistivity models from all profiles are combined into a
3D perspective (Fig. 13). Several high resistivity anomalies ap-
pear on this fence diagram. Some of them are probably related
to possibly buried vestiges of walls and structures like tombs.
The most interesting is the high resistivity anomalies corre-
sponding with the negative magnetic belt between the two
magnetic zones. They extend in a west–east direction and can
be seen along profiles P6, P5, P7 and P4. These resistive struc-
tures could possibly be interpreted as the southern wall of the
north building and/or the parallel northern wall of the south-
ern one.Another interesting resistive structure trending south–
north was detected along profiles P3, P12, P2 and P11 and can
possibly be interpreted as an inner wall of the southern build-
ing. This resistive structure is also corresponding with a neg-
ative magnetic anomaly. Further, a part of the eastern wall of
the southern building shows the same behavior with high re-
sistive and negative magnetic anomalies. Several resistive fea-
tures representing the southern wall can be seen on this fence
diagram. Most of the high resistivity anomalies are reflecting
subsurface features possibly having man-made archaeological
structures such as resistive anomalies corresponding with high
magnetic anomalies of B1, B5, B6 and B9. By contrast, some
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Figure 11 2D resistivity inverted models along profiles (a) P9, (b) P1, (c) P2 and (d) P3 using robust inversion

relatively conductive anomalies corresponding with high mag-
netic anomalies such as B3 and B7might refer to ancient ruins.
This can occur when the infill materials have a higher mois-
ture content than the surroundings. In general, three classes
of combined interpretation of ERT/magnetic anomalies can
be identified: (i) resistive structures with high magnetic val-
ues such as B5 and B6; (ii) conductive structures with high
magnetic values like anomalies B3 and B7; and (iii) resistive
structures with slightly low/negative magnetic values such as
the northern border (between zones 1 and 2) of the potential
south building.

DISCUSS ION

In this study, we performed a preliminary geophysical explo-
ration on an archaeological site in Norf in order to delineate

buried features using magnetic and ERT methods. The mag-
netic method can provide valuable information of subsurface
remains found in a host medium with sufficient magnetic con-
trast. On the other hand, the geoelectric survey is concerned
with the determination of the buried subsurface structures
based on the presence of variations in resistivities. Despite the
fact that each of the usedmethods provides independently use-
ful geophysical information, the combination of the twometh-
ods and the joint interpretation of the observed anomalies can
provide a more realistic perception of the subsurface structure
and buried features (physical properties, dimensions, depths,
etc.). The main objective of the geophysical survey was to ver-
ify the hypothesis of the presence of remains belong to an an-
cient church building and to determine its boundaries.

Generally, burned features can produce strong mag-
netic anomalies because of thermo-remanent magnetism
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Figure 12 2D resistivity inverted models along profiles (a) P6, (b) P5, (c) P7, (d) P4 and (e) P8 using robust inversion

(Weymouth, 1986). Therefore, the destruction of the church
by fire in 1585 possibly played a role in increasing the thermo-
remanent magnetization of materials and can be one of the
interpretations of the high magnetic values in the surveyed
area. Several causative bodies were imaged by both magnetic
and ERT data at shallow depths down to 2 m. The observed
anomalies characterized by high resistivity and low/negative
magnetization values probably refer to walls, whereas strong
positive mono-polar and dipolar magnetic anomalies corre-

sponding with high resistivity values may indicate tomb-like
structures and other magnetic sources. An exception can oc-
cur when the filling materials of tombs have resistivity values
lower than the resistivity of the host medium. The RTP verti-
cal gradient map (Fig. 6b) and the analytic signal map (Fig. 8)
show nine magnetic anomalies (labelled B1–B9) having rela-
tively higher magnetic intensity values than their surroundings
and being clearly distinguishable from each other. The most
prominent features in the RTP vertical gradient magnetic map
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Figure 13 3D resistivity fence diagram of the archaeological site in Norf. Significant resistive structures are connected by dashed lines. Selected
magnetic anomalies are also presented

(Fig. 6b) are a group of large anomalies of two magnetic po-
larities (B1–B4). Three of them (B1–B3) distribute on a line
trending nearly in the E–W direction. They are represented
by highly magnetic anomalies on the analytical signal map
(Fig. 8). These dipolar magnetic anomalies can be interpreted
asmetallic objects within the subsurface.The dipolar nature of
these magnetic anomalies may reflect a true plunging towards
the north–northwest. However, we also expect a considerable
influence of remanent magnetization on our magnetic data,
but we can still argue that the RTP filter should create a less
complex picture than the vertical gradient map owing to its
effect on the induced component of magnetization in the sur-
vey area. Furthermore, the AS method effectively maps the lo-
cations of the edges of a shallow magnetic body irrespective
of the orientation of the body’s magnetization (Roest et al.,
1992). This makes the AS a powerful tool especially in places
of unknown magnetization direction. Two distinct magnetic
zones can be distinguished on the RTP vertical gradient mag-
netic map based on the sharp change of magnetic values from
negative to positive anomalies. The boundaries between these
magnetic zones are remarkably distinguished. The delineated
features in the south zone (zone 1) of the vertical gradient mag-
netic map probably belong to the ancient church. The north-
ern zone (zone 2) of the magnetic map, on the other hand,may
be associated with another manmade structure parallel to the

ancient church, possibly an older version of it. In the latter
case, the destroyed by a fire can heat the materials enough
to be re-magnetized and to produce magnetic anomalies with
large amplitudes. Therefore, a high priority should be given
to magnetic surveys if burned structures are explored (Bevan,
2006). Another possible explanation for zone 2 could be the
paving of the yard near the church with bricks which produce
irregular and rather complexmagnetic anomalies because they
are oriented in several directions different from those when
they were made.

The depths of the magnetic causative sources were calcu-
lated by transferring the magnetic data to the frequency do-
main using FFT and then calculating the power spectrum.Cal-
culations show that the depth of magnetic structures is about
0.85 m.The ERTmethod complements the magnetic measure-
ments because it provides information about the deeper sub-
surface and is also sensitive to the change in resistivity in the
subsurface. The results of the ERT survey show the presence of
four geoelectric layers, which correspond well with the known
geologic layers. Themost important layer is the anthropogenic
soil, which contains the target archaeological relics. Several re-
sistive structures,which can be associated with man-madema-
terials, were determined along the ERT profiles.We integrated
geophysical information we obtained in a unique map and
constructed a hypothetical archaeological subsurface scheme
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Figure 14 The hypothetical final map of the possible ancient buildings and features at the Norf archaeological site inferred from the magnetic and
ERT results. The RTP magnetic map and ERT profiles are depicted in the background. Magnetic anomalies B1–B4 are interpreted as possible
metallic bodies in the subsurface whereas magnetic anomalies marked by B5–B9 are associated with high-amplitude magnetic sources. The
possible boundary walls of the potential building are marked on the map with thick black lines. Dashed black lines show the expected possible
walls of lesser reliability. The red elongated spots mark the locations of the resistive anomalies

(Fig. 14). The locations of the interpreted walls of the poten-
tial buildings are drawn in dotted and solid black lines. How-
ever, the boundaries of the remains could not be identified
completely using the magnetic data due to the accumulation
and/or removal of magnetic structures over several centuries
and also because the investigated site is located in an urban
area where sources of noise can be expected. Only some parts
of the features interpreted as walls were confirmed by both
methods. Moreover, the magnetic field produced by the inter-
preted metallic bodies B1 and B2 probably conceals the mag-
netic anomalies produced by the walls as they are believed
to be newer than the potential buildings. The most impor-
tant feature of this sketch (Fig. 14) is the negative magnetic
belt located between the two highly magnetic zones and cor-
responding to highly resistive structures which may reflect low
or non-magnetic sandstone materials. Unfortunately, there ex-

ist no previous studies in the area to confirm this informa-
tion.Moreover, isolated high positive mono-polar and dipolar
magnetic anomalies in addition to high resistivity values can
probably indicate tomb-like structures. Low resistivity values
of graves may be expected in the case that the infill materials
have lower resistivity values than the surrounding soil. This
can be seen in the case of the highly magnetic body B7, where
the ERT suggests a structure of low resistivity value at a depth
of about 1 m that could be interpreted as a grave filled with
loose and wet sediment. However, in some places of the site,
there is no obvious correlation between ERT and magnetic
anomalies. This hints at the strengths and weaknesses of the
used archaeogeophysical techniques, especially the magnetic
method in such an urban area. In this regard, it is worth not-
ing that the magnetic survey has an important role in design-
ing the ERT survey and also in detecting some borders of the
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old church in zone 1 which is in coincidence with the results
of the ERT survey. Hence, the archaeological interpretation in
the present study was mainly based on those results supported
by both techniques.

CONCLUSIONS

In conclusion, we have presented and discussed the results of
a combined geophysical survey consisting of vertical magnetic
gradient and ERT measurements carried out on an archaeo-
logical site in Neuss-Norf,Germany. The designing of the ERT
measurements was based on the results of the magnetic sur-
vey. The geophysical survey shows that the causative sources
of the anomalies in the investigated archaeological site are
relatively shallow and reach depths of up to 2 m. Moreover,
detailed subsurface geological information was inferred using
geoelectric imaging, which is more or less in agreement with
available information. A detailed archaeological map was
constructed showing the potential locations of the ancient St.
Andreas church and the assumed surrounding features. The
combined inversion has produced better lateral and vertical
resolution of the 2D subsurface resistivity image when com-
pared to the inversion results obtained from dipole–dipole
and Wenner array separately. Additionally, the present study
highlights the importance of using exploration approaches
based on a combination of different geophysical techniques,
and the effectiveness of the joint interpretation of results to
characterize subsurface structures in a more realistic way. The
interpretation of the results of our geophysical investigation
and the hypothesis of the presence of an ancient church as
well as an earlier version can only be corroborated through
subsequent archaeological excavations. Further geophysical
studies, such as GPR survey and/or detailed 3D ERT mea-
surements on selected anomalies, should provide more details
about the buried archaeological relics.
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