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Integration of Magnetic and Resistivity Imaging Surveys for
Archaeological Prospection in the Southern Part of Meroe City
(Capital of Kush, Sudan)

Abstract: The current study was carried out in the southern part of the old Meroe city in Sudan. A magnet-
ic gradient reconnaissance survey revealed the presence of fairly clear archaeological building structures,
with small dipole anomalies in the magnetic image due to the presence of fired-brick buildings. 10 closely
spaced (1 m) parallel resistivity imaging sections in profiles selected on the basis of magnetic results were
used to confirm the magnetic anomalies and to provide complementary information about the variation of
the sandstone anomalies in depth. Resistivity imaging profiles were also used to demonstrate the feasibility
and reliability of combining 2D resistivity profiles in a 3D data set for inversion using a 3D resistivity inver-
sion code. Inversion results of the 3D resistivity data set are displayed in form of horizontal slices, vertical

slices and a 3D block diagram.

Introduction

Meroe City is one of the most important archaeolog-
ical sites in Sudan. It is located east of the Nile about
214 km north of Khartoum (Fig. 1). It is bounded be-
tween 16°55"-16°56" N and 33°42"-33°43" E. It was
hypothesised that the materials surrounding and
concealing the archaeological features in the site
show contrast in magnetic susceptibility and elec-
trical resistivity. Therefore, a magnetic survey was
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Fig. 1. Location of the study areas in the geographic map
of the Sudan.

chosen to study the lateral extension of archaeo-
logical features, and an electrical resistivity imaging
survey in profiles selected on the basis of magnetic
results was used to confirm the magnetic anomalies
and to provide complementary information about
the variation of the archaeological features in depth.
The results of both methods were used to produce
an integrated interpretation of the geophysical
anomalies related to the archaeological features of
the site. A fluxgate gradiometer survey in the south-
ern part of the excavated building M750 in Meroe
City (Fig.2.2) confirmed the basic correctness of
Garstang’s plan of this building while proving the
usefulness and applicability of this particular geo-
physical technique for archaeological investigations
in Meroe City (Grzymsk1 2005).

Geological and Archaeological Conditions
Geological Background

Meroe City (Fig. 2.1) lies on the Shendi Formation,
a term introduced by KueiraLLA (1966) for the sedi-
ments near Shendi town which dominate the ge-
ology of the area. They consist predominantly of
sandstone and sub-ordinate mudstone exposed as
plateaus dissected by valleys or water courses and
locally covered by recent superficial deposits. The
Shendi Formation is recognised as continental sedi-
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ments of a clayey-sand nature and the absence of
conglomerate is a distinctive feature (OMERr 1983).
The palaeo-climate in the area when the Forma-
tion was deposited was tropical to subtropical with
pronounced dry seasons (Bussert 1988). The Nile,
which represents the most important drainage ele-
ment in the area, is draining onto a sandstone litho-
logical sequence. The latter was once referred to in
the Sudanese geological literature as the Nubian
Sandstone Formation (NSF). The area was subjected
to several flooding periods which resulted in the
sedimentation of nutrient-rich fertile soil, making
not only the old site area but the whole area near
the Nile attractive for agriculture. Successive flood-
ing and human activities have led to a lot of dam-
age with a severe impact on the archaeological
site.

Archaeological Background

Sudan (Fig. 1) is a very large country with many
different cultures and peoples in both ancient and
recent times. Nubia was thus a corridor between
Egypt and Sudan, where a kingdom arose in the 8%
century B.C. The name of Kush was introduced for
this kingdom and its capital established at Napata
(Fig. 1) in the Jebel Barkal area near the fourth cata-
ract of the River Nile. Meroe City became the capi-
tal of the Meroitic Kingdom, which was established
by the Kushite kings when they had moved south
along the Sudanese savannah. Meroitic kings had
succeeded in occupying the Butana region in cen-
tral Sudan by that date (Hakem 1988). The archaeo-
logical site of Meroe City (Fig. 2.2) was first seen by
James Bruce, who in 1772 passed through Meroe
and described the red bricks and the ruined build-
ings generally (Grzymskr 2003). The most promi-
nent among these ruins is a huge stone-walled en-
closure containing the rubble remains of palaces,
governmental buildings, several small temples and
the so-called “Roman Bath”. Immediately behind
it there is another walled compound enclosing the
Amun Temple (Fig. 2.2), a near copy of the one at
Jebel Barkal. Behind the city in the eastern desert lie
its vast cemeteries. Those nearest to the town were
reserved for the common people and further to the
east, pyramids had been erected for the members of
the royal family (Kenparr 1982). In Meroe, a mixture
of various construction techniques was used, such
as mud bricks and fired red-bricks along with stone
slabs and rubble or combined with one or two-sided
brick facing (HiNkeL 1996).
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Fig. 2.1. The geological map of the study area and its sur-
roundings (Modified after RoBerTson 1988).

Field Methodology

A magnetic gradient survey (Fig.2.2) was carried
out to search for archaeological features using the
Geoscan Fluxgate Gradiometer (FM36). The study
area was partitioned into a number of grids, typi-
cally 20 m by 20 m. The measured independent
grids were later combined to form a single master
grid. The master grid provided a full magnetic map
for easy display of the anomalies and allowed the
data to be processed using Geoscan Geoplot soft-
ware. Parallel traverses were preferred as a field
procedure in order to collect data of high quality.
The grids were sampled using meshes with squares
of medium size (0.5 x 0.5 m) in the reconnaissance
survey, whereas squares of small size (0.25 x 0.25 m)
were used for resolving the smaller archaeological
features.

A resistivity imaging survey (Figs. 2.2, 5, 6) was
carried out using the SARIS resistivity system pro-
duced by Scintrex Ltd. The typical setup for a 2D re-
sistivity imaging profile consisted of 25 electrodes
along a straight line attached to a multi-core cable.
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Fig. 2.2. The site map of Meroe City, Sudan, showing the locations of the geophysical surveys (modified after SHINNIE /
ANDERSON 2004).

The cable was attached to an electronic switching
unit which was connected to a laptop. 10 closely-
spaced parallel resistivity imaging profiles (Fig. 6)
were carried out in the same area as the magnet-

ic anomalies in grid 10 and grid 14 (Fig. 5). Each
of these resistivity imaging profiles is 24 m long.
Dipole-dipole array was used as electrode configu-
ration with electrode spacing of 1m and the profiles
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Fig. 3. Vertical gradient magnetic image of the South
Mound area in Meroe City.

were spaced 1m apart. These profiles were used
to confirm the magnetic anomalies and to provide
estimates for the vertical extension of the archaeo-
logical building structures. Moreover, it is intend-
ed to demonstrate the applicability of combining
2D resistivity profiles to produce a 3D data set for
inversion using a 3D inversion code (Res3dinv).

Discussion of Geophysical Results
Magnetic Results

The magnetic image of the surveyed part in Meroe

city (Fig. 3) revealed the presence of many magnetic

anomalies. Our interpretation of the most striking
anomalies is as follows:

e A broad linear anomaly is encountered in the
northern edge of grid 13 and grid 14, running
east-west. This anomaly is similar to the enclosure
wall signal in the western part of Meroe city,
which appeared as a broad linear non-magnetic
anomaly embedded in the magnetic background
(MouameD ALt / BurkHARDT 2007). Itis reasonable
to interpret this anomaly as a remnant of a similar
enclosure wall in this area.

e Fig. 41 shows the coarse-sampled (0.5m)
magnetic images of grid 10 and grid 14, whereas
Fig. 4.2 shows the corresponding fine-sampled
(0.25 m) magnetic images. The anomalies in all
these images show some regularity and hint at the
existence of building structures in this area. The
scattered dipole anomalies along these buildings
indicate that these buildings were probably partly
constructed of fired bricks, whereas irregularly
scattered dipole anomalies may be due to parts of
the building having been destroyed.

e Fig. 4.1 shows the anomalies clearer than the
magnetic images in Fig. 4.2. These examples
indicate that in some cases the coarse-sampled
pattern results may look better than the fine-
sampled pattern. These results do not mean
that the coarse-sampled pattern resolve the
archaeological features better than the fine-
sampled one; rather, the measurements in the
former case were affected by signal from target
features and undesired noises, which were
sampled much more in the fine-sampled pattern
(0.25 m) than the course one (0.5 m). Moreover,
the assumed building structures in the coarse-
sampled data (Fig.4.1a) respond better to
interpolation (Fig. 4.1b) than the fine-sampled
data does (Fig. 4.2b). The features are even more
clearly visible after high-pass filtering (HPF) of
the coarse-sampled data (Fig. 4.1c) than in the
filtered fine-sampling data (Fig. 4.2c).

e It was difficult to identify buildings with regular
geometry in grid 16, but the magnetic image
(Fig. 3) emphasises that the area was subjected
to intensive construction work. Furthermore,
remains of these building materials are still
preserved in the subsurface. This interpretation is
supported by the scattered regular and irregular
boulders and blocks of sandstone in grid 16 and
its surroundings.

Resistivity Imaging Results

The 2D parallel resistivity imaging profiles (Figs. 5, 6)
were inverted using Res2Dinv and Res3Dinv. Of the
10 closely-spaced profiles, only three were selected
to be discussed here to demonstrate some of the
outcomes of using these complementary techniques
in prospecting for archaeological features in Meroe
City:
e Theinverted geo-electric sections (Fig. 7) show the
variation in electrical resistivity of the prospected
zones horizontally and vertically. The variation
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Fig. 4.1. The processing of magnetic data of grid10 and grid14, South Mound, Meroe City. The data was collected using
a sampling interval of 0.5 m and a traverse interval of 0.5 m. (a) Raw data (b) Interpolated data (c) high-pass filtered
data.

o)

Fig. 4.2. The processing of magnetic data of grid10 and grid14, South Mound, Meroe City. The data was collected using
a sampling interval of 0.25 m and a traverse interval of 0.25 m. (a) Raw data (b) Interpolated data (c) high-pass filtered
data.
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Fig. 5. Locations of resistivity imaging profiles on the
magnetic image of the selected grids, which show the
most interesting anomalies in the South Mound area, Me-
roe City. (a) Profile 4, Location — Y =3 m. (b) Profile 5, Lo-
cation — Y = 4. (c) Profile 6, Location - Y =5 m.

is displayed in the form of separated anomalies
with different resistivities. The estimated vertical
extensions of the prominent anomalies, which are
assumed to a have link with the archaeological
building structures, range between 0.5-1.5m.
This depth range is reasonable for buried
sandstone structures and correlates well with the
depths of similar features as revealed by previous
excavations (Grzymski 2005).

e Inversion results of the 3D resistivity data set are
displayed in the form of horizontal and vertical
slices. The horizontal slices (Fig. 8) show the
layout of the sandstone buildings in the surveyed
area in an easily understandable form, indicating
that the southern part of grid 10 contains some
regular building structures.

e The vertical slices in the y-direction located
between 3 m and 5 m (Fig. 9) correlate well with
the inversion results (Fig. 7) of the independent 2D
imaging profiles (profile 4, profile 5 and profile 6)
and confirm the reliability and feasibility of
combining 2D resistivity profiles into a 3D data
file for inversion using a 3D resistivity inversion
code (Res3dinv).

® The vertical slices in the x-direction (Fig. 10) are
not large enough to give a full image for the
layout of the building in this direction, but some
wide and highly resistive bodies with regular
geometry are nevertheless encountered in most
of the selected cuts.

e The 3D resistivity imaging data were exported to

be displayed in a 3D block diagram (Fig. 11) using
Slicer-Dicer software, which provides a better
3D presentation mode to visualise the surveyed
features.

Fig. 6. The layout of the resistivity imaging profiles in the South Mound area, Meroe City.
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Resistivity Inversion Result of 2-D Resistivity Imaging Profile 4, Sound Mound, Meroe City - Sudan.
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Resistivity Inversion Result of 2-D Resistivity Imaging Profile 6., Sound Mound, Meroe City - Sudan.

7.2 %

Depth Iteration 28 Abs. error =
.8 L4.88

LT S S S S S S T R A A R R
a.317

545 ‘\ :

a.820

1.15
1.35
1.56 .
Inverse Model Resistivity Section

N DN DN N (RN (T (N [ (NN (S [ (D [ (N N N
11.3 114 2083

28.2 35.9 63.9

Resistivity in ohm.m

o Dipole-Dipole Array

Unit electrode spacing 1 m.

Fig. 7. The inverted resistivity imaging sections of the independent 2D resistivity sections of profiles 4, 5 and 6 using a
dipole-dipole array.

Conclusions

* The integration of the magnetic and resistivity
imaging surveys in the South Mound of Meroe
City succeeded in discovering some new ar-
chaeological buildings in grid 10 and 14 (Fig. 4).

* Themagneticresultsindicate the presence of fired-
brick buildings in grid 14, whereas the resistivity
imaging results (Fig. 7) confirmed an extension for
these buildings in grid 10. Therefore, this method
helps in the interpretation of already-existing but
hardly visible magnetic anomalies which refer to
the same buildings in grid 10.

¢ Thedifficulty inidentifying the magneticanomalies

can be attributed to the fact that the contrast in the
magnetic susceptibility between the target features
(e.g. the sandstone wall) and their surroundings
was not large enough to successfully detect this
material using a magnetic survey.

The magnetic survey in the South Mound area in
Meroe City reveals an extension of the enclosure
wall in the surveyed area. It was difficult to define
other building structures with regular geometries,
but it is possible to conclude that the western part
of the studied area was subjected to intensive
construction work. The magnetic anomalies show
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Fig. 8. Horizontal slices of the 3D dipole-dipole resistiv-
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that the interpreted and the assumed building
structures were built using not only sandstone
but also fired bricks.

Depending on the size of the target features,
measurements using the coarse-sampled pattern
may in some cases produce more reliable results
than fine-sampled pattern. Moreover, the ar-
chaeological structures, which are resolved with
such a sampling pattern, may respond well to
enhancing, smoothing or filtering of anomalies
with various processing tools.

Although the area was prepared for the magnetic
survey by removing all the anticipated sources
of noise (such as fired bricks, pottery fragments,
iron objects, etc.), anomalies from buried noise
sources in the shallow subsurface could be seen
in magnetic images, making the interpretation of
the sources more difficult.

The 3D electrical resistivity imaging technique is
a feasible approach for archaeological geophysics
problems. It provides a high-resolution image of
the subsurface electrical resistivity distribution.
Consequently, it reduces the time and effort

3-D Resistivity Ilmaging Profile - Dipole-dipole Array-South Mound, Meroe City.
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Fig. 9. Vertical slices (Y-cuts) of the 3D dipole-dipole resistivity data.
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Fig. 10. X-cuts vertical slices of 3D model of the dipole-dipole resistivity data.

required to interpret and examine the reliability of
anomalous features revealed by the 2D resistivity
imaging data, but a full 3D ERI survey is time-
consuming. The current study demonstrated the
applicability of combining 2D resistivity imaging
profiles in 3D data set for inversion using a 3D
resistivity inversion code.

Fig. 11. 3D Block diagram of 3D resistivity imaging data
using dipole-dipole array.
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