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Abstract 

The present study employs a multidisciplinary approach to highlight the risks of urban expansion on buried cul-
tural heritage sites. The buried temple of Ramses II in Akhmim city was chosen as a case study to assess the impact 
of urban expansion on its preservation. Support Vector Machine (SVM) classification was utilized to analyze satellite 
images from multiple sensors and evaluate the extent of urban growth surrounding the temple. The study also incor-
porated petrographic and mineralogical analyses of statues discovered in the temple, along with calculations of satu-
ration indices, to assess the potential interactions between groundwater and archaeological materials. The findings 
indicate that urban development is encroaching upon the temple, posing potential risks to its preservation. Satura-
tion indices for minerals in groundwater indicate a high tendency to dissolve dolomite (a common mineral in lime-
stone) and to precipitate halite (sodium chloride). This is a concern because the artifacts unearthed from the temple 
are primarily composed of limestone. Consequently, there is a risk to the artifacts due to erosion and disintegration 
caused by mineral crystallization and expansion, as evidenced by the analysis of the rock and mineral characteristics 
of the statues discovered in the temple. The study proposes protective measures for the temple, including defining its 
dimensions beneath the urban area and establishing a dedicated protection zone around it.

Keywords  Urban expansion, Cultural heritage preservation, CORONA satellite, Land use evolution, Support Vector 
Machine (SVM) classification, Groundwater saturation indices

Introduction
Protection of heritage sites has become a top prior-
ity for many countries due to their cultural and eco-
nomic importance [1]. The World Heritage Convention, 
which was adopted in 1972, is the most important global 

instrument for establishing this notion and bringing 
nations together in pursuit of cultural heritage protec-
tion [2]. Preserving and protecting these sites is essential 
because they are considered to be of outstanding cul-
tural significance to the common heritage of humanity 
[3]. Cultural heritage sites are at risk of destruction due 
to various natural and human-induced factors. These 
include climate change [4], natural disasters [5], pollution 
[6], urbanization [7], and terrorism [8].

More than half of the world’s population currently lives 
in urban areas, and this trend is expected to continue [9]. 
By 2050, it is projected that over two-thirds of the world’s 
population will live in cities [10]. This urban expansion 
has led to various environmental, social, and economic 
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changes that affect both developed and developing 
nations [11]. As urbanization continues, it increasingly 
affects cultural heritage sites, including buried archaeo-
logical sites [12, 13]. Therefore, it is crucial to pay par-
ticular attention to the impact of urbanization on cultural 
heritage sites and find ways to protect them for future 
generations [14].

Egypt’s population in urban areas  has been rap-
idly increasing, from 10 million in 1960 to 42 million 
in 2018, and is expected to double by 2030 [15]. This 
growth necessitates more urban expansion, which is 
often uncontrolled and has direct or indirect impacts 
on Egypt’s cultural heritage sites [16, 17]. Therefore, it is 
crucial to investigate the cultural heritage-related dimen-
sions of urban development and address the impact of 
urban expansion on cultural heritage sites [18]. The rapid 
urban growth in Egypt, particularly during the unsta-
ble period in January 2011, posed a significant threat to 
the archaeological areas located within residential areas 
[19]. To counter these threats, continuous monitoring of 
urban growth in terms of the type and extent of changes 
occurring over time is essential for supporting planners 
and decision-makers [20].

Buried monumental sites are a crucial part of our his-
tory and culture, but they are also particularly vulner-
able to the negative impacts of urban expansion. As cities 
grow, these sites are often threatened by development 
and construction, and subsoil water can be an aggres-
sive deterioration factor [21]. Groundwater can cause the 
deterioration of archaeological sites, which includes the 
loss of the surface layers of stone that carry engravings, 
soil salinization, crystallization of salts in walls and col-
umns, stone bleeding, destruction of wall paintings and 
texts, decreased durability of monumental stones, and 
seepage of capillary groundwater [22, 23]. Therefore, it is 
crucial that we prioritize the protection of these sites and 
work to mitigate the risks of urban expansion [24, 25]. 
To achieve this, it is necessary to monitor deterioration 
processes over relatively short time intervals, and deter-
mining the parameters that control them is essential for 
mitigating potential risks [26].

The use of machine learning has become essential in 
various environmental studies due to its ability to inte-
grate and analyze large datasets, which significantly 
and effectively contributes to leveraging and present-
ing the data clearly [27–29]. Support Vector Machine 
(SVM) is one of the most widely used machine learning 
algorithms for studying land use using satellite imagery 
[30]. Satellite images from different time periods pro-
vide an invaluable resource for monitoring urban 
growth [31]. In recent times, satellite data and GIS 
have made significant contributions to various aspects 
of archaeological studies, including archaeological site 

discovery [32], archaeological site management [33], 
monitoring natural and anthropogenic risks on archae-
ological sites [34], geo-environmental risk assessment 
[35, 36], and archaeological site mapping [37, 38].

Geochemical techniques play a crucial role in the 
study of archaeological building materials and identi-
fication of their deterioration, particularly when influ-
enced by groundwater [39]. Through the application of 
various geochemical analyses and investigations, valu-
able insights can be gained regarding the composition, 
alteration processes, and degradation mechanisms of 
these materials [40]. Techniques such as X-Ray Diffrac-
tion (XRD) and scanning electron microscopy (SEM) 
enable the identification and characterization of min-
eral phases present in archaeological building materi-
als [41]. By examining the mineralogical composition, 
it is possible to determine the susceptibility of materials 
to degradation processes induced by groundwater, such 
as dissolution, mineral leaching, and salt crystallization 
[42]. The use of software, such as PHREEQC, aids in 
simulating the interactions between groundwater and 
building materials [43]. By incorporating data on the 
chemical composition of groundwater and the mineral-
ogical composition of materials, potential degradation 
pathways can be predicted, and the long-term impact 
of groundwater on materials can be assessed [22].

Akhmim is an ancient city with a history dating back 
approximately  to 6000  years. The ancient archaeologi-
cal city lies beneath the modern city of Akhmim, and 
only one archaeological site that testifies to its past 
has been discovered. This site is part of a temple dat-
ing back to Ramses II (1303–1213 BC). A section of 
this temple was discovered in 1981, while the rest of the 
temple is still buried under modern buildings. There-
fore, this paper aims to analyze the urban sprawl of 
Akhmim city and its influence on the buried temple of 
Ramses II through the following objectives:

1.	 Using satellite data and Support Vector Machine 
(SVM)  algorithm to analyze urban expansion over 
the past 55 years.

2.	 Utilizing geochemical techniques to determine the 
deterioration of archaeological building materials as 
a result of burial.

3.	 Presenting a proposal to protect the temple from fur-
ther urban expansion.

The findings of this research will contribute to the 
ongoing debate on the importance of preserving cul-
tural heritage sites in the face of rapid urban expansion 
and raise awareness among policymakers, urban plan-
ners, and the public regarding the importance of urban 
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development and the need to protect Egypt’s invaluable 
historical assets for future generations.

Materials and methods
Buried temple of Ramses II in Akhmim
Akhmim is an ancient city located on the eastern bank 
of the River Nile, Sohag Governorate, approximately 
450  km south of Cairo (Fig.  1). It has a history dating 
back approximately to 6000 years [44], and it was known 
as Ipu or Khent-min to the ancient Egyptians and as Pan-
opolis to the Greeks [45]. Akhmim was a cultural center 
dedicated to the principal god Min, and it served as the 
capital of the Ninth Upper Egyptian Nome during the 
dynastic period of ancient Egypt [46].

The ancient archaeological city lies beneath the mod-
ern Akhmim city, and only one archaeological site that 
testifies to its past has been discovered. This site is part 
of a temple dating back to Ramses II (1303-1213 BC) 
[47]. The temple, described by Herodotus (c. 450 BC) as 
having a stone enclosure, two colossal statues, and palm 
trees, was in good condition in medieval times, and some 
of it remains survived until the nineteenth century [48]. 

It was described as one of the wonders of the world in 
many accounts [49].

In 1981, a section of the temple that included a statue of 
Ramses II and a giant statue of his daughter Merit-Amun 
was uncovered. Subsequent excavations in 1991 revealed 
parts of a seated colossus of Ramses II, which was sur-
rounded by mud brick walls [50]. The discovered section 
of the temple was converted into an open-air museum in 
1995 (Fig. 2), while the remaining parts of the temple are 
still buried under buildings [51].

The motivation behind this study stems from the 
urgent need to address the potential threats posed by 
urban sprawl on the buried heritage sites in Akhmim city. 
As urban expansion continues, there is a significant risk 
of irreversible damage to the buried temple of Ramses 
II, which represents an invaluable historical and cultural 
treasure. Figure  3 shows a simplified flowchart of the 
methodology used and the most important results and 
recommendations.

Geospatial analysis
To investigate the urban expansion in Akhmim city 
over the past 55 years, this study relied on multispectral 

Fig.1  Akhmim city and the discovered area of Ramses II temple by WorldView-3 satellite image
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satellite images from two different satellites (Landsat 
5 and Sentinel 2A) and the panchromatic CORONA 
images. In addition, topographic analysis was per-
formed using the ALOS PALSAR digital elevation 
model (Table 1). Using a high-resolution WorldView-3 
satellite image, the temple of Ramses II at Akhmim was 
reconstructed based on the locations of the discovered 
parts of the temple, as well as the design of the temples 
during the reign of Ramses II, within the ArcGIS soft-
ware environment. The processing of satellite images 
was carried out using ENVI software and the Sentinel 
Application Platform (SNAP). All cartographic work 
and topographic analysis were completed with the aid 
of ArcGIS Desktop 10.5 software.

The land cover in the study area was classified into 
four classes, namely urban areas, agricultural areas, 
Nile River, and bare land, based on the visual inter-
pretation and spectral diversity of the satellite images 
used. The classification process involved four stages: 
defining training data (training samples) to represent 
the spectral signature of the classified classes, evalu-
ation of training data, classification using Support 
Vector Machine (SVM), and classification accuracy 

assessment. The selection of training samples was 
based on the image interpretation and spectral analysis 
of each class.

SVM is a supervised classification machine learn-
ing method derived from statistical learning theory 
[52]. SVM has been widely used to classify optical and 
radar satellite data and has demonstrated high effec-
tiveness in terms of classification speed and accuracy 
[53]. SVM is designed to define the optimal separa-
tion margin that divides the dataset into several classes 
based on the input training samples [54]. When using a 
SVM classifier in thematic mapping, the user needs to 
specify which kernel to use to improve the separability 
and reduce classification errors [55], where the classi-
fication accuracy is highly dependent on the choice of 
kernel function [56]. Users can choose between poly-
nomial, the radial basis function (RBF), and the sig-
moid [57]. In remote sensing studies, the polynomial 
and RBF kernel are the most common and are known 
to work well [53, 58]. However, for LULC classification, 
RBF is the most popular technique and gives better 
accuracy compared with the other methods [54, 59, 60]. 
In this study, the SVM classification technique was per-
formed in ENVI software version 5.3 with the RBF ker-
nel. The SVM parameter values used were 0.01 for the 
Gamma in the kernel function and 100 for the penalty 
parameter. The pyramid parameter was set to zero, and 
the classification probability threshold was also set to 
zero to ensure that each image pixel receives only one 
class label, and no pixel remains unclassified.

For the classification accuracy assessment, the confu-
sion matrix using the ground truth Region Of Interest 
(ROIs) tool in ENVI software was utilized. This matrix 
was based on ground truth points that represented 
the different land cover classes in the study area. The 
ground truth points were obtained through a field visit 
(for the 2022 classification) and visual interpretation of 
the images used (for the 1985 classification). The clas-
sification accuracy results were presented using the 
overall accuracy (OA) and kappa (ki) coefficient. The 
overall accuracy was calculated by summing the num-
ber of correctly classified values and dividing it by the 
total number of values. The kappa coefficient measures 
the agreement between the classification and truth val-
ues (as shown in Eq. 1). The kappa coefficient measures 
the agreement between the classification and truth val-
ues (Eq. 1). A kappa value of 1 represents perfect agree-
ment, while a value of 0 represents no agreement.

(1)K =

N
∑

n

i=1mi,i −
∑

n

i=1(GiCi)

N 2
−

∑

n

i=1(GiGCi)

Fig.2  The discovered section of the Ramses II temple (the Open-Air 
Museum)
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where; i represents the class number, N denotes the 
total number of classified values compared to truth 
values, mi,i signifies the number of values belonging to 
the truth class i that have also been classified as class i 
(i.e., values found along the diagonal of the confusion 
matrix),Ci stands for the total number of predicted 
values belonging to class i, and Gi represents the total 
number of truth values belonging to class i.

Groundwater saturation indices
Except for the discovered section, the temple of Ramses II 
in Akhmim is currently buried under the buildings, leav-
ing building materials vulnerable to deterioration from 
salts present in the soil and groundwater. A groundwater 
sample was   collected from the vicinity of the Open-Air 
Museum in Akhmim to study its chemical properties and 
the impacts it may have on building materials. The sam-
ples were chemically analyzed to determine the concen-
tration of major ions.

Fig.3  Flowchart of the methodology used and the most important results and recommendations

Table 1  Properties of remote sensing data used

1. Satellite images

No Satellite ID Sensor ID Spatial resolution Acquisition date Source

1 CORONA KH-4B 2.1 m Nov 1968 https://​corona.​cast.​uark.​edu

2 Landsat 5 TM 30 m Aug 1985 https://​earth​explo​rer.​usgs.​gov/

3 WorldView-3 WV110 1.24 m Oct 2017 https://​world​view3.​digit​alglo​be.​com/

4 Sentinel 2A 10 m Oct 2022 https://​scihub.​coper​nicus.​eu/

2. Digital elevation model (DEM)

No Product Spatial resolution Acquisition date Source

1 ALOS PALSAR 12.5 m Feb 10, 2007 https://​search.​asf.​alaska.​edu/#/

https://corona.cast.uark.edu
https://earthexplorer.usgs.gov/
https://worldview3.digitalglobe.com/
https://scihub.copernicus.eu/
https://search.asf.alaska.edu/#/
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The saturation indexes (SI) of different minerals in 
the groundwater sample were also calculated to iden-
tify the possible interactions between the groundwater 
and archaeological building materials, using the equa-
tion developed by [61]:

where Ksp is the solubility product and KIAP is the ion 
activity product.

Saturation indices are a measure of whether water is 
in equilibrium with a solid phase or if it is unsaturated 
or supersaturated in relation to solids [62]. The satu-
ration index can be used to determine whether water 
is corrosive to materials or causes scaling on surfaces 
[63]. It can also be used to determine whether water 
will cause a particular mineral to form solid deposits 
[64]. When SI is equal to zero, the water is in equi-
librium with the mineral phase. SI values below zero 
(negative values) indicate under saturation, and that 
the mineral phase tends to dissolve, while SI values 
above zero (positive values) indicate oversaturation, 
and the mineral phase tends to precipitate [65].

Archaeological building materials analysis
To study the petrographic and mineralogical proper-
ties of the building materials, five samples were taken 
from the statues detected in the temple. Two samples 
were taken from the Merit Amun statue (a sample of 
the statue and a salt sample from the pedestal), two 
samples were taken from the Ramses II statue (a sam-
ple of the statue and a salt sample from the statue), 
and a sample was taken from the colossal seated statue 
of Ramses II. Petrographic and mineralogical prop-
erties of the samples were studied using a polarized 

(2)SI = log

(

KIAP

KSP

)

microscope, X-Ray Diffraction (XRD), and Scanning 
Electron Microscope (SEM).

Results and discussion
Topographic urban expansion
To assess the spatial extent of urban expansion and its 
potential impact on buried heritage sites, the land cover 
was classified using the SVM model. Table 2 presents the 
ground truth values and the corresponding predicted val-
ues for the agricultural areas, water bodies, urban areas, 
and bare land classes in 1985 and 2022. The overall accu-
racy, calculated by summing the number of correctly 
classified values and dividing it by the total number of 
values, was 93.5% for the 1985 images and 97.4% for the 
2022 images. The kappa coefficient, which measures the 
agreement between the classification and ground truth 
values, was 0.92 for 1985 and 0.96 for 2022. These values 
indicate a high level of agreement between the SVM clas-
sification and the true land cover classes.

The producer accuracy represents the percentage of 
correctly classified values for each class. In the 1985 
images, the producer accuracy was 100% for agricultural 
areas and water bodies, 88.7% for urban areas, and 85.2% 
for bare land. In the 2022 images, the producer accu-
racy got improved to be 100% for agricultural areas and 
water bodies, 92.4% for urban areas, and 97.3% for bare 
land. These high accuracy values indicate the effective-
ness of the SVM model in classifying the land cover in 
the study area.

These results highlight the effectiveness of the SVM 
model in accurately classifying the land cover in the study 
area. The high classification accuracy and strong agree-
ment with the ground truth values demonstrate the reli-
ability of the SVM analysis in identifying and mapping 
the different land cover classes, including urban areas, 
agricultural areas, water bodies, and bare land.

Table 2  Summary of accuracy (%) and Kappa coefficient of the 1985 and 2022 SVM classification

Class Name Ground Truth (1985) Ground Truth (2022)

Agricultural 
areas

Water bodies Urban areas Bare land Agricultural 
areas

Water bodies Urban areas Bare land

Agricultural areas 100 0 0 0 100 0 0 0

Water bodies 0 100 0 0 0 100 0 0

Urban areas 0 0 88.7 14.8 0 0 92.4 2.7

Bare land 0 0 11.3 85.2 0 0 7.6 97.3

Total 100 100 100 100 100 100 100 100

Producer Accuracy 100% 100% 88.7% 85.2% 100% 100% 92.4% 97.3%

Overall Accuracy 93.5% 97.4%

Kappa Coefficient 0.92 0.96
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These findings contribute to our understanding of 
urban sprawl in Akhmim city and the associated risks 
to buried heritage sites. By providing precise land cover 
classification, the SVM analysis aids in identifying areas 
of urban encroachment. This allows for informed deci-
sion-making and the implementation of protective meas-
ures to mitigate the risks posed to the cultural heritage in 
Akhmim city.

The digital elevation model of Akhmim city clearly 
shows an elevated area in the center of the modern city, 
which could possibly be the location of the ancient city 
(Fig. 4A). The ancient city was constructed on elevated 
areas as they provided a natural defense against Nile 

floods and enemies. Furthermore, these elevated areas 
offered better drainage and ventilation systems, mak-
ing them more habitable for human settlements. The 
CORONA satellite image revealed that the urban area 
in 1968 covered an area of approximately 0.94  km2, 
mainly concentrated in the elevated area to the south of 
the archaeological discovery site (Fig. 4B). At that time, 
the archaeological site was a barren land situated at the 
northeastern edge of Akhmim city.

The construction of the Aswan  High Dam, which 
was completed in 1970, helped to  control the annual 
flooding of the River Nile. As a result, large tracts of 
land that were previously flooded are now available for 

Fig. 4  a Land surface elevation for Akhmim city using the ALOS PALSAR High-Resolution DEM (12.5 m), b, c, d Land use in Akhmim city in 1968, 
1985, and 2022
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agriculture and urban development. The expansion of 
cities in Egypt after the construction of the High Dam 
was driven by several factors, including population 
growth, increased economic opportunities, and the 
availability of new lands for development.

Among the ancient cities in Egypt that witnessed a 
great urban expansion after the construction of the 
High Dam is the city of Akhmim. The Landsat satellite 
image in 1985 (15 years after the operation of the Aswan 
High Dam) demonstrated an increase in urban areas to 
1.43  km2, representing an increase of approximately 
0.5 km2 compared with 1968 (Fig. 4C). Urban expansion 
extended to the north in the direction of the discovered 
area of the temple, where the urban areas surrounded the 
archaeological area from all sides.

Urban expansion around the archaeological area 
has continued until now, as a Sentinel 2 satellite image 
revealed an increase in urban areas in 2022 to approxi-
mately 2.1  km2 (Fig.  4D), an increase of approximately 
0.7 km2 from 1985 and an increase of 1.15 km2 from 1968 
(Table 3). With the continued urban growth, the discov-
ered section of the temple became surrounded by a high 
urban density, because of which the exploration of other 
parts of the temple stopped. This expansion poses great 
challenges to the preservation of the temple and the 
management of the discovered section of it.

Urban expansion risks
The rapid urban expansion has had negative impacts 
on the environment and cultural heritage of the region. 
Apart from the discovered section, the presence of 
Akhmim temple below the urban area with high urban 
density exposes it to great risks, the most important of 
which are the deterioration of building materials due to 
groundwater and burial soil, and the hindrance of exca-
vations, along with the increased illegal exploration by 
robbers.

Petrographic examination of a sample taken from the 
Merit Amun statue under a polarizing microscope indi-
cated that it is micritic limestone. XRD results indicated 
that it is composed of 93% calcite mineral (CaCO3) and 
3% dolomite mineral (CaMg(CO3)2). XRD results for a 
salt sample taken from the pedestal indicated that it con-
sists of 93% halite mineral (NaCl) with a small percentage 
of calcite mineral (4%) and quartz mineral (Fig. 5A, B).

Petrographic examination of a sample taken from the 
Ramses II statue under a polarizing microscope indicated 
that it is micritic limestone. XRD results indicated that 
it is composed of 92% calcite mineral (CaCO3) with a 
small percentage of dolomite mineral (5%) and smectite 
mineral (3%). XRD results for a salt sample taken from 
the statue indicated that it consists of 96% halite mineral 
(NaCl) and 4% calcite mineral (Fig. 5C, D).

Petrographic examination of a sample taken from the 
colossal seated statue of Ramses II under a polarizing 
microscope indicated that it is biomicritic limestone. 
XRD results indicated that it is composed of 88% calcite 
mineral (CaCO3) with small percentages of halite min-
eral (6%), illite mineral (3%), and smectite mineral (3%). 
Examination of the sample using SEM showed the diffu-
sion of sodium chloride salts (NaCl) between calcite crys-
tals (Fig. 5E, F). The source of this salt is likely to be burial 
soil, groundwater, and sewage seepage from homes built 
within the archaeological area.

The chemical analysis of groundwater in the vicinity 
of the Open-Air Museum in Akhmim City revealed the 
presence of numerous ions and minerals that have the 
potential to impact archaeological building materials. The 
total dissolved solids (TDS) concentration in the ground-
water near the Open-Air Museum is about 950  mg/L, 
which is significantly higher than the TDS concentration 
in groundwater wells located in wilderness area, which is 
about 400 mg/L, as illustrated in Table 4. This disparity 
in total dissolved solids levels can be attributed to human 
activities such as industrial discharges and domestic 
wastewater [66–68]. High concentrations of dissolved 
salts in groundwater can significantly impact building 
materials. When water containing dissolved salts evapo-
rates, the salts are left behind and can accumulate on the 
surface, causing discoloration, warping, and even struc-
tural damage. Additionally, dissolved salts can react with 
building materials, resulting in chemical changes that can 
weaken the structure [69]. Chloride ions can cause corro-
sion and pitting on the surface of stones [70]. Nitrates can 
also form on stone surfaces due to the presence of nitrate, 
ammonia, and ammonium salts, which can lead to discol-
oration and loss of detail on the stone surface [71].

Table  4 presents the results of saturation indices for 
minerals in groundwater. The positive saturation indi-
ces for calcite and aragonite suggest that the groundwa-
ter is supersaturated with respect to these minerals. This 

Table 3  Urban expansion in the Akhmim city from 1968 to 2022

Land use (km2) 1968 1985 2022 Urban expansion between

1968 and 1985 1985 and 2022 1968 and 2022

Urban areas 0.94 1.43 2.1 0.49 0.67 1.15
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indicates that there is a tendency for calcite and aragonite 
to precipitate onto artifact surfaces. This can lead to min-
eral growth or cementation, which may alter the appear-
ance or structure of the artifacts over time.

The negative saturation indices for dolomite suggest 
that the groundwater is undersaturated with respect to 
dolomite. This indicates a higher possibility of dolomite 
dissolution. This is a concern because the rock artifacts 

unearthed from the temple are primarily composed of 
dolomite (Fig. 5a, c). Erosion can lead to the dissolution 
of limestone, which may cause etching, pitting, or other 
forms of surface deterioration.

On the other hand, the positive saturation indices of 
halite indicate that the groundwater has a strong ten-
dency to precipitate these minerals, and this explains 
the presence of scales and deposits of halite on the 

Fig.5  a, b XRD patterns of limestone and salt samples from the Merit Amun statue, c, d XRD patterns of limestone and salt samples from the Ramses II 
statue, and e, f XRD patterns and SEM photomicrographs (750X) of limestone samples from the colossal seated statue of Ramses II
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surfaces of the artifacts unearthed from the temple 
(Fig.  5b, d, e, f ). The high pressure generated by the 
crystallization of halite within the pores of archaeologi-
cal building materials can cause the minerals to expand 
during crystallization, leading to dissociation and 
cracking of the materials.

Protecting the Ramses II temple from urban expansion
To protect the temple from urban expansion, it is nec-
essary to conduct geophysical studies to discover the 
remaining parts and expedite excavations to preserve 
whatever is left of the temple before it deteriorates com-
pletely. This requires the removal of all buildings sur-
rounding the unearthed part of the temple, which is 
currently challenging due to the high economic cost. The 
authors have presented a proposal to protect the temple 
until the excavation begins. This proposal is based on 
two steps: The first step is to create an initial visualiza-
tion of the dimensions of this temple beneath the urban 
area, and the second step is to establish a protection zone 
around the temple.

A. Preliminary visualization of the temple’s dimensions
Based on the locations of the discovered parts of the 
temple and the designs of the temples during the reign 
of Ramses II, a preliminary visualization of the temple’s 
dimensions was made using GIS techniques and a high-
resolution satellite imagery.

The discovered parts of the Akhmim temple includes 
the foundation walls of a Ramesside gate, a colossal 
statue of Ramses II’s daughter Merit-Amun, a statue of 
Ramses II, and the remains of a colossal statue of Ramses 
II seated on the throne, which were discovered in 1991 
(Fig.  6a). Furthermore, a geophysical survey conducted 
by [51] in 2009 revealed the existence of another colossal 
statue seated to the right of this statue. Figure 6b shows 
the locations of the discovered parts of the Akhmim tem-
ple using a WorldView-3 satellite image.

Ramses II constructed numerous temples, but only 
three of them, namely Abydos temple, Abu Simbel tem-
ple, and Ramesseum temple, retained their construction 
plan. Abu Simbel temple has a unique design as it is a 
rock-cut temple. Abydos temple and Ramesseum temple 
showcase the temple design prevalent during the reign 
of Ramses II. Therefore, it is probable that the temple of 
Ramses II in Akhmim had a similar design.

Table 4  Chemical analysis and saturation indices of groundwater in the urban area and the wilderness area around the Open-Air 
Museum (mg/L)

* A positive value indicates supersaturation, meaning the mineral is more likely to precipitate, while a negative value indicates undersaturation, meaning the mineral is 
more likely to dissolve

Sample 1 2 3 4 5

Latitude 26°33′57.83ʺN 26°33′27.82ʺN 26°34′3.71ʺN 26°34′17.63ʺN 26°33′29.713ʺN
longitude 31°44′46.16ʺE 31°44′34.53ʺE 31°44′37.17ʺE 31°45′35.26ʺE 31°43′25.385ʺE
Class Urban area Urban area Urban area Wilderness area Wilderness area

TDS 993 889 959 408 438

HCO3 384 444 383 251 278

NH3 14 0.01 0.01 22.5 14.51

Ca 77.15 59.83 72.45 52.29 57.06

K 4 8 6 7 3

Mg 31 17.7 19.07 21 22

Na 188 200 183 42 50

Cl 134.0 113.32 122.52 27.48 34

NO3 18.23 7.72 125.8 0.21 1.14

So4 166 119.8 94.61 39 42

PO4  < 0.2  < 0.2  < 0.2 3.4 0.22

Saturation index (SI)*

Dolomite − 8.07 − 9.18 − 8.48 − 10.30 − 9.84

Calcite 1.24 0.96 1.15 0.83 0.90

Aragonite 1.19 0.92 1.11 0.80 0.87

Gypsum − 0.61 − 0.68 − 0.55 − 0.90 − 0.84

Anhydrite − 0.76 − 0.85 − 0.71 − 1.11 − 1.04

Halite 4.06 4.75 4.29 5.76 5.47
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The Ramesseum temple, situated in Upper Egypt on 
the west bank of the River Nile, opposite to the modern 
city of Luxor, served as a model for subsequent temples, 

notably the temple of Ramses III at Medinet Habu [72]. 
According to [73] and [72], the main features of the 
Ramesseum temple include two massive pylons each 
leading to a courtyard, the first courtyard ending with a 
colossal statue of Ramses II, the second courtyard hav-
ing porticos on all four sides, and the hypostyle hall con-
taining 48 columns arranged in six rows (Fig.  7A). The 
Abydos temple is situated in Sohag Governorate, Upper 
Egypt. According to [74], the main features of this temple 
include a ruined pylon and courtyard at the front, a sec-
ond courtyard decorated with colossal statues of Ramses 
II, as seen at the Ramesseum, and a portico (Fig. 7B).

Based on the locations of the discovered parts of the 
temple and the design of temples during the reign of 
Ramses II, a preliminary visualization of the dimensions 
of the Akhmim temple can be made at the following 
points (Fig. 8):

•	 The Akhmim temple consists of two pylons, with the 
Ramesside gate serving as the gateway to the first 
pylon.

•	 In front of the first pylon, the Merit-Amun statue and 
Ramses II statue stand.

•	 The seated colossal statues of Ramses II, which were 
discovered in 1991 and indicated by geophysical 
studies in 2009, were in front of the second pylon.

•	 Based on the distance between the first pylon and the 
second pylon (about 63 m) and by analogy with the 
design of the Ramesseum temple, it can be concluded 
that the first pylon of Akhmim temple is about 80 m 
long and the first and second courtyard measure 
about 73  m wide, and 63  m long. Furthermore, the 
hypostyle hall and other parts of the temple extend 
more than 100 m behind the second courtyard.

B. Establishing protection zone around the temple
To ensure the preservation of the temple, it is necessary 
to establish a protection zone around it, maintaining a 
distance of 100  m in all directions (Fig.  9). Within this 
designated protection area, stringent security measures 
should be implemented to deter unauthorized excava-
tion. Additionally, sewage networks should be installed to 
prevent water seepage. Prior to any future development 
within the protection zone, thorough archaeological 
exploration must be conducted, enabling the documenta-
tion of any archaeological findings.

Conclusions
In this study, we examined the urban sprawl of Akhmim 
city and its impact on the buried temple of Ramses II. 
The analysis of satellite images clearly illustrates the sig-
nificant expansion of urban areas around the temple 

Fig.6  a The discovered parts of Ramses II temple (field trip 
in March 2021), b Locations of the discovered parts of the temple 
by WorldView-3 satellite image

Fig.7  a Plan of the Ramesseum temple temple [72], and b Plan 
of the temple of Ramses II at Abydos [75]
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site over time, particularly after the construction of the 
Aswan High Dam in 1970. This urban expansion, driven 
by factors such as population growth and economic 
opportunities, poses significant challenges to the preser-
vation and management of the temple.

The analysis of archaeological building materials 
revealed that they are primarily composed of limestone. 
Sodium chloride (halite) was found, likely originating 
from burial soil, groundwater, and sewage seepage from 
nearby homes. The groundwater contains high levels of 
dissolved solids, chloride ions, and nitrates, which can 
cause discoloration, warping, and structural damage to 
archaeological building materials.

Saturation indices for minerals in groundwater indi-
cate a high tendency for dolomite dissolution, which 
is a concern since the rock artifacts unearthed from 
the temple are composed of dolomite. On the other 
hand, there is a high tendency for halite precipitation, 
explaining the presence of scales and deposits on the 
surfaces of the artifacts. This process can even lead to 
disintegration and cracking of materials due to the high 
pressure resulting from the crystallization of saturated 
minerals within the pores.

A preliminary visualization of the temple’s dimen-
sions beneath the urban area has been presented, based 
on the discovered parts and the designs of temples dur-
ing Ramses II’s reign. This visualization offers valuable 
insights into the layout and potential dimensions of 

Fig.8  Reconstruction of Ramses II temple in Akhmim city by WorldView-3 satellite image

Fig.9  Proposed protection zone around the temple by WorldView-3 
satellite image
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the temple, providing assistance in future excavation 
and preservation endeavors. We recommend the estab-
lishment of a protection zone surrounding the tem-
ple where this zone would act as a buffer to protect the 
temple from encroaching urban development. Imple-
menting stringent security measures to prevent unau-
thorized excavation and installing sewage networks 
to mitigate water seepage are crucial steps to be taken 
within this zone.

This research provides valuable insights into the chal-
lenges faced by cultural heritage sites due to urban 
sprawl and offers practical solutions for their protec-
tion and conservation. By prioritizing proactive meas-
ures, such as the visualization of temple dimensions 
and the establishment of protection zones, the preser-
vation of the buried temple of Ramses II in Akhmim 
city can be assured for future generations. It is crucial 
that stakeholders and authorities collaborate to imple-
ment these measures and safeguard the cultural herit-
age that enriches our understanding of the past.
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