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Archaeological sites in deltaic regions face increasing environmental threats. This study provides the first
assessment of seawater intrusion and land subsidence impacts on archaeological sites in the Nile Delta through
hydrochemical investigations, InSAR techniques, and multi-criteria decision analysis of 33 sites. The results
reveal that 80.7 % of groundwater samples are of the seawater (Na—Cl) type, with northern groundwater pri-
Coastal archacology marily consisting of old marine water. The Groundwater Quality Index for Seawater Intrusion shows that 54.6 %
Groundwater salinization of sites have saline groundwater and 45.4 % have mixed groundwater. Hydrochemical Facies Evolution analysis
InSAR indicates that 73 % of sites are north of the freshwater-seawater interface, with water tables <1 m deep. All sites
MCDA show high risks of limescale accumulation and corrosive conditions. SBAS-InSAR analysis (2020-2024) detected
Seawater intrusion displacement velocities between —16 and + 5 mm/year, with maximum subsidence in the northern region. The
archaeological risk map was developed using the AHP, integrating water corrosion indices, water table depth,
soil texture, and subsidence rates. The map classified the archaeological sites into four risk categories: 8 sites
were classified as severe risk, 12 sites as high risk, 11 sites as moderate risk, and 2 sites as low risk. These findings
highlight the urgent need for mitigation strategies, including groundwater level reduction and prioritized

Water corrosion indices

documentation of high-risk archaeological sites.

1. Introduction

Groundwater salinization caused by saltwater intrusion into fresh-
water aquifers represents a significant threat to the sustainability of
coastal groundwater resources globally (Prusty and Farooq, 2020; Abd-
Elaty et al., 2021; Chala et al., 2022; Perumal et al., 2024). This issue has
become increasingly critical in recent decades due to the accelerating
impacts of climate change, land subsidence, and excessive groundwater
extraction. These factors have heightened the vulnerability of coastal
regions and led to more frequent and severe instances of seawater
intrusion (Costall et al., 2020; Taha et al., 2023; Puigserver et al., 2024).

Saltwater intrusion presents numerous environmental challenges,
including salinization of freshwater resources and degradation of soil
quality (Lii et al., 2023; Abd El-Hamid et al., 2023). These risks often
coincide with dense archaeological heritage, as past civilizations
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frequently centered along fertile and navigable deltaic coastlines
(Lecher and Watson, 2021; Hagage et al., 2023a; Howland and
Thompson, 2024).

Land subsidence, the gradual sinking or settling of the ground sur-
face, can result from various natural and anthropogenic factors (Deng
et al.,, 2022). While natural processes like tectonic movements and
sediment compaction contribute to subsidence, human activities often
greatly exacerbate it, particularly through excessive extraction of
groundwater, oil, or gas (Zhang et al., 2015; Othman and Abdelmohsen,
2022). The removal of subsurface fluids causes pore collapse and
compaction, triggering subsidence of the overlying land (Gambolati and
Teatini, 2015). This subsidence-induced deformation alters coastal zone
topography, creating lower elevation relative to sea level and increasing
vulnerability to seawater intrusion (Daito and Galloway, 2015; Prusty
and Farooq, 2020; Chala et al., 2022).
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Understanding the complex dynamics of seawater intrusion and land
subsidence is imperative for sustainable management and planning en-
deavors (Gimenez-Forcada, 2019; Jasechko et al., 2020). Investigating
the causes, rates, and spatial patterns of these phenomena provides
valuable insights for developing effective mitigation and adaptation
strategies (Abd-Elaty et al., 2021; Hajji et al., 2022). This necessitates
integrating multidisciplinary approaches, including geological and
geophysical surveys, hydrochemical investigation, remote sensing and
GIS, numerical modeling, and socio-economic assessments to compre-
hend community impacts (Attwa et al., 2016; Hussain et al., 2019; Chala
et al., 2022; Dieu et al., 2022; Abdelfattah et al., 2023).

Radar satellite imagery has revolutionized hydrogeological studies
by allowing researchers to monitor extensive areas with high spatial
resolution under various climate conditions (Musa et al., 2015; Mtibaa
and Asano, 2022). Continuous monitoring of land subsidence through
radar imaging provides crucial information for investigating seawater
intrusion in coastal regions. This technology aids in identifying vulner-
able areas, evaluating the effectiveness of mitigation measures, and
guiding future management strategies (Costall et al., 2020; Bokhari
et al., 2023). Synthetic Aperture Radar (SAR) satellite data has proven
effective in measuring land subsidence resulting from aquifer over-
exploitation (Raspini et al., 2022; Reshi et al., 2023). Additionally, it
facilitates the analysis of subsidence in regions affected by high tides,
which can lead to seawater intrusion, coastal erosion, and groundwater
depletion (Hakim et al., 2020; Bai et al., 2023).

Hydrochemical investigation is crucial for studying groundwater
contamination by saltwater and evaluating potential damage to
different surfaces (Baskaran et al., 2022; Ghosh and Jha, 2023; Shah
et al., 2023). Hydrochemical indicators and diagrams provide direct
evidence of saltwater intrusion and changes in groundwater quality
while facilitating the visualization and interpretation of complex water
chemistry data (Elbeih et al., 2021; Hussien et al., 2021; Hagage et al.,
2022; Sangadi et al., 2022; Yu et al., 2023; Moorthy et al., 2024).
Additionally, these investigations offer insights into the potential im-
pacts of saline groundwater on archaeological materials (Hagage et al.,
2023b; Shah et al., 2023), including risks such as chemical etching,
pitting, salt weathering, scale buildup, and degradation when ground-
water interacts with different surfaces (Kalyani et al., 2017; Kadam
et al., 2021).

Additionally, the Analytic Hierarchy Process (AHP) is a robust multi-
criteria decision-making tool that has gained significant traction in
environmental management (Echogdali et al., 2022; Elbeih et al., 2023;
Singh et al., 2023). By breaking down complex problems into smaller,
manageable components, AHP allows for systematic comparisons
among various criteria, thereby enhancing the decision-making process
(Sutadian et al., 2017). AHP has been instrumental in water manage-
ment (Echogdali et al., 2022; Singh et al., 2023; Ozegin et al., 2024) and
assessing threats to cultural heritage sites (Yagoub et al., 2023; Dammag
et al., 2024).

The Nile Delta region, with its coastline along the Mediterranean Sea,
exemplifies the challenges posed by saltwater intrusion and land sub-
sidence. This area is home to a rich archaeological heritage, featuring
numerous sites that contain artifacts and structures providing valuable
insights into human history (Hendrickx and Claes, 2017; Zaghloul and E.
A., 2019; Meister et al., 2021; Hagage et al., 2023a). Hagage et al.
(2023a) utilized satellite imagery to examine landscape evolution in the
northeastern Nile Delta, revealing multiple threats to archaeological
tells, including rising groundwater levels and encroachment from agri-
culture and urban development.

Saltwater intrusion introduces chloride, sodium, and sulfate ions into
groundwater, rendering it more corrosive and detrimental to archaeo-
logical sites (Hagage et al., 2023b; Howland and Thompson, 2024). This
issue is magnified by the rising water table in the Nile Delta, permitting
direct interactions between salt-enriched groundwater and archaeolog-
ical materials, which accelerate degradation via chemical and physical
weathering processes (Helmi and Hefni, 2016; Vallet et al., 2022; El-
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Hassan and Abd El-Tawab, 2023; Hagage et al., 2024).

Several studies have investigated saltwater intrusion into ground-
water in the Nile Delta (e.g., Attwa et al., 2016; Abd-Elhamid, 2017;
Mabrouk et al., 2018; Hussain et al., 2019; Abd-Elaty et al., 2021; Abd
El-Hamid et al., 2023; Abdelfattah et al., 2023; Taha et al., 2023),
attributing its worsening to a combination of natural factors and inad-
equate water management practices, including groundwater over-
extraction and rising sea levels. Additionally, multiple studies have
utilized SAR images to assess land subsidence rates in the Nile Delta
(Becker and Sultan, 2009; Aly et al., 2012; Gebremichael et al., 2018;
Saleh and Becker, 2019; Rateb and Abotalib, 2020; Abou El-Magd et al.,
2024). However, previous research has notable knowledge gaps:

1- Insufficient attention to the impacts of saltwater intrusion on
archaeological sites and its consequences for archaeological mate-
rials and structures.

The interplay between land subsidence and saltwater intrusion,
especially in relation to the deterioration of archaeological sites,
remains unexamined.

N
)

To address these gaps, this study aims to:

1- Assess the severity of saltwater intrusion at archaeological sites and
its implications for archaeological materials and structures. This will
be achieved by employing hydrochemical saltwater intrusion indices
and groundwater corrosion indices.

Calculate land subsidence using 93 Sentinel-1 SLC (Single Look
Complex) scenes and investigate its implications for archaeological
sites.

Develop an archaeological risk map using the Analytic Hierarchy
Process (AHP). This will involve integrating various factors such as
groundwater corrosion indices, water table depth, soil texture, and
land subsidence data to assess potential risks to archaeological sites
effectively.

N
)
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The results of this research will offer valuable insights for water
resource management and the preservation of cultural heritage in this
historically and economically important region. Moreover, the findings
can inform similar investigations in other coastal aquifers worldwide,
contributing to global efforts to address the challenges posed by salt-
water intrusion in the face of climate change.

2. Study area and problem definition

The study area is located in the northeastern Nile Delta, south of Lake
Manzala (Fig. 1a). Spanning an area of 1047 km?, it features a dense
network of canals and drains, including the Bahr El-Baqar drain and El-
Salam canal. The region experiences an arid climate with very low
annual rainfall (20-100 mm/year), which significantly limits contribu-
tions to groundwater recharge (El-Sayed et al., 2018).

The primary groundwater storage unit consists of Early Pleistocene
deposits (Quaternary aquifer), characterized by sand and gravel inter-
spersed with clay lenses (El-Sayed et al., 2018). Overlying these deposits
are Holocene sediments consisting of clay, Nile silt, and sandy clay, with
thicknesses ranging from 10 to 30 m, functioning as an aquitard (Attwa
et al., 2016). Surface water systems significantly influence groundwater
dynamics, governing recharge rates, flow direction, water quality, and
groundwater head (El-Aassar et al., 2023). Discharge occurs through
pumping wells and seaward seepage into Lake Manzala (Abo-El-Fadl,
2013).

The study area includes 33 archaeological sites that span from the
Prehistoric (5500-3100 BCE) to Byzantine (330-641 CE) periods
(Fig. 1b, Supplementary Table 1). These sites are archaeological tells,
shaped by millennia of continuous occupation. They comprise succes-
sive deposits both above and below ground level and contain artifacts
and archaeological structures that provide valuable insights into the
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Fig. 1. Study area and archaeological site distribution in the northeastern Nile Delta. (a) Satellite image (Esri basemap) showing the location of the study area in the

Nile Delta. (b) Spatial distribution of archaeological sites within the study area.

history and activities of the Nile Delta (Hagage et al., 2023a). The most
renowned site is Tell San El-Hager (ancient Tanis), a residence and
burial place for kings of the 21st-22nd Dynasty (1070-730 BCE), which
includes an Amun temple and royal tombs (Helmi and Hefni, 2016; El-
Hassan and Abd El-Tawab, 2023) (Fig. 2). Only the western area of Tell
San El-Hager is being excavated, while excavation work has never begun
on the rest of Tell San El-Hager and the other archaeological sites (Supp.
Fig. 1a).

The water table in the region is situated near the Earth’s surface,
ranging from 0.6 to 3 m below ground level (Fig. 2a). This proximity
places archaeological sites in direct contact with groundwater or within
the zone of capillary rise, which exposes them to deterioration (Vallet
et al., 2022; El-Hassan and Abd El-Tawab, 2023; Hagage et al., 2024).
Furthermore, saltwater intrusion and land subsidence have been
extensively observed in the Nile Delta (Rateb and Abotalib, 2020; Abd-
Elaty et al., 2021; Taha et al., 2023; Abou El-Magd et al., 2024),
potentially exacerbating deterioration issues (Supp. Fig. 1b,c). More-
over, the clay-dominated soil textures, coupled with the region’s arid
climate and high evaporation rates, further intensify salt accumulation
(Arnous et al., 2015; Hammam and Mohamed, 2020).

The potential loss or deterioration of these archaeological sites
would create an irreparable gap in our understanding of human history
and the evolution of early urban centers worldwide. Given such chal-
lenges, there is an urgent need for a systematic assessment of the mul-
tiple hazards threatening archaeological sites in the northeastern Nile
Delta. This study addresses these issues through a multi-methodological
approach that combines hydrochemical analysis, advanced remote
sensing techniques, and multi-criteria decision analysis. The resulting
archaeological risk assessment will provide cultural heritage managers
and policymakers with essential data for prioritizing conservation ef-
forts and developing targeted mitigation strategies for the most threat-
ened sites.

3. Methodology

This study employed a multi-faceted approach comprising four main
components (Fig. 3): (1) field investigations, including groundwater and
soil sampling, and in-situ measurements; (2) hydrochemical in-
vestigations; (3) remote sensing analysis using Interferometric Synthetic
Aperture Radar (InSAR); and (4) geostatistical analysis and multi-
criteria decision analysis utilizing the Analytic Hierarchy Process
(AHP) to integrate deterioration factors, develop an archaeological risk
map, and identify priority areas requiring urgent mitigation strategies.

3.1. Field sampling and analytical methods

Groundwater and soil samples were collected in April 2024, along
with field measurements of water table depths across the study area.
Thirty-four groundwater samples were obtained from wells tapping the
shallow Quaternary aquifer, with depths ranging from 5 to 15 m below
ground surface. Additionally, twenty-two soil samples were collected at
depths of 100-120 cm to determine soil texture. All sampling locations
were recorded using a Garmin GPS device and mapped using ArcGIS
software version 10.7.1 (Fig. 4).

Standard methods (APHA, 2012) were followed for sample collec-
tion, preservation, and analysis. Rigorous quality assurance and quality
control (QA/QC) protocols were implemented throughout the sampling,
transportation, and laboratory analysis processes to ensure data accu-
racy and reliability. Field blanks and duplicates, comprising 10 % of the
total samples, were collected to assess potential contamination during
sampling and transportation and to evaluate analytical precision. Stan-
dard reference materials and calibration standards were utilized to
validate laboratory instrument accuracy and procedural integrity.

Prior to groundwater sampling, wells were purged for several mi-
nutes to remove stagnant water. Field parameters (pH and electrical
conductivity) were measured in situ using a Solinst interface meter.
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Fig. 2. (a) Depth to Water Table (DTWT) map illustrating the proximity of groundwater to the surface across the study region, based on a 2024 field survey. (b)
Satellite image of Tell San El-Hagar (ancient Tanis) with an interpretive cross-section (adapted from Gaber et al., 2021), showing the archaeological clay layer
containing artifacts extending to 6 m depth, demonstrating direct contact with the water table and vulnerability to capillary rise.

Water samples were filtered through 0.45 pm membrane filters,
collected in polyethylene bottles, and stored on ice until analysis at the
Central Laboratory for Environmental Quality Monitoring (CLEQM).
Major cations and anions were determined using ion chromatography
techniques (Srinivasan, 2017; Nesterenko, 2023).

Particle size distribution of soil samples was determined using the
pipette method and used to classify soil texture according to the USDA
soil texture triangle (Abdel-Fattah, 2019).

3.2. Hydrochemical indicators of saltwater intrusion

To effectively characterize and understand the dynamics of saltwater
intrusion in the study area, a suite of hydrochemical indicators was
employed. Three types of hydrochemical diagrams were utilized in this
study to aid in interpreting water chemistry data and understanding its
sources: the Chadha diagram, the Sulin diagram, and the hydrochemical
facies evolution diagram (HFE—D). Microsoft Excel Worksheet and
ArcGIS software version 10.7.1 were used to plot and calculate the data.

The Chadha diagram categorizes waters based on dominant ion
types, which aids interpretation of prevailing hydrochemical processes
affecting groundwater (Masoud et al., 2023; Rind et al., 2024). The Sulin
diagram is used to determine groundwater types and origins by
analyzing major ion ratios. It classifies groundwater genesis into four
categories: old marine, recent marine, shallow meteoric, and deep
meteoric (Megahed, 2020; Kumar et al., 2023).

The HFE diagram accounts for the dynamic nature of seawater
intrusion by visualizing anion and cation percentages (Supp.Fig. 2a). It
allows for better visualization of main hydrochemical processes and
facies evolution during saltwater intrusion and freshening compared to
diagrams like Piper (Giménez-Forcada et al., 2017; Dieu et al., 2022).

The HFE Diagram includes the Conservative Mixing Line (CML)

separating freshwater from seawater (Supp. Fig. 2b). Groundwater
samples located above the CML represent the freshening stage, while
samples located below the CML represent the intrusion stage. Within the
intrusion and freshening fields, sub-stages can be identified - freshening
(f1-f4) and intrusion (i1-i4) (Gimenez-Forcada, 2019).

Additionally, the groundwater quality index for seawater intrusion
(GQIswy) (Tomaszkiewicz et al., 2014) was calculated to evaluate salt-
water intrusion in the shallow groundwater and its extent in archaeo-
logical sites. GQISWI combines typical water quality parameters
signaling seawater intrusion into an understandable format to enable
spatial analysis within a Geographic Information System (GIS) frame-
work (Azari and Tabari, 2024). It combines the seawater fraction index
(GQIfseq) and the seawater-freshwater mixing index (GQIpjper(mix)) based
on Supp.egs. 1 to 4 (Tomaszkiewicz et al., 2014). The GQIsw; has proven
effective for monitoring coastal aquifer saltwater intrusion in many re-
gions (Baskaran et al., 2022; Ezzeldin, 2022; Hasan et al., 2023). It
ranges from O to 100, where 0 indicates seawater and 100 is fresh water.
Values above 75 represent freshwater, below 50 indicate saline/
seawater, and 50-75 represent mixed-salinity groundwater (Rachid
et al., 2015).

These methods have provided crucial insights into groundwater
chemistry, origins, and the extent of saltwater influence, enabling a
comprehensive assessment of saltwater intrusion at archaeological sites.

3.3. Groundwater corrosion and scaling indices

Two indices were used to evaluate the scaling and corrosion poten-
tial of groundwater on archaeological sites: the Ryznar Stability Index
(RSI) and the Larson-Skold Index (LSI) (Supp.egs. 5 and 6). The RSI
measures the ability of water to dissolve or precipitate calcium car-
bonate (CaCOs) (Islam, 2023). The RSI categorizes conditions into the
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following categories: heavy scaling (RSI values of 4-5), light scaling (RSI
values of 5-6), little scaling or corrosion (RSI values of 6-7), significant
corrosion (RSI values of 7-7.5), heavy corrosion (RSI values of 7.5-9),
and intolerable corrosion (RSI values >9.0) (Ahmed et al., 2021). The
RSI was chosen specifically because calcium carbonate is a major
component of the archaeological building materials found in the study
area (Gaber et al., 2021; El-Hassan and Abd El-Tawab, 2023).
Additionally, the LSI evaluates the overall degree of corrosiveness of
groundwater relative to different surfaces by comparing the concen-
tration of aggressive anions (chloride, sulfate) to passivating anions
(bicarbonate, carbonate) (Kalyani et al., 2017). LSI values <0.8 indicate
non-corrosive water, LSI values between 0.8 and 1.2 indicate significant
corrosion potential, and LSI values >1.2 indicate high corrosion po-
tential (Kadam et al., 2021). The LSI index was selected because it de-
pends on the concentration of chloride and sulfate, which are ions
characteristic of groundwater exposed to saltwater intrusion.

3.4. InSAR data acquisition and processing

Precise quantification of slow subsidence rates in the Nile Delta re-
quires numerous SAR images over extended periods using InSAR tech-
niques. This study utilized 93 Sentinel-1 SAR scenes acquired from 2020
to 2024 to assess land subsidence in the northeastern Nile Delta
(Table 1).

The Sentinel-1 SAR scenes were acquired as Single Look Complex
(SLC) products in Interferometric Wide Swath (IW) mode with VV po-
larization along ascending orbit track 58 from the ESA repository. The
IW TOPSAR scans cover a 250 km swath width at 5 x 20 m pixel reso-
lution (ESA, 2023). Due to the unavailability of complementary
Sentinel-1B coverage over the study region after 2021, only Sentinel-1A

data with its 12-day revisit cycle was used.

The Parallel Small Baseline Subset (P-SBAS) approach was employed
to process the Sentinel-1 SAR scenes using the “CNR-IREA P-SBAS
Sentinel-1 on-demand” service on the ESA Geohazard Thematic
Exploitation Platform (https://geohazards-tep.eu). The SBAS algorithm
is a widely applied multi-temporal DInSAR technique that generates
ground deformation time-series by analyzing interferogram stacks with
small spatial and temporal baselines to maximize coherence (De Luca
et al., 2015). P-SBAS, a recent advancement of the SBAS algorithm, is
designed for rapid generation of deformation time series. It utilizes
distributed computing systems, including High-Performance Computing
(HPC) and Cloud Computing environments, leveraging multiple pro-
cessors for more efficient processing (Foumelis et al., 2022). The
approach has demonstrated effectiveness in processing large Sentinel-1
IW datasets, providing valuable insights into ground deformation (De
Luca et al., 2018; Manunta et al., 2019; Abou El-Magd et al., 2024).

The P-SBAS workflow incorporated several key inputs: Sentinel-1
SLC data, precise orbital data, and a digital elevation model (DEM). A
30 m Shuttle Radar Topography Mission (SRTM) DEM from NASA was
used for co-registration and topographic phase removal. The main out-
puts were line-of-sight (LOS) displacement velocity, used to characterize
land subsidence across the study area (Supp. Fig. 3).

3.5. Analytical hierarchy process (AHP) and archaeological risk map

The development of the archaeological risk map integrated four
main criteria: scaling and corrosion indices (RSI & LI), water table depth
(WTD), soil texture (ST), and land subsidence (LS). The methodology
followed these steps:


https://geohazards-tep.eu

M. Hagage et al.

Marine Pollution Bulletin 212 (2025) 117460

31°0'0"N

30°50'0"N

31°50'0"E

© Groundwater. sam
"y

o t

31°50'0"E

32°0'0"E

32°0'0"E

32°10'0"E

Lake Manzala

o 34

31°0'0"N

30°50'0"N

ple

10 Km
1 |

32°10'0"E

Fig. 4. Map showing locations of collected groundwater and soil samples created using ArcGIS software version 10.7.1 [https://desktop.arcgis.com].

Table 1

Key characteristics of the SAR data and processing parameters used in the study.

Software version

CNR-IREA P-SBAS 28.1

Applied algorithm description
Sensor

Date of measurement start
Date of measurement end

Parallel SBAS Interferometry Chain
Sentinel 1 A

2020-01-11 T15:56:43
2024-09-22 T15:57:05

Number of dates 93

Used DEM SRTM 1 arcsec

Mode w

Antenna side Right

Relative orbit number 58

Orbit direction ASCENDING

Number of looks azimuth 5

Number of looks range 20

Polarization Vv
a b

1 2 3 4 5 Cat
1.00 2.00 6.00 400 1

2 1.00 BN 2.00 6.00 4.00 |2
3 0.50 0.50 EEIEN 4.00 2.00 |3
4 0.7 [0.17 10.25 BN 2.00 || 4
5 0.25 025 0.50 0.50 i 5

a. AHP implementation.

The AHP was employed to develop a weighted evaluation system
through the following steps:

1. Pairwise comparisons of criteria were conducted using Saaty’s 1-9
scale (Singh et al., 2023) (Fig. 5).

2. Each criterion was standardized on a scale of 1-5 (Supp. Table 2).

3. The Consistency Ratio (CR) was computed to validate the pairwise
comparison matrix using the formula: CR = CI/RI. Where CI is the
Consistency Index and RI is the Random Index. Analysis proceeded
only if CR < 0.10 (Sutadian et al., 2017).

b. Archaeological risk map generation.

The final risk score for each archaeological site was calculated in
ArcGIS software using the formula:

©)
5.1%

Priority Rank (+)

33.8% - 5.1%
33.8% - 5.1%

183% 3 5.4%

RSI

LI 5.1%

DTWT(m) 5.4%

Soil Texture 7.1% 4 37% 3.7%

Subsidence 71% 5 2.1% 2.1%

Fig. 5. (a) Pairwise comparison matrix of criteria using Saaty’s 1-9 scale and (b) the resulting weights for the criteria based on pairwise comparisons.
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Risk Score = W1(RSI) + W1 (LI) + W2(WTD) + Wa(ST) + Wa4(LS) genesis. We then analyzed groundwater salinization and its corrosion
potential. Next, we used SAR data to investigate land subsidence and its
impact on site deterioration. Lastly, we employed multi-criteria analysis
using the AHP method, based on corrosion indices, water table depth,
soil texture, and subsidence, to create a risk degree map, identifying sites
needing urgent mitigation strategies.

Where Wi, W2, W3, and Wa are the weights derived from the AHP
analysis. Sites were classified into four risk categories based on the risk
scores: Low risk, Moderate risk, High risk, and Severe risk.

3.6. Geostatistical analysis

4.1. Hydrochemical processes and groundwater genesis
Hydrochemical indices, P-SBAS displacement values, and risk scores

were interpolated using the Kriging method in ArcGIS software version The Chadha diagram classified 80.7 % of the groundwater samples as
10.7.1. This method is based on the spatial autocorrelation structure of seawater (Na—Cl type), indicating the dominant hydrogeochemical
the data, allowing for the prediction of values in areas where direct processes affecting groundwater chemistry (Supp. Table 3). The spatial
measurements are unavailable (Madani et al., 2022). Kriging preserves distribution map of hydrochemical processes clearly illustrated the
actual observed patterns, providing a comprehensive spatial represen- prevalence of seawater intrusion in the northern and central regions
tation of the study area (Orellana et al., 2023). This technique offers (Fig. 6a, b). These results provide compelling evidence that saltwater
reliable predictions at unsampled locations, making it an effective tool intrusion is the primary hydrochemical process influencing and altering
for spatial analysis (Tkuemonisan et al., 2020). groundwater chemistry (Ghosh and Jha, 2023; Perumal et al., 2024).

This indicates that groundwater mineralization is predominantly
4. Results and discussion attributed to the mixing of encroaching saline water from the sea, rather

than natural rock weathering or other geological processes (Chaillou
This section presents the analysis of saltwater intrusion and land et al., 2018; Sidibe et al., 2019).

subsidence affecting archaeological sites in the northeastern Nile Delta. The Sulin diagram was used to classify groundwater genesis into four
We began by examining the hydrochemical processes and groundwater distinct types (Supp. Table 3): old marine water in the northern region,
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recent marine water in the central region, and both shallow and deep
meteoric water in the southern area (Fig. 6¢, d).

The prevalence of “old marine water” in the northern region in-
dicates a significant influence of paleo-marine water on the current
groundwater composition, suggesting a long residence time within the
aquifer. This aligns with the historical context provided by Hagage et al.
(2023a), who reported that the northeastern Nile Delta was submerged
under seawater between 7000 and 3000 BCE (Appendix A. Fig. 1a).
Subsequently, between 500 and 1000 CE, the shoreline retreated,
leading to the formation of Lake Manzala due to severe subsidence
(Appendix A. Fig. 1b). The area remained submerged by Lake Manzala
until the 1970s (Appendix A. Fig. 1c). In the 1980s, agricultural recla-
mation efforts intensified in the northeastern Nile Delta, especially after
the construction of the El-Salam Canal. This canal served as a hydraulic
barrier, diverting Lake Manzala’s water from advancing southward,
resulting in the lake’s shrinkage and agricultural expansion south of the
canal (Appendix A. Fig. 1d) (Hagage et al., 2023a). This historical sub-
mersion explains the presence of “old marine water” in the northern
region, as the groundwater in this area has retained characteristics of
ancient seawater that once covered the region.

The distribution of “recent marine water” in the central region in-
dicates modern marine influences on groundwater, confirming ongoing
seawater intrusion processes due to sea-level rise and groundwater
overexploitation (Attwa et al., 2016; Abu Salem et al., 2022; Abdelfattah
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et al., 2023). Conversely, the presence of “shallow and deep meteoric
water” in the southern area indicates recent recharge from surface
drainage, canals, and irrigation return flows (El-Sayed et al., 2018; El-
Aassar et al., 2023).

Previous studies of seawater intrusion in the eastern Nile Delta (e.g.,
Attwa et al., 2016; Abd-Elhamid, 2017; Mabrouk et al., 2018; Abu Salem
et al., 2022; Taha et al., 2023; Abdelfattah et al., 2023) attributed
saltwater intrusion primarily to contemporary factors such as rising sea
levels and excessive groundwater extraction. In contrast, our findings
offer valuable insights by distinguishing between historical and ongoing
contemporary saltwater intrusion.

The results affirm that seawater intrusion is not a recent phenome-
non in the eastern Nile Delta aquifer but has influenced groundwater
chemistry since ancient times, with the historical seawater submersion
and subsequent Lake Manzala formation in the north providing clear
evidence of northern groundwater’s ancient marine origin.

4.2. Groundwater salinization and corrosion potential

4.2.1. Assessment of groundwater salinization

To evaluate the degree of groundwater salinization at archaeological
sites, we calculated three hydrochemical indices: seawater fraction
(fsea), Groundwater Quality Index for Seawater Intrusion (GQswi), and
the Hydrochemical Facies Evolution Diagram (HFE-Diagram). These
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indices were chosen for their ability to quantify the extent of seawater
intrusion and classify groundwater types based on their chemical
composition. Supp. Table 4 presents the calculated values of these
indices.

The fg., results revealed that the seawater contribution to ground-
water ranged from 1 % to 82 %, with an average of 29 %. This contri-
bution increased northward, indicating a gradient of seawater intrusion.
The spatial distribution map for fe, (Fig. 7a) shows that the seawater
contribution to groundwater exceeded 50 % in all northern archaeo-
logical sites, highlighting the severity of the intrusion in these areas.

The GQIgwy; categorized the groundwater samples as 48.4 % saline
water, 45.2 % mixed water, and 6.4 % freshwater. The spatial distri-
bution map for GQISWI (Fig. 7b) indicates that 54.6 % of the archaeo-
logical sites had saline groundwater, and 45.4 % had mixed
groundwater, underscoring the widespread impact of seawater intrusion
on archaeological sites.

The HFE diagram, which tracks the progression of seawater intrusion
through distinct chemical stages, offers a more nuanced view of the
seawater intrusion process, dividing groundwater in archaeological sites
into two main groups: those on the right side of the mixing line indicate
the seawater intrusion phase, while those on the left side indicate the
freshening phase (Fig. 7c). The diagram further subdivides these phases
into stages, from f1 to f4 + FW for the freshening process and from il to
i4 + SW for the intrusion process. The spatial distribution HFE map
(Fig. 7d) reveals a northward intrusion pattern, with groundwater in the
north reaching the i4 + SW sub-stage, indicating that the intrusion has
progressed to its final phase in these areas. This diagram also shows that
the current freshwater-seawater interface is located in the southernmost
part of the study area, with 73 % of archaeological sites positioned north
of this interface, resulting in highly saline groundwater conditions at the
majority of study sites.

Collectively, the feq, GQIswi, and HFE-Diagram results indicated that
archaeological sites in the northern and central regions of the study area
contained highly saline groundwater, with salinity levels increasing
towards the north. This situation is concerning given the shallow water
table in these areas, which reached 0.6 m below the surface in the
northeastern region (Fig. 2a). Such conditions facilitate direct
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interactions between archaeological sites and hypersaline groundwater.

4.2.2. Evaluation of scaling and corrosion potential

To determine the potential impacts of shallow saline groundwater on
archaeological sites, the scaling and corrosion potential were evaluated
using two indices: the Ryznar Stability Index (RSI) and the Larson-Skold
Index (LI). These indices assess the groundwater’s ability to dissolve or
precipitate calcium carbonate (CaCO,) and its corrosiveness relative to
different surfaces. The computed values for these indices are presented
in Supp. Table 5.

The RSI values ranged from 5.21 to 8.67, indicating diverse
groundwater-archaeological site interactions. The RSI map (Fig. 8a)
shows that 54.8 % of the samples have a light scaling tendency, 29 %
exhibit little scaling/corrosion tendency, 6.6 % display significant
corrosion tendency, and 9.6 % show heavy corrosion tendency. This
variability suggests that archaeological sites are exposed to different
forms of interaction with groundwater, from calcium carbonate accu-
mulation on archaeological feature surfaces in the western region to
severe corrosion of calcium carbonate-based features in the eastern area.

The accumulation of calcium carbonate coatings on archaeological
features in the western region can cause irreversible physical and
aesthetic damage, including changes in surface morphology, obscuring
of inscriptions, and covering of decorative details over time (Hagage,
2021; Saenz-Martinez et al., 2021; Vallet et al., 2022). On the other
hand, corrosion tendencies in the eastern area pose a severe threat to
calcium carbonate artifacts and structures, which is particularly con-
cerning given that calcium carbonate is a primary component of many
artifacts discovered in the study area (Abdulaziz, 2019; Gaber et al.,
2021; El-Hassan and Abd El-Tawab, 2023).

Meanwhile, the LI values ranged from 947.6 to 0.83, with an average
of 107. All samples, except for two, were classified as highly corrosive to
different surfaces due to high concentrations of chloride and sulfate
resulting from seawater intrusion. The LI spatial distribution map
(Fig. 8b) demonstrates the highly aggressive nature of groundwater
across all archaeological sites, suggesting a significant corrosive impact
on archaeological building materials that could potentially lead to their
complete deterioration over time. Corrosion can result in changes in
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appearance, structural damage, and ultimately, complete deterioration
of artifacts (Smith et al., 2003; Hagage et al., 2023b; El-Gohary, 2023).

4.2.3. Factors contributing to archaeological site deterioration

There are two primary factors that contribute to the accelerated
deterioration of archaeological sites due to shallow saline groundwater
in the study area: soil texture and the continuous rise in the water table.

The rising water table, which increases at a rate of 3 to 8 cm per year
in the eastern Nile Delta (Mansour, 2012; Arnous et al., 2015), exacer-
bates the situation. This rise is due to various factors, including
increased recharge from excess irrigation water, seepage from canals
and drainage systems, reduced groundwater discharge to Lake Manzala
following the construction of the El-Salam Canal, and decreased
groundwater abstraction due to very high salinity levels (Hagage et al.,
2023a). As a result, saline groundwater increasingly infiltrates archae-
ological tells, mobilizing soluble salts that trigger various deterioration
mechanisms (Fahmy et al., 2022; Alsubaie et al., 2024).

Another factor is soil texture. Soil sample analysis from the study
area at a depth of one meter revealed that clay texture dominates most of
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the study area (Fig. 9a). This facilitates capillary transport of salts from
shallow groundwater into archaeological layers (Ayers and Westcot,
1985). This process is particularly rapid in irrigated arid climates like
the study area, where high evaporation rates lead to salt accumulation in
the soil (Cui et al., 2019; Lian et al., 2022) (Fig. 9b). The rate of soil salt
accumulation is influenced by various factors, including groundwater
depth and salinity, soil texture, and climate. In the study area, which is
characterized by clay-rich soils and shallow groundwater levels, capil-
lary flow likely operates at its maximum potential. This capillary rise of
saline groundwater promotes evaporation of solutions at layer surfaces,
leading to salt concentration that can damage various archaeological
materials, including limestone, mudbrick, and organic remains (El-
Shishtawy et al., 2013; Ahmed and Fogg, 2014; Fahmy et al., 2022;
Hagage et al., 2023b).

Although excavation work has only been conducted in the western
area of Tell San El-Hager, studies conducted at the site confirm the se-
vere deterioration processes indicated by our results. For example, in-
vestigations of granite obelisks revealed granular disintegration, scaling,
cracking, and loss of hieroglyphs attributed to chemical weathering by
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saline groundwater (Helmi and Hefni, 2016). Vallet et al. (2022) iden-
tified chloride and sulfate salts as primary sources of deterioration at the
same site, leading to issues such as gaps, chipping, cracks, and white
calcium carbonate coatings on surfaces. Studies on the royal tombs
(Fig. 9¢, d) uncovered significant salt-induced damage, including loss of
cohesion from salt crystallization, micro-cracks, and corrosion primarily
by halite (NaCl) and gypsum (CaSO4e2H0) salts (El-Hassan and Abd El-
Tawab, 2023).

4.3. Land subsidence and its implications

To investigate land subsidence, a dataset comprising 93 Sentinel-1
acquisitions from 2020 to 2024 was processed. This extensive dataset
yielded a total of 20,999 measurement points, providing comprehensive
coverage of the study area, with the exception of water bodies located in
the northeast.

The results revealed Line-of-Sight (LOS) displacement velocities
ranging from —16 mm/year to +5 mm/year (Fig. 10a). To address
spatial data gaps, particularly over water bodies, Kriging interpolation
was employed to predict displacement values for locations not identified
by the SBAS-InSAR analysis (Fig. 10b). The resulting interpolation map
demonstrated that maximum subsidence was concentrated in the
northern region, where 8 archaeological sites are situated.

Land subsidence in the Nile Delta region results from a combination
of natural phenomena and anthropogenic activities. Natural factors
include the compaction of thick Holocene sediments and tectonic
movements, while human-induced factors comprise groundwater over-
pumping, natural gas extraction, and urbanization (Gebremichael
et al., 2018; Saleh and Becker, 2019; Rateb and Abotalib, 2020; Abd EI-
Hamid et al., 2023). Additionally, the construction of the Aswan High
Dam has contributed to subsidence by reducing sediment supply to the
Delta (Stanley and Clemente, 2017). In the study area, where extreme
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groundwater salinity severely constrains its use, subsidence is predom-
inantly driven by natural factors rather than human activities.
Subsidence exacerbates archaeological degradation through two
primary mechanisms: accelerating saltwater intrusion from the sea and
Lake Manzala, and contributing to rising water table levels. While pre-
vious studies on saltwater intrusion in the Nile Delta have predomi-
nantly examined the impacts of sea level rise and excessive groundwater
extraction (Abd-Elhamid, 2017; Mabrouk et al., 2018; Abd-Elaty et al.,
2023; Abdelfattah et al., 2023; Taha et al., 2023), the role of land sub-
sidence in exacerbating this issue has been largely overlooked. Subsi-
dence compounds the effects of rising sea levels by diminishing land
elevations, facilitating further incursion of seawater (Chala et al., 2022).
Moreover, subsidence can disrupt hydraulic gradients and alter
groundwater flow paths, potentially hastening the intrusion of saline
water into freshwater aquifers (Acuna-Lara et al., 2020; Lu et al., 2022).
It also intensifies the infiltration of saltwater into surface water bodies
connected to aquifers (Cantelon et al., 2022). Furthermore, subsidence
may lead to increased groundwater levels beneath the soil surface,
particularly in regions where groundwater extraction is reduced and
irrigation water recharge is heightened, as observed in the study area.
The risks stemming from saltwater intrusion and land subsidence in
the Nile Delta are anticipated to escalate due to climate change and
global sea level rise (Stanley and Clemente, 2017), leading to a depletion
of usable freshwater resources and heightened risks of corrosion to
archaeological heritage. Global sea level rise has undergone significant
acceleration, increasing from 1.4 mm per year in the 20th century to
over 3.6 mm per year since 2006. As of 2022, the global average sea
level was recorded at 101.2 mm above the 1993 levels (Lindsey, 2021).
Current projections suggest that by 2100, the average sea level could
increase by 65 cm, primarily due to climate change (Gregory et al.,
2019; Rezvi et al., 2023). This persistent upward trend is anticipated to
continue for centuries owing to the continual warming of oceans and the
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atmosphere, consequently heightening the risk of seawater intrusion
(Tran et al., 2024).

Archaeological sites in the northern part of the study area, charac-
terized by low-lying terrain and high subsidence rates, are particularly
vulnerable to sea level rise risks. Rising sea levels will drive the
freshwater-seawater interface inland, leading to the submergence of
more archaeological tells in saline groundwater, waterlogging, and soil
salinization caused by rising saline water tables (Vousdoukas et al.,
2022; Abd El-Hamid et al., 2023; Lii et al., 2023). These changes may
return the northeastern Nile Delta to an ancient inundated wetland
environment, reminiscent of conditions 1500 years ago when subsi-
dence gave rise to Lake Manzala and sabkha mudflats (Pennington et al.,
2017; Hagage et al., 2023a) (Appendix A. Fig. 1). This transformation
could render a significant portion of the presently inhabited and culti-
vated land in the north of the study area as unproductive marshland
unsuitable for human habitation.

4.4. Archaeological risk map and mitigation strategies

4.4.1. Risk map development

To assess the vulnerability of archaeological sites to groundwater-
induced deterioration, this study employed the Analytical Hierarchy
Process (AHP) method, integrating four key factors: groundwater
corrosion indices, water table depth, soil texture, and subsidence rates.
The AHP analysis involved 33 archaeological sites across the study area.
Each factor was weighted based on its relative importance in contrib-
uting to archaeological deterioration, as determined through pairwise
comparison matrices verified by consistency ratio calculations. The
weighting results indicated that corrosion indices carried the highest
significance, followed by water table depth, soil texture, and subsidence
rate. The consistency ratio was calculated as 0.042, well within the
acceptable range of <0.1, confirming the reliability of the weightings
(Singh et al., 2023).

Using these weighted criteria, a comprehensive risk map was
generated through ArcGIS software version 10.7.1. The resulting map
classified archaeological sites into four risk categories: low, moderate,
high, and severe. Analysis revealed that 8 sites fall within the severe risk
category, 12 sites in high risk, 11 sites in moderate risk, and only 2 sites
in the low risk category (Fig. 11).

Spatially, the highest risk sites were predominantly concentrated in
the north of the study region, where the combination of shallow water
tables, high subsidence rates, and extreme corrosion potential created
particularly hazardous conditions for archaeological preservation. The 8
sites in the northeast were identified as facing the most severe risks. The
risk map shows that Tell San El-Hagar is located in a high-risk area,
which is consistent with the documented deterioration at Tell San El-
Hagar by El-Hassan and Abd El-Tawab (2023) and Vallet et al. (2022),
supporting the reliability of our assessment methodology.

4.4.2. Suggested Mitigation strategies

Based on our risk assessment results, we propose a multi-approach
mitigation strategy including expediting the discovery of archaeolog-
ical sites in the severe risk category, lowering the water table to mini-
mize contact between shallow saline groundwater and archaeological
sites in high-risk areas, and developing regular monitoring programs for
moderate and low-risk sites.

A. Severe risk areas (Urgent excavation sites).

Areas exposed to severe degradation are concentrated in the north-
east of the study area and include eight archaeological sites. The pro-
posed mitigation strategy will be implemented in two stages:

1. Implementation of local dewatering systems: This includes lowering
the water table by constructing pumping wells around the archaeo-
logical sites. Carefully managed pumping has been shown to be
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effective in lowering local groundwater levels at archaeological sites
(Campos, 2009; Hassan et al., 2012).

2. Urgent archaeological surveys: These will use geophysical tech-
niques such as ground-penetrating radar (GPR) and electrical re-
sistivity tomography (ERT) to identify and extract subsurface
archaeological features (e.g., Ghazala et al., 2003; El-Kenawy et al.,
2013; Gaber et al., 2021).

B. High-Risk sites.

Areas exposed to high degradation are concentrated in the northwest
of the study area and include twelve archaeological sites. The proposed
strategy to mitigate degradation includes lowering shallow saline water
tables to depths exceeding three meters, which is crucial for effectively
reducing the capillary rise of salts (Ram et al., 2008). This can be ach-
ieved through the following strategies:

- Groundwater pumping (well pumping) for various uses: The ad-
vantages of this technique include providing direct and immediate
control over groundwater levels (El-Fakharany and Fekry, 2014;
Hagage et al., 2025). This technique has been successfully employed
in various parts of the world to mitigate waterlogging and its asso-
ciated problems (Deng and Bailey, 2020; Singh, 2024).
Implementation of subsurface drainage systems: Particularly in areas
where water tables are less than one meter below the surface (Kaiser
et al., 2013; Sojka et al., 2019; Hammam and Mohamed, 2020).
Using efficient irrigation techniques: In agricultural areas sur-
rounding archaeological sites, this can help reduce excess recharge
from irrigation water to groundwater (Ahmed and Fogg, 2014).




M. Hagage et al.

Using drip irrigation or precision sprinkler systems could signifi-
cantly decrease water input while maintaining crop yields (Kaur
et al., 2020).

Lining canals with impermeable materials: Especially near the El-
Salam Canal, this will help reduce water seepage into the ground-
water and minimize local rises in the water table (Elkamhawy et al.,
2021; Abd-Elziz et al., 2022).

Bio-pumping (also known as bio-drainage): It is an innovative
strategy that employs deep-rooted vegetation to lower groundwater
levels and manage waterlogging (Singh and Lal, 2018). This eco-
friendly approach involves planting fast-growing tree species that
absorb excess soil water through their roots and transpire it into the
atmosphere, effectively reducing the water table (Ram et al., 2008).

By implementing these strategies, we can effectively manage
groundwater salinization and protect archaeological sites from
degradation.

5. Conclusion and recommended additional studies

This study presents the first assessment of groundwater salinization
and land subsidence impacts on archaeological sites in the northern Nile
Delta, addressing a critical gap in previous research. Our multi-
methodological approach, combining hydrochemical investigations,
InSAR techniques, and multi-criteria decision analysis, has yielded sig-
nificant insights into the threats facing this invaluable cultural heritage.

Key findings reveal that 80.7 % of groundwater samples are classified
as seawater (Na—Cl type), with saltwater intrusion being the primary
influence on groundwater chemistry. The study identified four distinct
water types, with old marine water predominating in the northern re-
gion. This demonstrates that seawater intrusion in the eastern Nile Delta
aquifer is a long-standing phenomenon rather than a recent develop-
ment, evidenced by paleo-marine influences in the northern region and
modern marine influences in the central region.

Groundwater quality assessments indicated that 54.6 % of archaeo-
logical sites have saline groundwater, while 45.4 % have mixed
groundwater. The current freshwater-seawater interface is located in the
southernmost part of the study area, placing the majority of archaeo-
logical sites in highly saline groundwater zones with shallow water ta-
bles. This positioning exposes artifacts to direct contact with
groundwater and capillary rise effects.

Groundwater corrosion and scaling indices revealed a high risk of
limescale accumulation and corrosive conditions at all archaeological
sites, primarily due to elevated chloride and sulfate concentrations from
seawater intrusion. SBAS-InSAR analysis detected displacement veloc-
ities ranging from —16 mm/year to 5 mm/year, with maximum subsi-
dence concentrated in the northern region, exacerbating saltwater
intrusion and water table rise.

The archaeological risk map, developed using the Analytic Hierarchy
Process, classified 8 sites as severe risk, 12 as high risk, 11 as moderate
risk, and only 2 as low risk. The highest risk sites are predominantly in
the north, where multiple adverse factors converge.

These findings underscore the urgent need for targeted conservation
efforts and mitigation strategies. Proposed interventions include local
dewatering systems, immediate archaeological surveys using geophys-
ical techniques, lowering of shallow saline water tables, implementation
of efficient irrigation techniques, and lining of canals with impermeable
materials.

This study contributes significantly to the field by quantifying the
combined threats to archaeological sites in the Nile Delta and providing
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a risk map to prioritize conservation efforts. However, further research
is necessary to build upon these findings:

1- Assess the effectiveness of the proposed interventions through pilot
studies and long-term observations.

2- Conduct economic evaluations of various preservation techniques to
identify the most cost-effective and scalable solutions for different
risk categories.

3- Investigate the potential effects of future climate scenarios on
groundwater dynamics and land subsidence in the region.

4- Employ cutting-edge geophysical techniques to provide high-
resolution subsurface imaging of archaeological sites, aiding in
preservation planning.

5- Develop detailed numerical models to simulate future groundwater
and land subsidence scenarios under various management strategies.

By addressing these research areas, future studies can build upon the
foundation laid by this work, leading to more effective and sustainable
preservation of the Nile Delta’s rich archaeological heritage.
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Appendix A. Fig. 1. Landscape evolution in the northeastern Nile Delta: (a) Historical map showing the area submerged under seawater (3000 BC); (b) formation of
Lake Manzala (500 AD); (c) land cover in 1971 showing the extent of Lake Manzala; and (d) land cover in 2021 illustrating agricultural expansion and lake shrinkage
following the construction of El-Salam Canal (adapted from Hagage et al., 2023a and Coutellier and Stanley, 1987)
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