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Abstract

Many important archaeological sites in Iraq still need to be preserved. Some of
these sites were subjected to destruction and negligence. So, exploring these sites
represents a priority for its protection. A 2D Electrical Resistivity Imaging (ERI) as
a non-invasive geophysical survey method was implemented at a part of the
Borsippa archaeological site near Babylon to search for the subsurface
archaeological artefacts/structures. Electrical resistivity measurements were carried
out using a Dipole-Dipole array. Steps were taken to process and filter using
Horizontal profiles, forward modelling, and 2D inverse models to analyze the
resistivity measurements. The ERI inversion results show that the superficial
conductive zone produced variations in ERI inverse models. The low resistivity
caused by the relatively high conductivity was observed due to rainwater leaking
into the topsoil zone. The ERI sections revealed a coherent depth of approximately 7
meters and the anomalies geometry and semi-layering soil. These changes can be
attributed to the high resistivity contrast between the relatively high-resistivity
anomalies and the surrounding intact soil. The soil types include dry silty and clayey
soils and crushed refractory materials such as broken bricks and ruins mixed with
rock pulp. These materials have resulted in the collapse of walls due to weathering
and erosion. Based on the identified patterns, shallow-depth high-resistive anomalies
are present and extend throughout some parts of the study area. These anomalies are
represented in a SW-NE trend of the mound area. At the bottom of this zone is
another zone with low resistance values and variable thickness, which varies from
place to place within the study area. The results proved the efficiency of the ERI
technique in detecting archaeological wall-like artefacts, which represents a data
bank for any future archaeological prospection.

Keywords: Electrical Resistivity Imaging; Borsippa Site; Near-surface
Archaeological Investigation, Artifacts Detection

Aate b by gn pdga (B dupagal) duiliygsl) dus il dagliall Alph aladiuls UV gl
Gl By AV Jib

Grad) S dald] 5 a5 Ladall
Gl (V) ale aud caslall LIS colaiy dasla

P ES
U et 3 L lgle Bliall (gl ) dalay Ghall 3 degadl LY adlsall (e aaell Ol Y

*Email: osamahsaad1979@gmail.com

7036


mailto:osamahsaad1979@gmail.com

Berhi and Al-Saadi Iragi Journal of Science, 2024, Vol. 65, No. 12, pp: 7036- 7048

Loglaall ygemd 20 o3 . Lgibead Auslsl iy adlsall o3a CaliSial (d 131 . JLaals juexill adlsall o3
Oo il Y1 Luiyg @Bse (e s (B Brade i s A€ (ERI) 2] 48l 8lyeSl due il
Uaclss 2805 Aaglaal) Sl shal & Adacd) canitl) DY) (Ll [adaill e Gl L) il
dailly dallaall @lglad 385 &5 L aladl) S bl Sl ddgheas aladials SYSCAL pro + sl
Al clulall Jatl sleY) 480 Auall Laslaall 7 3laty dasiiall Aadailly 481 adalia) alasiuly
coenal) o] AsSaall dpsguail) Aagliall zilad (& 3938 Cal el dadl Akl of el
sl L Y SUadY) slae qoped qase Adlad) Abasall (o Al Aaglial) (aledsl Laagl . Jleal)
Al agkily l3sAal) duiel gy i 7 Mes iy cluldie Bae ge uSal) zisall Wlat CaiS
Laslaall 5aas B3LAN VA Laslaall 3 )l el ) il o3 (g of oS L Adle Zay
Coshall Jia ABgauall dyjhal) Slgally dialally duispall A8 Gl ol Jadig gy ddasnal) dadd) dully
Lsall dalgall o ghaadl Sl e dlsall 2da a8y . (gyaall llly Aagladll Qhally )susdl)
daal) Benll 8 Cl3sdd angi Aopgeaill Zoegill Aoglall Ak lgiaas 30 Bl e 3l L JSH,
SW— sla) s3LaN CaShl sda 34T Auhall dilaie ehial (ans B 83iae Luns Dlle due g daglia
Ay juiie dlewy dabiic dae i daglie ad 53 AT 3lai aag (3Uail) 138 Jauds 1)) dilaia e NE
Layhll 5elS (53 ) @seail) LSl sl il maag Aual) ddkie Jals AT ) ol e
il ciluin ¥ cbly dy Jia lly ohaaS Aasall LAY QS o RSl 4l

1. Introduction

Archaeological sites transpose an overview of the history of ancient people, e.g., living
conditions, knowledge, and cultures. Prospecting the archaeological sites is a priority to
protect these areas from destruction and negligence. Vast parts of Babylon's ancient city and
the Borsippa site (Figure 1) are still mostly unknown, hidden under the earth and
groundwater, and many aspects of this great city need further investigation. There is an urgent
need to explore the Babylon dynasty further and highlight how important this civilization is
for the Iraqi heritage as much as the importance of other civilizations.

However, suppose there are proper/accurate geophysical surveys, such as GPR and
electrical resistivity imaging, which can provide two and three-dimensional images/maps that
efficiently identify the buried archaeological structures. The goal is not to conduct costly and
extensive excavations in that case. Subsurface prospecting applies electrical geophysical
techniques to locate subsurface bodies and structures that impact/are important in various
related disciplines [1]. The resistivity method was initiated in the 1920s through the work of
the Schlumberger brothers. Research in engineering, environment, and archaeology
increasingly depends on geophysical methods like electrical resistivity tomography [2] and
[3]. Such investigations are usually shallow, limited to around 50 meters, but in exceptional
cases, can reach hundreds of meters [4]. Investigation methods of archaeology are divided
into invasive (e.g., drilling or excavation) and non-invasive, e.g., geophysical techniques such
as Electrical Resistivity Imaging (ERI) [5]. When using the 2D resistivity approach, several
electrodes connected to multi-core cables (25 or more) are commonly used [6] and [7]. Due to
the substantial amount of data that must be collected, the survey is run automatically.
Therefore, all relevant measures should be obtained to get the best outcomes. According to
[8], the resistivity technique is an excellent way to assess the electrical characteristics of
subsurface materials. Electrical resistivity maps geologic structures, stratigraphy units,
fracture zones, sinkholes, and groundwater, correlating with lithological variations, water
saturation, conductivity of fluids, porosity, and permeability [1]. A single or pair of steel
electrodes is utilized to inject current into the ground during the acquisition of resistivity data,
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and a similar pair of potential electrodes is then used to measure the potential field that results
[1]. Many archaeo-geophysical investigations using electrical resistivity methods have been
conducted over the last four decades [9]. The structure of Roman villas in southwest Germany
has been identified using the Electrical resistivity technique [7]. The study demonstrated how
well the 3D ERT method can represent buried subterranean archaeological structures. The
ground material resistance versus depth variations in the physical parameters of underground
formations are described and shown using the electrical resistivity method [10]. The author's
endeavor is to uncover the hidden structures of the ancient city of Ur within Irag's Babylonian
Houses District. They used electrical resistance tomography (ERT). The main objective was
to obtain/extract information about the depths of archaeological features within clayey, salty,
and saturated soils [11]. ERT measurements can detect kind bricks in the adjacent clay and
mud. Results of the study showed high resistivity near the surface due to dried clay and sandy
soil mixed with brick fragments and slags [12]. The ERT and Ground-Penetrating Radar
(GPR) has been used by [13] to map the walls of the eastern side of the Northern Ishtar Gate
in ancient Babylon. To identify the palace wall and other surrounding walls. The fact that
there is only one set of buried walls was underlined. Further analysis of the composition
showed that some shallower walls could have been used as residences for soldiers. Further,
the ERT survey was conducted in ancient Babylon City at nine selected locations utilizing
both Dipole-Dipole and Wenner-Schlumberger arrays. The study aimed to probe the impact
of different types of inhomogeneity on the apparent resistivity variation. The ERT results
showed that the Dipole-Dipole array had better resolution and accuracy in depicting the
underground structures [14]. Furthermore, the Dipole-Dipole array and three parallel profiles
were used at the Diyala University site to locate underground utilities (cables and pipes). The
interpretation of actual field data demonstrated how practical the ERI approach was at finding
buried structures [15].

The current research uses the Electrical Resistivity Imaging (ERI) technique for
investigating subsurface archaeological structures in a certain part of Borsippa, which has yet
to be applied to investigate this site. The archaeologists will receive the results so they can use
them as a guide for future appropriate prospecting of the area.

2. Location and History of the Study Site

The current archaeological site of interest is the Borsippa site. After official approval from
the Iraqi State Boards of Antiquities and Heritage, and with the advice and guidance of
archaeologists, they prioritize important parts within the vast site for investigation.
Borsippa (Sumerian called Bad-si-a-ib-ba and in Akkadian Persib or Tel Persib) and currently
called Birs Nimrud (Archaeology of Press), is an important ancient Sumerian city, built on
both sides of a lake, about 15 t016 km to the south of the city center of Hilla, lies about 18
Km southwest of the ancient famous city of Babylon. It is a Sumero-Akkadian city built on
either side of the Euphrates River. It lies within the Babel Governorate, in the middle of Iraq.
Borsippa (Ishan or Birs Nimrud) site is located at the intersection of longitude (44°20'30"E)
and latitude (32°23'30"N) (Figure 1), within the village of Ibrahim al-Khalil, and sub-district
of AI-Kifl in plot 12 and the district (10 /Al-Hamsaniyah). Table 1 shows the boundary
coordinates of the study area, which is covered around 3040 m? [16].

Small parts of the site have been excavated from foreign expeditions, e.g., the Austrian
expedition worked there till 2002 [17]. The site mainly consists of two large mounds, the
Ibrahim Al-Khalil mound and the Ziggurat-Nimrud archaeological mound. Each mound is
surrounded by many relatively small archaeological mounds that have not been investigated
yet.
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Table 1: Coordinates of the study area boundaries in the DMS system.

Point Latitude (°) Longitude (°) Elevation (m)
a 32°23'36"N 44°20°27"E 28.53
b 32°23'38"N 44°20'28"E 28.44
c 32°23'36"N 44°20'28"E 28.73
d 32°23'37"N 44°20'30"E 29.22

2.1. Geology and Hydrogeology of the Study Area

According to the tectonic division of Iraq, the study area falls within the Mesopotamian
zone [18]. Geologically, recent deposits cover the study area, and Quaternary sediments are
represented by gravel, sand, silt, and silty clay deposits. The thickness of the sediments ranges
between 20-25 meters from the ground surface. Further, the western part of the study area is
covered by alluvial deposits resulting from the Shatt al-Hilla River (Figure 2) [19]. The
groundwater level near the study area was 5-6 m from the ground surface, as measured from
some drilled boreholes in the surrounding agricultural areas.
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Figure 1: The location of the study area within Babel Governorate. The black rectangle in the
aerial image represents the study area, and its corner coordinates are shown in Table 1.
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Figure 2: Lithological section of the dominated deposits from the ground surface within the
study area [20].

As for topography and geomorphology, the study area is located within the alluvial
plain, which is characterized by its flat surface, flatness, and general lack of slope, where the
degree of slope is about 22 cm/km, and there are secondary slopes [21], as shown in Figure 3.
The land slopes from the northern and western sides and towards the eastern and southeastern
parts, and there are some sand dunes in some areas, such as south of the city of Hilla. These
dunes have fixed bases, but their peaks are mobile, from which the winds form shapes
according to their directions [21]. However, the dunes do not really affect the current study
area.
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Figure 3: Map of archaeological mound shaded with contour lines (upper image) showing the
elevations of the mound, the aerial bottom image showing the grid of ERI survey in front of
Ziggurat Nimrud.

3. Materials and Methods

The basic principle of the electrical resistivity imaging technique depends on identifying
the variation of electrical resistivity characteristics in the subsurface (Figure 4). In contrast,
the ERI technique is non-destructive, sensitive, fast, and relatively cost-effective compared to
physical excavation at a site of interest [22] and [23].

Current Lines

- = = = Equipotential Lines

Figure 4: The geometry of current distribution within homogeneous and isotropic subsurface
media [24].
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3.1 Fieldwork Survey

The fieldwork was conducted in springtime (i.e., end of April 2023), and the surface soil
condition was proper (wet) to complete the survey. A set of electrodes that are evenly spaced
apart and connected to a central control unit via multi-core cables make up the field setup.
After that, resistivity data is collected using intricate example configurations of Dipole-Dipole
for the current and potential electrode pairs to create a fictitious cross-section of apparent
resistivity below the survey line [25].

The SYSCAL pro+ Instrument is a resistance meter designed for high throughput
surveillance and profiling techniques for environmental and engineering geophysical
observations. The 2D electrical profiles were performed using a Dipole-dipole array with a
spacing of 0.5 m for each array within the study area. The Dipole-Dipole array comprises four
liner electrodes with fixed a-spacing between the current (AB) and potential (MN) electrodes
(Figure 5). The Dipole-Dipole array is more sensitive to vertical variations in resistivity than
horizontal variations, making it better for mapping vertical subsurface structural bodies like
dykes, and archaeology bodies [26], [27] and [28]. The Dipole-Dipole array was also a proper
technique for determining and mapping subsurface weak zones [29] and [30].

3.2 Data Acquisition and Processing

The resistivity field data have been processed using the ProSysll software (supplementary
software from Geotomosoft to process and convert the ERI data to be readable in RES2D
inversion program) to view, check, eliminate the bad data points and sort the readings before
carrying out the 2D inversion. Very few data points have been eliminated from certain
profiles. Afterwards, the 2D model inversion was performed using the "RES2DINVx64"
program. RES2DINV is a computer program developed by Geotomosoft and utilized for
processing the resistivity data and calculating the inverse model of the field data to a
resistivity section, which can finally be used for geological interpretation. The processing
parameters applied to the data are listed in Table 2. The same inversion parameters were
applied/unified to all data sets, so the software generated an inverse resistivity depth image
for each profile. The results of resistivity inverse model surveys of Dipole-Dipole arrays with
a-spacing = 0.25 m are shown in Figures 6 and 7.

2 C1 P1 P2
*c—ad—>*<€ na >e<—g—>*

Figure 5: The electrical electrode setup of the dipole-dipole array [26].

Table 2: Parameters used for 2D electrical resistivity inverse for the measured data.

Damping factors 15

Minimum Damping Factor 0.02

Use a higher damping factor for the first layer 3

Vertical to Horizontal Flatness Filter Ratio (Weight) | 1.7

Robust model Constrain cutoff factor 0.05

Robust model Constrain cutoff factor 0.005

Forward modeling method setting finite-element method

Use model refinement Use model cells with widths of half the
unit electrode spacing

Use incomplete Gauss-Newton 0.005

Number of Iterations 5

Contour Interval Logarithmic Contour Interval.
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3.3 Topography Measurements and Effects
The electrical resistivity measurements were standardized to all profiles to facilitate the
interpretation and comparison of the inverse results. In some cases, with long surveys and

slight (but important) elevation variability, it might be more convenient to incorporate the
topography information to visualize and export inversion results. Geophysical analysis
programs typically combine electrical data with topographical data to improve the accuracy of
interpretations and interference correction. A Topcon GR-5 GPS measured the precise
elevation and horizontal distances between electrodes. These coordinates were then integrated
into subsequent ERI data using Prosysll software. After adding topographic values, a slight
shift was observed in the shape and location of the anomaly beneath the ground surface, as
shown in Figure 6 (A and B). A set of electrodes evenly spaced apart and connected to a
central control unit via multi-core cables make up the field setup.

In summary, incorporating topographic data into datasets can improve accuracy when
interpreting subsurface geological structures. This will allow for broader visualizations and
exports that include both resistivity information and surface topography, which provide a
more comprehensive view of the geological features of the subsurface, e.g., rock layers,
geological types, and topographic formations. Without topography, the focus will solely be on
resistance variations. The approach chosen should depend on the study's goals and the desired
level of detail and context in the results to avoid misinterpretation.
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(B)
Figure 6: An example of the 2D ERI model showing the results of the inversion: (A) inverse
model section without topography, and (B) model section with inserted topography, the black
arrows indicate the change that occurred after inserting the topography.

4. ERI Inversion Results and Discussion

The inversion results demonstrate subsurface images with slightly sharper resistivity
boundaries (Figure 7). The inverse models reveal zones of high and low anomalies. The
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subsurface resistivities of the 2D ERI span a broad range from 0.2 to 61 ohm.m. Low-to-
moderate resistivity anomalies within and around some relatively resistive anomalies can be
seen in the shallow-depth profiles, showing an inhomogeneous, especially from 3.55 to 8.05
m depth (Figure 7). After five iterations, the RMS (i.e., data misfit ratio) ranged between 4.3
% and 5.4 %. The inverse model can be divided into almost three zones: the upper zone, a low
to middle-resistivity values between 0.20 to 6.21 ohm.m and a thickness of about 3.55 m were
noticed in the sections, which may indicate a zone of rainwater infiltration into the soil and
silt clay where the soil is wet. The second middle zone represents the medium to relatively
high resistivity values between 6.21 to 9.11 ohm.m. A thickness of 4.5 m probably represents
the incubating layer of the archaeological structures, and the third bottom zone is illustrated at
a depth of 5.65 m with relatively low-resistivity values of 0.20 to 6.21 ohm.m. The resistivity
values of 13.34 to = 20 ohm.m may represent the decomposed materials from the walls,
rubble, or a layer filled with sediment or wall fractures of medium resistivity. Relatively high
resistivity values of 30 to 61.41 ohm.m at different depths below the surface can be caused by
the anomalous buried structures in the clayey soil. The thicknesses and geometry of these
resistive structures are varied from one profile to another, as well as along the profile. The
Dipole-Dipole arrays detect anomaly boundaries with better accuracy. However, it is
susceptible to horizontal resistivity changes, which influence the outcome of several observed
anomalies (Figure 7) and the effect of near-surface inhomogeneities, especially between 24-
54.3 m on the X-distance. The depth investigated Dipole-Dipole array has a depth of 7 m. The
results showed that the Dipole-Dipole array is the suitable electrode array when both vertical
and horizontal changes are present in the subsurface. Therefore, using the Dipole-Dipole array
for shallow investigations is recommended. The electrical resistivity measurements were
standardized to all profiles to facilitate the interpretation and comparison of the inverse
results. We will use "P-symbol" to refer to the profile in the upcoming texts.

In Figure 7, the ERT profiles of 16, 17, and 18 indicate that the zone containing the
archaeological anomalies is between a 3 m to = 4.6 m depth and exhibits high resistivity
values ranging from 30 ohm.m to = 61 ohm.m. Based on the inverse model, these structures
have longitudinal extensions ranging from 4.5 m to 11.35 m and occur at depths between 2 m
and 6 m. These anomalies can extend continuously in all three profiles, except for the 18th
profile, where anomaly (E18) may be an extension of anomaly (A18) or a separate anomaly.
As in Figures 7 and 8, This information is detailed in Table 3. At a depth of 2.7 m, there is a
unique layer with extremely low resistance. It stretches horizontally for 25.6 m in the
seventeenth profile and appears in the eighteenth profile at a depth of 2.9 m with a
longitudinal extension of 5.5 m. This layer is likely composed of clay with high permeability.

Table 3: The dimensions of the archaeological structures and their locations below the earth's
surface.

Line Name Distance(m) Longitudinal Depth (m) electrode Resistivity
number | structure extension number value (2m)
Al6 3.25t08.25 5 3 6to 16 30to 42
Line 16 B16 32.25t0 37.25 5 6 64 to 74 30to 61
C16 52.75 t0 57.25 4.5 2 105 to 114 30 to 61
Al7 1.75t0 12 10.25 4 3to24 30to 50
Line 17 B17 32.5t0 37 4.5 4.1 65 to 74 30to 61
C17 52.25 t0 56.75 4.5 2.8 104 to 113 30 to 61
Line 18 Al8 4109.25 5.25 4 81018 30
E18 13.25t024.6 11.35 6 26 to 48 30to 61
B18 31.75to0 38 6.25 3.3 63 to 76 30to 61
Ci18 52.25 to 57.28 5.03 4 104 to 114 30 to 61
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Figure 7: Results of the inverse models for the Dipole-Dipole array with a-spacing = 0.25 m
for profiles 16, 17, and 18. The black arrows highlight the main relatively resistive anomalies.
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Figure 8: The relatively high-resistivity subsurface features (indicated by arrows) are
probably related to the wall-like structures which are carefully identified as consequent
features on inversion models of surveyed ERI profiles.

5. Conclusions

From the ERI survey results of the Borsippa site, the following could be concluded:

1. Main soil lithology characteristics have been identified, e.g., clastic materials and
sediments of clay, silt, and saturated fine sands with relatively low-resistivity anomalies in the
shallow depths. These detected sediments are consistent with the soil column of the previous
studies and outcrops near and within the study area.

2. The resistivity values near the surface and down to about 3.5 m depth vary laterally and
correspond to the zones ranging from clay to silt and sandy-silt deposits. This variation is due
to an increase in moisture content. At these depths, the resistivity varies from 0.2 ohm.m to
0.92 ohm.m. Further, the ERI results show similar anomalies with relatively high resistivity
and large thickness structures between 6-2 m. These structures probably represent an internal
wall, the walls of soldiers' residences, or large furnaces with highly resistant deposits.

3. Adding topographic data to datasets when interpreting resistivity with Res2DInv can
positively impact interpretation accuracy and understanding of subsurface structures.

4. The study illustrated the efficiency of the Electrical Resistivity Imaging technique for
shallow-depth investigations. ERI efficiently identified and imaged anomalies' geometry,
providing a proper image of the subsurface walls, artefacts, and structures.
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