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Introduction

Water resource management in arid regions faces significant challenges due
to competing demands from agriculture, industry, domestic needs, and
environmental preservation. The Zayandeh-Rud River Basin, a vital water
source in central Iran, exemplifies these challenges. This study applies the
Nexus Approach, which integrates water, energy, land-use change, and
environmental considerations, to understand the interactions and trade-offs
among these components. The Nexus concept enables a holistic view of
resource management, addressing synergies and conflicts among
stakeholders to support sustainable planning and decision-making.

Study Area

The about 28,193 km?2 Zayandeh-Rud River Basin (ZRRB) is located
between latitudes 31° and 34° north and longitudes 49° and 53° east (see
Figure 1). The river begins in the Zagros Mountains, west of Isfahan, and
travels 350 km east before flowing into the Gavkhuni Wetland. The Zagros
Mountains' yearly snowfall has a significant impact on the river's flow. This
region is critically dependent on seasonal snowmelt and rainfall, which are
increasingly impacted by climate variability and human interventions. The
basin's water resources are heavily utilized for agriculture, industry, urban
consumption, and maintaining the wetland’s ecological balance.
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Methodology
The study introduces indicators to evaluate the Nexus components:
1. Water Index: Includes sub-indices for agricultural, industrial, and domestic water
consumption, as well as dam management.
2. Energy Index: Focuses on energy production and consumption by hydropower
plants and other facilities dependent on the basin’s water.
3. Land-Use Change Index: Monitors the expansion of agricultural land uses and its
implications for water use and recycling.
4. Environmental Index: Represents the ecological water needs of the Gavkhuni
Wetland.
The Pearson correlation method was used to analyze the interactions and trade-offs
among these indicators, offering insights into the relationships between different
resource demands.
Results
The annual indices of the Nexus components highlight critical insights:
e The Water Index revealed that agriculture consumes the majority of water
(76%), followed by domestic (30%) and industrial (15%) uses. The Zayandeh-
Rud Dam plays a crucial role in mitigating drought impacts and balancing
downstream needs.
e The Energy Index was notable for its high reliance on water resources for
energy production, achieving 85% of its potential.
e The Land-Use Change Index indicated significant agricultural expansion, with
irrigation systems under pressure due to limited water availability.
e The Environmental Index for the Gavkhuni Wetland was 55%, underscoring its
vulnerability and the need for targeted ecological preservation strategies.
e Table 1 summarizes the annual indices for these components, showcasing their
relative importance and contribution to the basin's resource dynamics.

Table 1. The results of calculating the annual index

Index Index Component Values%
Agricultural Index 61
(Water Index) Industrial Index 102
Domestic Index 80
Dam 42
Energy Index Ener 85

gy gy

(Land-use Change Index) Land-use Change 39
(Environmental Index) Gavkhuni Wetland 55

As shown in Figure 1, the water and energy indices are identified as the major
beneficiaries of water resources in the Zayandeh-Rud River Basin, aligning closely
with the basin's real-world dynamics. These findings gain critical importance when
considering the basin's conditions under climate change scenarios.
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Fig 1. Annual Indices of Nexus Approach at Zayandeh-Rud River Basin

Discussion
Pearson's correlation analysis revealed:
e A strong positive correlation (r = 0.78) between agricultural water use and
land-use changes, signifying their interdependence.
e A negative correlation (r = -0.46) between industrial water use and
agricultural expansion, reflecting competition for scarce water resources.
e A positive relationship between industrial and domestic water use, driven by
urban and industrial growth.
The findings highlight the trade-offs among competing uses. For example, increasing
agricultural land area intensifies water demand, adversely impacting industrial water
availability. Conversely, synergies exist, such as between industrial growth and
domestic water use, where improvements in infrastructure benefit both sectors. This
study lays a foundation for future research to analyze the basin's future conditions and
propose effective strategies for adapting to climate change and mitigating water
scarcity, informed by a comprehensive understanding of the current water resource
dynamics.

Conclusion

This study demonstrates the applicability of the Nexus Approach to the Zayandeh-Rud
Basin, providing a framework to address resource management challenges in arid
regions. The integration of water, energy, land-use change, and environmental indices
offers a comprehensive understanding of stakeholder demands and their interactions.
The findings emphasize the need for balanced policies that consider the trade-offs and
synergies among these components.

Key Words: Integrated management of surface and groundwater resources, Nexus
concept, Water use, Gavkhuni Wetland.
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Extended abstract

Introduction

Groundwater contamination, especially through saltwater intrusion into
freshwater aquifers, is a significant environmental issue affecting coastal
regions worldwide. This phenomenon threatens freshwater supplies, which
are crucial for drinking water, agriculture, and industry. Saltwater intrusion
is particularly concerning in areas where aquifers are the primary source of
water, such as many coastal cities and agricultural regions. To understand
and mitigate the effects of saltwater intrusion, numerical and analytical
models have become essential tools for simulating and predicting the
behavior of this process. These models help scientists and engineers make
informed decisions about water management and develop strategies to
protect and conserve freshwater resources. One of the widely studied
conceptual models for this phenomenon is Henry's problem, a simplified
representation of saltwater intrusion in coastal aquifers. Henry's problem has
become a benchmark for testing and validating computational methods,
offering a straightforward but effective means of studying the dynamics of
saltwater intrusion under controlled conditions. This study aims to compare
two advanced numerical methods: the local Petrov-Galerkin (MLPG)
meshless method and the finite element model FEFLOW, by applying them
to the Henry problem.
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Through this comparison, the study assesses the accuracy and effectiveness of both
methods in simulating saltwater intrusion dynamics and provides insights into their
practical applications for groundwater contamination studies.

Material and Method

The Henry problem models a vertical cross-section of a homogeneous aquifer that
is bounded by impermeable layers. Freshwater enters the aquifer at one boundary
with zero salinity, and saline water enters from the opposite boundary. The
simulation assumes a porosity of 0.35 for the aquifer material and a molecular
diffusion coefficient of 6.6x10—6 in SI system, with no longitudinal or transverse
dispersity. The problem is governed by the interaction between the hydraulic head
and the salinity concentration, with boundary conditions defined according to
Neumann and Dirichlet principles for the hydraulic head and concentration,
respectively. The initial salinity condition within the aquifer is assumed to be zero,
indicating no contamination at the start of the simulation.

To solve this problem numerically, the computational domain was discretized into
a grid with 200 cells and 231 nodes, ensuring sufficient resolution to accurately
capture the concentration gradients and fluid flow patterns within the aquifer. This
discretization is critical for modeling the complex interactions between freshwater
and saline water in the aquifer, as well as for resolving the steep concentration
gradients near the boundaries of the saltwater intrusion zone.

In terms of numerical methods, two advanced approaches were employed. The first
method is the local Petrov-Galerkin (MLPG) meshless method, which is
particularly advantageous in scenarios where high precision is required near
boundaries. This method eliminates the need for predefined connectivity between
nodes, offering greater flexibility and accuracy in capturing the behavior of
complex phenomena such as saltwater intrusion. The second method is the finite
element model FEFLOW, a widely used and robust tool for solving groundwater
flow and transport problems, particularly for complex geometries and variably
saturated flows. FEFLOW serves as a benchmark in this study, allowing for a
direct comparison between a traditional finite element approach and a more
modern meshless method.

Result and Discussion

The results of the simulations indicate that both methods—MLPG and FEFLOW—
generated comparable concentration contours, with saltwater intrusion extending
approximately halfway into the aquifer. Both methods showed similar patterns of
saltwater dispersion, with a progressive decrease in salinity concentration as the
distance from the saline boundary increased. The concentration contours were
evenly spaced, which suggests that the dispersion process was uniform, particularly
in the central regions of the aquifer. However, MLPG demonstrated superior
accuracy in capturing concentration gradients near the impermeable upper
boundary, owing to its meshless nature, which allows for finer resolution in regions
where traditional mesh-based methods may struggle.

In addition to concentration contours, the flow velocity vectors derived from the
MLPG method revealed significant vertical movement near the saline boundary.
These vertical flow paths are driven by hydraulic gradients that oppose gravity,
directing the flow upward towards the surface. In contrast, areas farther from the
saline boundary exhibited predominantly horizontal flow patterns, as expected in
regions where salinity has a minimal effect on flow dynamics. This observation
confirms the expected behavior of groundwater flow in coastal aquifers under
saltwater intrusion conditions, where the direction of flow is heavily influenced by
the concentration gradients and the relative density of the freshwater and saline
water.

A sensitivity analysis was also conducted to assess the influence of key aquifer
properties on the extent and shape of the saltwater intrusion. The results indicated
that hydraulic conductivity was the most significant parameter affecting the
intrusion pattern. Variations in hydraulic conductivity had a marked effect on the
predicted extent of saltwater intrusion, with higher conductivity leading to greater



penetration of saltwater into the aquifer. Other parameters, such as porosity and
boundary discretization, also affected the results, but to a lesser degree. This
finding underscores the importance of accurate parameter estimation in
groundwater modeling, as even small changes in hydraulic conductivity can
significantly impact the accuracy of predictions related to saltwater intrusion.

Conclusion

This comparative study demonstrates the effectiveness of the MLPG and FEFLOW
methods in simulating saltwater intrusion and modeling groundwater
contamination. Both methods provided reliable and consistent results, validating
their applicability in groundwater studies. The MLPG method proved to be
particularly advantageous in capturing high-precision concentration gradients near
boundaries, making it a valuable tool in situations where boundary resolution is
critical. On the other hand, FEFLOW remains a robust and reliable model for
solving groundwater flow and transport problems in more general applications,
particularly in complex geometries. The sensitivity analysis highlighted the critical
role of accurate parameter estimation, particularly hydraulic conductivity, in the
predictive modeling of saltwater intrusion. This study not only underscores the
value of advanced numerical methods like MLPG and FEFLOW for groundwater
contamination problems but also points to the need for further research to explore
three-dimensional geometries and incorporate anisotropic aquifer properties. These
future extensions could enhance the predictive capabilities of these models and
provide more accurate simulations for real-world groundwater systems, ultimately
helping to improve water management strategies and mitigate the impacts of
saltwater intrusion in coastal areas.
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Table 1. Boundary and initial conditions of the Henry problem.
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Table 2. Position and value of isoconcentration curves at x=1.5m.
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Table 3. Position and value of isoconcentration curves at x=1.5m.
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Table 4. Comparison of relative concentration values in horizontal coordinates
x=1.5m by MLPG and FEFLOW methods

FEFLOW MLPG
(i dale Sog0e wlaiko e il 590 claizo
Relative Vertical Relative . .
concentration coordinates concentration Vertical coordinates
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0.3 0.51 0.3 0.51
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0.1 0.69 0.1 0.69

b oyt e K el Sl o 4 gaiow
P s by a5 15 cwyp 9)50 et (oly>
o axb, ISa JUsl g by Vol U5 o] lae
S0 iy 095 5 e ol WS e i o

5565 13 50T 550 gl ST b 285 & 50
Nl ez g0 2 0 phie gunalols () S8 gillas
B85 Joho B0 g 05 £7 L a5 <l i oIV @

ol 3dGT
Sese slacaakd pae a5 canl by, Sl U
@ AS (e G (o5 Opged 1) 0 Jue o
@S o 1) lugs nytien Slpess PBlas b oS el
SusS bl il wle sbul (il
Ol¥ s Comlus Jdow sl .(Jamshidzadeh, 2012)
Gy (Sels e Calas sz plsul elys Sl
Ol 5o aged eolittul (GanaSel 0gani by g SIS w0135

Y G alold b g b ylgzul (gussasud ) S
Fig 11. Networking of Henry aquifer with spacing of 0.2.

Y Jelgd slp aSed e by, 3l Jel> SIS
aile (1 0) S ikl



y p
02 / ;S

o [y A T i |
08 1 12 14 16 18
X(m)

1.

12 Juolgd 6l MLPG g a5 (g yd dliwe clilé pa slb oo VY Sl

Fig 12. Co-concentration curves of Henry problem by MLPG method for intervals of 0.2.

S o e A g5 i b glodoe Cambas (V) 5 () o) Jshiz aslsl s

Oeeed 9 (SALASED 0978 dy s | 450D (9 ()

X=1.4m 88l Olaisee jo cdalé yolio duwlio O Jouo
.Table 5. Comparison of concentration values in horizontal coordinates x=1.4m
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Extended abstract

Introduction

This paper examines the application of the Adaptive Neural Fuzzy Networks
(ANFIS) model in predicting the flow of Qanats in Birjand County, one of
the arid and semi-arid regions of Iran. Qanats, as a traditional and vital
source of water supply in these areas, are affected by several factors,
including climate change, excessive groundwater extraction, and reduced
rainfall. This has increased the need for accurate and efficient methods to
predict their flow. Introduction:

Keywords:

Qanats, Research Obijectives

Water Resources The main objective of this research is to evaluate the accuracy of the ANFIS
l'\:/lanagNementl,N awork model in estimating the monthly flow of Qanats in Brijand County and to
B:ﬁg]d ecui:;l etwork, determine its ability to predict flow fluctuations based on climatic and

hydrological data. Based on the results obtained, the aim is to provide
solutions for sustainable management of water resources.

Materials and Methods
Study Area: Birjand County, located in South Khorasan Province, focuses
on the Birjand watershed, which has 1875 ganat streams.
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Data

Monthly data on precipitation, evaporation, temperature (maximum, minimum, and average),
humidity (minimum), and ganat discharge were collected from 2011 to 2021 (120 months of
data). Data Preprocessing: The gamma test was used to select input variables with the greatest
impact on ganat discharge and to remove outliers.

ANFIS Model: This model was selected due to its ability to model nonlinear and complex
systems. The model was optimized using 70% data for training and 30% for evaluation, with the
Fuzzy C-Means algorithm and trial and error method.

Evaluation criteria: Correlation coefficient (R2), root mean square error (RMSE), and Nash-
Sutcliffe coefficient (NS) were used to measure the accuracy of the model.

Results
The results of the study show that the ANFIS model can predict the discharge of Qanats with
high accuracy. The results obtained are:
Table 1- Performance of the adaptive Fuzzy Neural Network in Predicting the
Discharge of Qanats

RMSE R? NS Modeling stage
0.43 0.93 0.92 Training
0.049 0.98 0.97 Test

These results indicate that the model performs very well in predicting the discharge of Qanats
according to the evaluation criteria. Also, the graphs show that the model can accurately predict
the changes in discharge during different months of the year.

Discussion

Comparison of the results with similar studies shows that the ANFIS model performs better in
predicting the discharge of Qanats compared to other models. This high accuracy is due to the
model's ability to learn complex and nonlinear patterns in the data and the use of an appropriate
optimization method. The results show that the decrease in ganat flow is significant in the dry
months of the year, which indicates the need for greater attention to water resources
management during this period.

Suggestions

Based on the results of this study, the following are suggested:

Further studies: Conduct further studies using long-term and diverse data to increase the
accuracy of the model and examine the impact of various factors on ganat flow.

Sustainable water resources management: Implementing management plans to reduce excessive
abstraction and optimize water consumption, especially in the dry months.

Qanat restoration and repair: Investing in the restoration and repair of worn-out ganats and using
modern technologies to improve their performance.

Use of monitoring systems: Use of accurate monitoring and measurement systems of ganat
discharge to collect more accurate and up-to-date data for better modeling.

Conclusion

This study showed that the ANFIS model is a powerful tool for predicting ganat discharge in
arid and semi-arid regions and can help water resource managers in planning and decision-
making related to sustainable water resource management. Considering the importance of ganats
in providing agricultural water and people's livelihoods, the use of these methods can play an
important role in preserving and restoring these water resources.
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Table 1- Performance of the adaptive Fuzzy Neural Network in Predicting the
Discharge of Qanats
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Extended abstract

Introduction

Waste management resulting from human activities, particularly in urban
areas, is one of the most sensitive and critical responsibilities of
municipalities. The selection of waste disposal sites involves considering
various factors, among which environmental aspects and the prevention of
leachate infiltration into aquifers and groundwater are paramount. In this
context, municipal waste management systems are required to utilize
landfills, a standard and conventional approach to waste disposal (ANZECC,
1994; Tchobanoglous and Kreith, 2002). These structures play a vital role in
optimizing waste management and mitigating the environmental impacts of
municipal waste. During the transfer of leachate from old ponds to new ones,
the transfer method significantly influences the outcome. To prevent leachate
leakage, the use of pipes, geomembrane layers, and landfill insulation is
recommended (Anouzla & Souabi, 2024). However, the use of open
structures or channels that are not properly isolated can contribute to the
vertical and lateral spread of leachate in the subsurface. Research indicates
that the depth of the pollution plume in a landfill is primarily determined by
soil texture and the presence of permeable strata (Karimi et al., 2021).
Additionally, investigating seasonal streams is critical due to their high
potential for leachate infiltration.
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To evaluate the potential for leachate infiltration and determine the shape of the pollution plume,
cost-effective and efficient approaches, such as geophysical techniques, are necessary. Two-
dimensional non-destructive electrical resistivity tomography surveys are particularly effective.
Geological and subsurface evaluations of waste sites using geophysical methods have been
extensively studied due to their accuracy and cost-effectiveness (Yannah et al., 2019; Ayolabi et al.,
2015; Karsli et al., 2024; De Carlo et al., 2023; Karimi et al., 2021; Anouzla & Souabi, 2024;
Nguyen et al., 2018).

In these methods, leachate infiltration is identified by the significant electrical resistivity differences
between the leachate and the surrounding environment (Gazoty et al., 2012; Ugbor et al., 2021;
Belghazal et al., 2013; Bellezoni et al., 2014; Abdulrahman et al., 2016; Helene et al., 2020; Juarez
et al., 2023). Based on this understanding, the current study aims to investigate the vertical and
lateral spread of leachate at the leachate transfer channel and seasonal streams within the landfill site
of Hamadan City.

Material and Methods

Study Area

The studied area is located in the northern part of Hamedan city, between coordinates 34.959240° to
34.972384° N latitude and 48.611835° to 48.630663° E longitude, covering an approximate area of
238 hectares. Geologically, the area lies within the Sanandaj-Sirjan zone and comprises marly
limestone formations, weathered sandstones, and clay. Geotechnical investigations conducted in the
area reveal that the lithological composition includes sandy silt layers with gravel extending to a
depth of 20 meters (Ghaem Sazeh Sanjesh Ekbatan Consultant Engineering, 2017).

Vertical electrical sounding in the studied area has identified clay layers (up to a depth of
approximately 2.6 meters), clayey marl (reaching depths of around 15 meters), mudstone and marly
limestone (up to about 60 meters), as well as mudstone and silt with limestone (extending to a depth
of about 160 meters). These findings indicate low permeability, limiting the infiltration and
expansion of leachate (Karimi et al., 2021; Helali et al., 2020).

Methods

Electrical resistivity tomography (ERT) data were collected using an RMT5 device with a
transmitter length of 120 m and an electrode spacing of 2 m for three profiles. The distance of profile
1 from the location of the old leachate evaporation pond is 240 m, while the distance of the other two
profiles from this pond is approximately 540 m.

Electrical resistivity surveying is based on the distribution of potentials in a homogeneous medium.
One pair of electrodes (A and B) is used to introduce the current into the ground, while another pair
(M and N) is employed to measure the potential difference of hemispheric equipotential surfaces
where the ground surface intersects them. The apparent resistivity value is then calculated using the
following equation (1):

AV
PK @

In Equation (1), AV is expressed in millivolts (mV), I in milliamperes (mA), and K in meters (m).
Accordingly, the apparent resistivity (pa) is expressed in ohm-meters (Qm).

In this study, a Wenner electrode array was used for two-dimensional electrical resistivity
tomography (ERT) to determine the distribution of apparent resistivity values. More theoretical
details are provided in the works of Karimi et al. (2021) and Loke (2006).

After data collection and the removal of outliers, the raw apparent resistivity data were entered into
the Res2Dinv software to generate the initial pseudo-sections of resistivity. During the modeling of
the collected profiles, the inverse solution was implemented using the Quasi-Newton technique with
identical horizontal and vertical filters.

3. Result and Discussion

In this study, three ERT profiles were analyzed to investigate leachate contamination and resistivity
variations. The findings are summarized as follows:

Profile 1

This profile was oriented in the north-south direction, perpendicular to the leachate flow (Fig. 1).
High-resistivity layers (177-5600 Q-m) identified at the start of the profile (up to 42 meters) have
inhibited leachate infiltration. However, between 42 and 90 meters, low-resistivity layers (17-177 Q-
m) indicate significant leachate contamination extending to a depth of 18 meters. This contamination
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is likely attributed to the leachate transfer channel, which has created an extensive contamination
plume. Toward the end of the profile, high-resistivity layers (=560 Q-m) are observed, corresponding
to impermeable carbonate and metamorphic (especially schist) rocks. Overall, the leachate
infiltration pattern in this profile is heterogeneous due to the coexistence of old and new landfill
deposits. It is recommended that concrete or pipe channels be utilized to mitigate further
contamination.

Profile 1
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Fig 1. Measured apparent resistivity pseudo section (upper), calculated apparent resistivity
pseudo section after removing noises (middle), and inverse model resistivity section (lower)
along profile number 1 (black lines specifying the plume of pollution caused by leachate)

Profile 2

This profile, also aligned in the north-south direction, terminates at a seasonal stream (Fig. 2). From
the start of the profile to 78 meters, topsoil and clay layers with low resistivity (<34 Q-m) are
dominant. Beyond this point, resistivity values further decrease (<139 Q-m) due to leachate
infiltration from the stream. The leachate penetration depth is estimated at up to 11 meters, with a
contamination plume width of approximately 30 meters. The presence of clay and mudstone bedrock
in this area restricts deeper infiltration. However, the seasonal stream has facilitated lateral
contamination spread. A comparative analysis of Profiles 1 and 2 suggests that the leachate transfer
channel has a more pronounced impact on contamination than the seasonal stream, owing to its
proximity to the leachate pond and the underlying structural differences.
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Fig. 2. Measured apparent resistivity pseudo section (upper), calculated apparent resistivity
pseudo section after removing noises (middle), and inverse model resistivity section (lower)
along profile number 2
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Profile 3

Situated south of the seasonal stream and directly connected to Profile 2, this profile also follows a
north-south orientation (Fig. 3). From 0 to 20 meters, a low-resistivity zone (<260 Q-m) indicates
leachate infiltration, with the leachate-saturated zone extending to a depth of approximately 1.5
meters (resistivity <14.4 Q-m). Underlying layers with resistivity values exceeding 1105 Q-m
effectively prevent further infiltration. Although leachate infiltration is observed at the beginning of
this profile, the infiltration pattern is uniform and similar to that of Profile 2.
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1

Fig. 3. Measured apparent resistivity pseudo section (upper), calculated apparent resistivity
pseudo section after removing noises (middle), and inverse model resistivity section (lower)
along profile number 3

Conclusion

The findings from this research on the Hamadan Landfill indicate that the leachate transfer channel
and the presence of seasonal streams have significantly influenced the vertical and lateral expansion
patterns of leachate. Based on the profiles presented, leachate infiltration and the spread of the
pollution plume ranged from 13 to 18 meters vertically and from 30 to 50 meters laterally, which
aligns with the findings of research conducted by Helali et al. (2020) and Karimi et al (2021).

To prevent further infiltration of the pollution plume at this landfill, it is recommended to use solid
concrete channels or pipes to transfer leachate from the old pond to the new one. Additionally, to
manage leachate transfer in seasonal streams, it is necessary to first prevent the entry of leachate into
these pathways, and subsequently, to inhibit the seepage of leachate from these pathways
downstream of the landfill by creating obstructions.

Furthermore, this study demonstrated the effectiveness of the electrical resistivity tomography
technique in tracking and modeling the expansion of leachate infiltration from both artificial
channels and natural streams at the landfill site. Given the importance of leachate and its
environmental impact, it is proposed that municipal waste management organizations throughout the
country incorporate the aforementioned technique into their control and management strategies for
leachate in landfills, reducing costs associated with geomembranes in their research agendas.
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Fig. 1. The study area and its location in Hamadan province
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Figure 3. The studied area along with the location of special resistance tomography soundings, leachate
ponds, leachate transfer channel, and seasonal waterway. (ERT 1, ERT2, and ERT3 define profiles 1, 2,

and 3, respectively)
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The analyzed parameters included sulfate (SO42-), chloride (Cl-), bicarbonate (HCO3-), pH, total
dissolved solids (TDS), total hardness (TH), potassium (K+), sodium (Na+), magnesium (Mg2+), and
calcium (Ca2+). These parameters were used to calculate the water quality levels of springs in the llam
watershed using the Water Quality Index (WQI) method. For this purpose, four selected springs within the
watershed were chosen to represent the region's hydrogeochemical conditions and water quality (Figure
1). Sampling was conducted monthly over six months, from April 2023 to September 2023. All tests were
performed using standard laboratory methods and precise instruments to obtain accurate and reliable data.
The collected samples were stored in a refrigerator at 4°C to prevent microbial degradation before water
quality analysis. The calculation of the WQI involves several steps. In the first step, each parameter is
assigned a weight ranging from 1 to 5 based on its impact on human health, with these weights estimated
according to WHO standards. The second step calculates the relative weight using Equation 1 (Chung et
al., 2014; Patil et al., 2020; WHO, 2004b, 2011, 2014, 2017).

Wi wi @

X wi
Where Wi represents the relative weight, wi is the weight of each parameter, and n is the total number of
parameters. In the third step, the quality rating index (qi) is calculated. This index is obtained by dividing
the concentration of each parameter in a water sample by its standard value, as described in Equation 2
(WHO, 2004; Patil et al., 2020; WHO, 2017).

gi== x 100 @
Where Ci is the concentration of each parameter in the water sample, and Si is the WHO standard value
for each parameter in mg/L. Additionally, the SI (sub-index for the n-th parameter) is calculated for each

chemical parameter using Equation 3, and finally, the WQI is determined using Equation 4 (Chung et al.,
2014; WHO, 2014, 2017).

SI=Wixgi (3)
wQl = ¥ SI (4)
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Figure 1 - Map of the locations of sampled stations in the Ilam Dam watershed.

Results and Discussion

The results of this study indicated that the water quality of the examined springs in the region is highly
favorable based on the Water Quality Index (WQI). The WQI values at the sampling stations ranged from
38.07 to 45.45, reflecting excellent water quality in all studied springs throughout the research period.

A comparison of the quality data with World Health Organization (WHO) standards also revealed that all



measured parameters, including sulfate, chloride, bicarbonate, pH, TDS, total hardness, potassium,
sodium, magnesium, and calcium, fall within the permissible standard limits. The analysis of the Schuler
diagram indicated that the spring water quality is in good condition for drinking purposes. Furthermore,
the analysis of the Piper diagram revealed that the water quality falls under the hydrochemical group of
calcium bicarbonate, indicating a favorable ionic composition of the water for various uses.

Conclusion

Despite the excellent quality of the region's spring water based on valid quality indices and standards,
continuous monitoring and precise management of the area's water resources are essential to maintain the
current quality and prevent potential future contamination. In areas where water resources play a key role
in meeting drinking, agricultural, and industrial needs, human and natural factors such as agricultural
activities, industrial development, environmental degradation, and climate change can pose serious threats
to water quality. The findings of this study revealed that analyzing qualitative data using the WQI index
and Schuler and Piper diagrams is an effective tool for assessing water quality status. These tools not only
enhance the understanding and interpretation of complex data but also enable the comparison of water
quality across different regions and the identification of areas vulnerable to pollution. Additionally, these
methods can provide a robust scientific foundation for developing protective policies, implementing water
quality monitoring programs, and making effective management decisions.
Ultimately, adopting integrated management practices and utilizing these analytical tools can significantly
contribute to the long-term protection of water resources and the sustainability of the region's aquatic
ecosystems.
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Figure 1 - Map of the locations of sampled stations in the llam Dam watershed
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Table 1. Classification of drinking water quality based on the WQI index.

WQlI Sl Gl
WQI value Classification
<50 S
50 - 100 <>
100 - 200 s
200 - 300 s sl
300< Syae BB e

-WHO, 2011) (2 leas 5l ol sy (oo 9 Jo i 0335 .Y Jso
Table 2. Normalized and relative weights of chemical parameters (WHO, 2011).

(WD bl oo 035 (2011) WHO st
Relative (W) 2ok o >y Falb
. . WHO Standard .
parameter weight  Parameter weight (w) Unit Parameter
(Wi) (2011)
0.166 5 250 (mg/L) SO
0.1 3 250 (mg/L) Cr
0.1 3 120 (mg/L) HCOs
0.133 4 6.5-85 - pH
0.166 5 1500 (mg/L) TDS
0.1 3 500 (mg/L) TH
0.066 2 12 (mg/L) K*
0.066 2 50 (mg/L) Na*
0.034 1 150 (mg/L) Mg#
0.066 2 200 (mg/L) Ca*
1 30 - - Js
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Table 3. Classification of drinking water standards based on the Schoeller diagram (Choramin et al.,

2015).
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Table 4. WQI values and the statistical parameter values used for the calculation of WQI in the springs of
the llam Dam watershed.
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3.66 49.57 56.18 41.88 Ca?
3.47 16.64 25.78 11.25 Mg#
0.88 3.22 4.83 1.9 Na*
0.21 0.56 0.96 0.14 K*
32.63 255.20 328 193 TH
25.05 240.83 276 188 TDS
0.45 7.54 8.3 6.8 pH
18.83 182.35 205.7 139.24 HCOs™
3.79 12.31 21.8 5.4 CI-
13.88 37.11 62.43 7.2 SO+
2.10 41.95 45.45 38.07 wWQl
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Table 5. Status of the parameters studied in drinking water sources based on comparison with the Schuler

diagram.
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Figure 2. Average temporal and spatial variations of SO4? in the stations and months studied
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Figure 3. Average temporal and spatial variations of CI in the stations and months studied.
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Figure 4. Average temporal and spatial variations of HCOjs" in the stations and months studied.
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Figure 5. Average temporal and spatial variations of pH in the stations and months studied.
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Figure 6. Average temporal and spatial variations of TDS in the stations and months studied.
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Figure 7. Average temporal and spatial variations of TH in the stations and months studied.
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Figure 8. Average temporal and spatial variations of K* in the stations and months studied.
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Figure 9. Average temporal and spatial variations of Na* in the stations and months studied.
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Figure 10. Average temporal and spatial variations of Mg?* in the stations and months studied.
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Figure 11. Average temporal and spatial variations of Ca?* in the stations and months studied.
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Figure 12. Average variations of WQI in the spring and summer seasons during the months studied.
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Figure 13. Schuler diagram of the studied springs' water.
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Figure 14. Schuler diagram of the water quality of the studied springs.
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Table 6. Comparison of the Water Quality Index (WQI) in the springs of the Ilam Dam watershed during
the study period with springs from other areas.
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Study area Reference
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oyl 39,y lesel 16.67 - 75.1 Motamedi Rad et al., 2021
5,5 ks B0 able 50. 75 Gharemahmogcélzug& Shirzadnia,
Srikakulam India 10.84 -191.33 Sundar Kumar et al., 2010
Karnataka State, India 89.21 — 660.56 Ramakrishnaiah et al., 2009
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Table 7. Average Quality Parameters of the Studied Springs' Water in the Watershed

ol bl
Station Parameter
4 3 2 1
31.53 4572 29.57 41.64 SO4*
8.72 16.1 13.18 11.25 Cl-
180.22 188.73 182.49 177.98 HCO3
7.48 7.6 7.52 7.55 PH
242 245.33 263.66 212.33 TDS
233.16 292 245.16 250.5 TH
0.34 0.64 .58 0.68 K*
3.6 3.19 3.15 2.95 Na*
15.43 17.88 16.72 16.2 Mg?
52.17 50.34 48.26 47.49 Ca**
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Table 8. The results of principal component analysis for measured parameters in studied river springs
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3 2 1
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0.959 0.213 0.189 TDS
-0.148 -0.081 0.986 TH
-0.223 -0.832 0.508 K*
0.225 0.941 -0.253 Na*
0.053 -0.372 0.927 Mg?
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Introduction

Flooding is one of the most dangerous natural disasters, encompassing
many global hazards (Das, 2020). Among these disasters, according to the
statistics published by the United Nations, floods and storms caused the
highest damages in the 2000-2010 decade, amounting to $21 billion and
$18 billion, respectively, in human casualties (AmirAhmadi et al., 2011).
The factors contributing to floods can be divided into three main
categories: climatic, regional characteristics, and human activities (Lotfi
and Jafari, 2012). Flood risk zoning maps effectively manage flood, land
use control, developmental programs, and environmental protection
(Hassanzadeh and Khajebafghi, 2017; Bichele et al., 2006). Numerous
studies have been conducted on flood-prone areas and the prioritization of
factors influencing flood occurrence in different regions.

In 2020, a study analyzed potential flood risks in Allahabad, India, using
multi-criteria analysis.
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This study considered seven criteria—stream accumulation, drainage capacity, groundwater level, land use,
runoff, slope, and geology—to assess flood damage risk. The findings indicated that 81% of the agricultural
lands in the region were located in flood-prone areas (Dash and Sar, 2020). In 2019, a study modeled urban
flood susceptibility based on the Analytical Hierarchy Process (AHP) and Geographic Information System
(GIS), focusing on the flood risk of the city of Xingguozhai, China. The results showed that the city center
was more vulnerable to flooding than other areas (Wu et al., 2019). In 2015, a study used AHP and GIS to
assess flood risk potential in the Heiyai River Basin, finding that the AHP method was consistent and
effective in flood risk zoning for the years 1960-2010 (Nikolova and Zlateva, 2017). In 2019, a study
investigated flood susceptibility in the Ajorlou Chai watershed using fuzzy logic. The results revealed that
most of the watershed's area was classified as having low, very low, and medium flood risk (Esfandiary
Darabad et al., 2019). In 2018, a study in Sari used fuzzy logic to prepare a flood risk zoning map for the
city. Multi-criteria decision-making (MCDM) methods were applied to the flood risk zoning, with the results
showing severe flood susceptibility in the center and south of the city. The final flood risk zoning map
indicated that 12.24% of the areas were in the very high-risk zone, and 37.05% were in the very low-risk
zone (Mahmoudzadeh and Bakoi, 2018).

Reviewing these studies reveals that flood risk zoning using GIS and AHP methods has been significantly
effective in identifying flood-prone regions. This research, using fuzzy operators as an innovative method,
focuses on flood risk zoning and assesses the impact of watershed management plans on flood risk. The use
of fuzzy models, especially in areas with limited data, significantly increases the accuracy and predictive
capacity of the model. Moreover, for the first time, this study investigates the effects of watershed
management plans on flood risk zoning in the Darmiyan region.

Materials and Methods

Study Area

The study area, Darmian-Asadabad, is located between 59°28' to 60°47' eastern longitude and 32°32' to
33°21' northern latitude. It is part of the second-order drainage basins of the Dagh-Petergan and Khaf
regions, located to the south of this drainage basin. The area covers 3073 square kilometers, representing
approximately 9% of the area of the second-order Dagh-Petergan and Khaf basin.

Politically, this study area is within the plains of South Khorasan province. The Darmian study area is
bordered to the north by the Sadeh and Esfden plains, to the east by the Birjand and Sarbishah plains, to the
south by the Hosseinabad and Khushab plains, and to the west by the Gazik and Avaaz plains (The update
report of the water balance of the study area of Darmian, 2016).

Data

In this study, the flood risk zoning map was generated using several criteria, including topography, land
cover, river morphology, hydroclimate, geology, and human activities. These criteria include sub-criteria, as
listed in Table 1, with their respective raster data and maps used for the zoning process. The following
introduces each sub-criterion:

Criteria & Sub-Criteria Description
Topography Elevation, Slope, Landform
Land Cover Vegetation cover, Land use
River Morphology Waterway density, Distance to waterway
Hydroclimate Precipitation
Geology Geological characteristics
Human Activities Watershed management plans

o Elevation Layer: This layer directly relates to flooding and was derived from the Digital Elevation
Model (DEM) with a 30x30m resolution.

e Slope Layer: The slope layer determines the speed and direction of water movement, derived from
the DEM.

e Land Form Layer: Differentiates mountainous and elevated areas from plains and lowlands.

e Geology Layer: Directly influences flooding and was obtained from the 1:100,000 geological map
of the Geological Organization.

e Distance to Waterway Layer: One of the major factors influencing flood damage is the improper
use of waterway buffers. This layer was also derived from the DEM.



e Land Use Layer: Land use influences floods in various ways. Any activity that reduces soil
moisture and permeability increases flood risk. The land use map was obtained from the Department
of Natural Resources of South Khorasan at a 1:50,000 scale.

e Vegetation Cover Layer: This layer classifies vegetation based on type and density, obtained from
the Department of Natural Resources of South Khorasan.

e Precipitation Layer: The most important factor in the hydrological cycle. The precipitation data
was obtained from the local meteorological organization for the area, using 30 years of rainfall data
to generate an annual average precipitation map.

e Drainage Density Layer: This layer is inversely related to flood risk and was derived from the
DEM.

e Human Activities Layer: This layer includes the locations of watershed management projects (such
as stone-mortar structures, gabions, earthen dams, and spillways). The location coordinates of these
projects were processed using buffer zones and then converted into raster layers.

Weighting Method

Evaluating the various criteria involved in flood risk zoning is part of decision-making. For this, a multi-
criteria decision analysis (MCDA) approach was used, which includes various methods such as the Analytic
Hierarchy Process (AHP), Analytic Network Process (ANP), fuzzy methods, and combinations of different
techniques. This study applied a hybrid AHP-fuzzy method, initially proposed by Chang in 1996. The key
difference between this method and traditional AHP is the way weights are assigned to criteria and options.
For determining the weights of the specified criteria in this study, a questionnaire was employed. The criteria
and sub-criteria were first identified through field studies and a review of previous research. Then, a
questionnaire was designed to compare the criteria with each other and the sub-criteria within each category.
In AHP questionnaires, unlike typical SPSS questionnaires (which often use a 5-point Likert scale), there is
no reliability index (e.g., Cronbach's alpha). Instead, the concept of inconsistency is used. The inconsistency
ratio indicates contradictions and discrepancies in the pairwise comparison matrix. According to Saaty
(2012), if the inconsistency ratio is less than 0.1, the matrix is considered consistent and acceptable. After
completing the questionnaires by experts, the validity and reliability of the survey were verified using the
inconsistency ratio in the Expert Choice software, yielding a value of 0.04, which is acceptable as it is less
than 0.1.

Framework for Design and Implementation

This study aims to provide an appropriate assessment of flood susceptibility for the Darmian study area. To
achieve this, the factors affecting flood occurrence in the region were identified, and a system expert
approach was used, including field studies (questionnaire surveys) with specialists from various fields such
as water engineering, civil engineering, geography, geology, environmental science, rangeland management,
and watershed management. In total, 25 experts participated in the survey. Moreover, to address uncertainties
and standardize information, crisis management guidelines, field studies, historical data, and related research
were consulted (Behrouz, Ali-Mohammadi & Attari, 2019; Malazahi et al., 2019).

Results and Discussion

Flood occurrence depends on various factors. In this study, raster layers of elevation, slope, landform,
vegetation cover, land use, precipitation, waterway density, distance from waterways, geology, and
watershed plans were used within six main criteria categories: elevation, land cover, hydro-climatic factors,
river morphology, geology, and human activities. The weighting of these main criteria and sub-criteria for
each category was carried out using the Analytic Hierarchy Process (AHP) in Expert Choice software. The
final weights for each factor and their hierarchy are shown in Table 2.



Table 2: Final Weight of Factors Used

Number Sub-criteria Final Weight
1 Waterway density 0.288
2 Land cover 0.205
3 Watershed plans 0.146
4 Land use 0.103
5 Precipitation 0.103
6 Distance from waterway 0.072
7 Landform 0.034
8 Slope 0.021
9 Geology 0.021
10 Elevation 0.007

According to Table 2 and the results from the AHP analysis, the waterway density criterion (0.288), land
cover (0.205), and watershed plans (0.146) were found to have the highest importance in flood susceptibility
in the study area.

Since raster maps of elevation and slope were already available, no changes were needed. To create raster
maps for landforms, vegetation cover, land use, geology, and watershed plans, each factor was assigned a
rank based on its importance in flood risk. These layers were then converted into raster maps using the
"Feature to Raster" function. The waterway density map was generated using the "Density" tool from the
river layer, showing the waterway density for each pixel. Additionally, the distance from the waterways map
was extracted using the "Distance” tool from the river layer. For the watershed plans map, the impact area of
each structure was determined based on type and disaster management standards. The area of the large
earthen dams was considered larger than other structures. Then, using the "Distance" tool, pixel values were
assigned, increasing as the distance from the influence area increased.

After creating the raster maps, to normalize the pixel values, they were fuzzified using the "Fuzzy
Membership” tool. It should be noted that while some criteria have a direct relationship with flood risk (the
higher the pixel value, the higher the flood risk), others have an inverse relationship (the lower the pixel
value, the higher the flood risk). The maps for elevation, slope, landform, land use, geology, precipitation,
waterway density, and vegetation cover were fuzzified using a direct relationship, while the distance from the
waterways map was fuzzified using an inverse relationship.

Next, the weights obtained from the AHP method in Expert Choice, through questionnaires, were applied to
the fuzzified maps using the "Raster Calculator" tool. To assess the effect of watershed plans on flood risk,
two series of weighted maps were created. In the first series, the human activities (watershed plans) factor
was included in the flood risk zoning process. In the second series, the human activities factor was excluded,
and its weight was applied to the two most important factors, precipitation and waterway density.

Finally, to create the final flood risk zoning map, a fuzzy overlay operation was performed on all the
fuzzified maps using the "Fuzzy Overlay" function. Two flood risk zoning maps were generated: 1-
considering the effect of watershed plans and 2-the other without. Figure 1 shows the flood risk zoning maps
for the study area.
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Comparing the flood risk zoning maps with and without considering watershed plans indicates that the
western and northwestern regions, where earthen dam structures are most used, show a significant reduction
in flood risk due to the larger reservoirs of these dams compared to other watershed structures. In these areas,
with the removal of these structures from the zoning process, regions with low-density pastures, relatively
high precipitation, short distances from waterways, and dense waterways transition from low-risk to medium
and high-risk zones.

In the central regions, due to the dense waterways, short distances from waterways, and weak vegetation
cover, and in the northwestern regions due to dense waterway coverage and elevated distance from
waterways, the flood risk is notably higher. The southwestern regions, due to high precipitation, elevation,
weak vegetation cover, absence of watershed plans, and dense waterways, and the southeastern regions due
to waterway presence and poor vegetation cover, are also in the high-risk flood zones.

Moreover, the cities of Darmian and Tabas Mesina, due to being located in the red (high-risk) zones, are at
significant flood risk and require appropriate infrastructure and facility placement to mitigate the risk.

Conclusion

Flooding is one of the most destructive natural events. Flood risk zoning is one of the most effective methods
for controlling this natural phenomenon and identifying appropriate management strategies to mitigate its
impacts. This study, by integrating fuzzy models and AHP, not only determined the effect of flood-triggering
factors but also assessed the impact of watershed plans on reducing flood risk. The results showed that
waterway density and vegetation cover had the highest importance, while elevation had the least effect on
flood occurrence in the study area. Flood risk zoning maps indicated that the western and northwestern
regions, with watershed plans in place, became low-risk zones. Removing these plans shifted these areas to
high-risk zones, emphasizing the effectiveness of watershed plans in reducing flood risk. The study also
found that the southern region of Darmian was safe from flooding due to its land cover and geological
characteristics. However, the cities of Darmian and Tabas Mesina are located in high-risk zones, requiring
careful planning for infrastructure development. Future studies could explore the effect of reservoir volume
on watershed structures and the potential for artificial recharge of groundwater in the area.
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Figure 1. Map of the location of the studied area in South Khorasan province & Iran Country.
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Extended abstract

Introduction

Over the past century, water scarcity has become a significant global issue
due to climate change, population growth, urbanization, and agriculture. In
response to this problem, groundwater resources have been used extensively
for various purposes, including agriculture, industry, and drinking. However,
the increasing global demand for water has led to the overexploitation of
groundwater and a decline in quality. Groundwater pollution has adversely
affected the accessibility and suitability of groundwater and is detrimental to
human health. Furthermore, cleaning up polluted groundwater is costly and
time-consuming due to the complex nature of groundwater systems and the
invisible threat of groundwater contamination. Therefore, assessing and
monitoring groundwater quality is crucial, considering the potential risk of
groundwater contamination and its effects on human usability. In recent
years, models based on artificial intelligence approaches have been
employed due to the non-linear and complex nature of geohydrological
issues. Khorramabad is one of the important regions of Lorestan province,
where the drinking water of the city is supplied from groundwater resources.

Cite this article: Babaali, H., Nohani, E. & Dehghani, R. (2024). Assessment of groundwater hardness in Khorramabad plain using
hybrid models based on metaheuristic algorithms, Journal of Aquifer and Qanat Title, 5 (1), 125-138. DOI:
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In recent years, the quality of drinking water in this region has faced problems. The
quality of groundwater in this area has decreased annually from the past to the
present, posing a serious threat to the health of living organisms. Therefore, it is
essential to analyze and investigate the quality of groundwater in this region using
a hybrid model of support vector regression with metaheuristic algorithms to
estimate the hardness of groundwater.

Methodology

To model the hardness of groundwater in the Khorramabad plain, a support vector
regression (SVR) model was used in conjunction with wavelet, grey wolf, and
firefly algorithms. In the SVR model, activation functions known as kernels were
also utilized. These kernels included radial basis, polynomial, and linear functions,
which were examined in this research. For this purpose, the values of the
qualitative parameters of the Nasirvand piezometric well were normalized and then
fed into the SVR model. In recent years, because the parameter values of the kernel
functions in the SVR model are chosen randomly, optimization algorithms have
been used to increase the model’s accuracy and reduce errors. In this study,
wavelet, grey wolf, and firefly algorithms were also used to optimize the tuning
parameters to improve the model’s performance. Therefore, in this research, after
entering the input parameter data into the model and optimizing the tuning
parameters, a hybrid model structure is formed, leading to the computational
response of the model. Since the stopping criterion in training artificial intelligence
models is the error rate, the model stops at the lowest error rate, and the output is
generated.

Results and Discussion

The results showed that hybrid models in the combined scenario, which included
all input parameters, had less error compared to other scenarios. Therefore,
increasing the number of effective parameters in hybrid models based on support
vector regression leads to an increase in the model’s performance. Also, all models
show better accuracy with the radial basis kernel function. The results of the
studied models, according to the evaluation criteria, showed that the support vector
regression-wavelet model with the highest correlation coefficient of 0.917, the
lowest root mean square error (ppm) of 0.190, the lowest mean absolute error
(ppm) of 0.115, and the highest Nash-Sutcliffe coefficient of 0.920, showed better
performance in the validation stage.

Conclusions

The results of the study, based on the evaluation of scenarios consisting of input
parameters, showed that in all the models examined, increasing the number of
effective parameters in different modeling methods leads to better performance in
estimating the hardness of groundwater. Furthermore, the results from the
evaluation criteria indicated that the support vector regression-wavelet model has
high accuracy and negligible error. Additionally, according to the examined
graphs, the support vector regression-wavelet model estimated the groundwater
hardness values close to their actual amounts.

Overall, the results of this study indicate that the use of artificial intelligence
models based on the support vector regression approach can be beneficial for
estimating the quality of groundwater over a 20-year statistical period for other
regions of the country and is a step towards making appropriate management
decisions. It is also suggested that to improve the quality of results, precise
statistics and long-term datasets should be used, and to evaluate the model, the
results should be compared with other regions.
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Figure 1- Study area
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Table 1 - Geographical location of the studied stations
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Table 1 - Statistical characteristics of the qualitative parameters

under study
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Mean Unit
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Phase
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Parameters




22 0.400 3.024 ppm Cl
10 0.300 2.360 ppm S04
6.900 1.200 3.250 ppm Mg gl
9.300 1.600 4.640 ppm Ca
805 160 395.560  ppm Th
10.500 3 6.650 ppm HCos
24.700 0.400 3.040 ppm Cl P SURRE
5.900 0.400 2.220 ppm S04
9.300 1.800 3.660 ppm Mg
9.200 1.200 5.150 ppm Ca
925 240 434.460  ppm Th
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Table 2 - Input combinations of the models under study

<z $3959 o)l
Output Input Number
TH (t) HCO3(t) 1
TH (t) HCO3(t), CI (1) 2
TH (t) HCO3(t), CI (t), SOA(t) 3
TH (t) HCO3(t), CI (1), SO4(t), Ca (1) 4
TH (b) HCO3(t), CI (1), SO4(t), Ca (t), Mg (1) 5

g glags L St (o) 2 0590 oS0 sl (o - Y Jgur
Table 3 - Error rate of the models under study under different scenarios

e e el g2 lews Joe

Testing Training Senario Model
RMSE (ppm) RMSE (ppm)

0.248 0.278 1

0.234 0.256 2

0.220 0.245 3 GWO-SVR

0.210 0.238 4

0.205 0.231 5

0.236 0.258 1

0.221 0.247 2

0.212 0.238 3 FA-SVR

0.205 0.231 4

0.198 0.225 5

0.244 0.261 1

0.228 0.248 2

0.221 0.242 3 WSVR

0.210 0.236 4

0.205 0.231 5
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Table 4 - Results of the models studied
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Testing Training Kernel Model
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NS MAE RMSE R NS MAE RMSE R
(ppm) (ppm) (ppm) (ppm)
0.905 0.131 0.205 0.900 0.895 0.146 0.231 0.890 RBF GWO-
0.895 0.144 0.217 0.890 0.885 0.154 0.240 0.880 Poly SVR
0.890 0.155 0.224 0.885 0.880 0.162 0.248 0.870 Line
0.910 0.122 0.198 0.910 0.905 0.139 0.225 0.901 RBF
0.905 0.129 0.208 0.900 0.900 0.148 0.238 0.895 Poly FA-SVR
0.900 0.148 0.216 0.897 0.895 0.155 0.242 0.880 Line
0.920 0.115 0.190 0.917 0.915 0.132 0.220 0.910 RBF
0.910 0.123 0.202 0.905 0.908 0.141 0.227 0.900 Poly WSVR
0.905 0.142 0.224 0.895 0.900 0.148 0.236 0.890 Line
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Extended abstract

Introduction

The historical fabric of Birjand has a structured organic order in its physical
layout. This harmony in shape and continuity in space has been achieved by
applying design principles in all public and private spaces. In the historical
fabric of Birjand, several main passages connect urban and neighborhood
elements. For instance, a passage that, while passing through the
Chahardarak Square, encompasses several schools, mosques, and water
reservoirs, extending to the back of the lower city fortress. However, this
passage has changed today, having been disrupted by a street running
through it. In the city center, there was a strong continuity and connection
among elements, which has now been lost. The historical fabric of Birjand
consists of diverse and significant collections with a clear organization that
reflects the identity and main structure of the city (Vafaifard, 2005).
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The hot, dry, and low-rainfall climate of Birjand, along with the absence of
permanent surface water, has made the use of groundwater in the region essential
as the only available water source for agriculture and residents. The historical city
of Birjand is located in an area with fertile soil for agriculture, and the slope of the
land has allowed for the extraction and management of groundwater through ganat
technology. The presence of groundwater in the upper regions of the historical city
of Birjand (including the slopes of Mount Bageran and the Bajd plain) and the
direction of the slope have been determining factors in the establishment of the city
of Birjand. It can be inferred that the ganat (Qasabeh) was the main factor in the
formation of the fabric and the historical city of Birjand in this location. In defining
the structure of the historical fabric of Birjand, it can be said that this fabric is a
collection of settlements, pathways, passages, and neighborhoods, most of which
contain elements for accessing ganat water. The presence of water in private
buildings, such as residential houses, and the utilization of water within homes
serve as symbols of life, purity, and beauty, contributing to the vitality and
dynamism of the space. This presence, apart from its consumptive aspect, has been
noted for its symbolic significance. Additionally, the presence of water in the
center of the courtyard signifies the centrality and importance of water in existence.

Materials and Methods

The present research is analytical-descriptive in terms of method and is considered
fundamental research in terms of nature. It aims to examine the formation of the
historical texture of Birjand and the Qanat Qasabeh to understand the impacts of
the ganat on the formation of the texture and its effects on the execution and
elements of the texture. To achieve this goal, a survey method was employed to
visit the historical texture, and historical documents on this subject were also
reviewed. Initially, the necessary information was collected and relevant data was
documented through field research, where the location discussed in this study was
first visited and then photographed, and the required information was gathered.
Subsequently, the collection and study of necessary information, including library
and visual resources, were conducted, and finally, based on field data and library
information, a final analysis was performed. In conclusion, to provide a clearer
understanding for readers, a map of the Qanat Qasabeh's route and its movement
within the texture, as well as the shape, components, and elements of the historical
texture, will be illustrated.

Results

Based on observations and field reports, it was concluded that the water flow path
of the ganat has not been significantly influenced by the texture, while the water
has had the most impact on the texture, with only minor changes observed in the
water's flow path. One of the changes made was relocating the ganat's outlet,
which, according to interviews with codes (2 and 3), was due to the overflow of the
outlet pit caused by the high volume of water that infiltrated the courtyard and
rooms of the Shokatieh school, prompting the decision to change the outlet.
Another instance involved the water turning towards the Sajid garden and directing
water to the laundry house located along the water distribution path, which was
necessary for the residents of this neighborhood, as each neighborhood at that time
had its own laundry house, bath, water reservoir, etc.

Finally, the last change involved the piping of some houses, which transferred
water through pipes into their courtyards and pools. Thus, it can be concluded that
the historical texture of Birjand has been shaped based on the water flow path of
the Qanat Qasabeh.

Conclusion

The research findings of this study indicate that the impacts of the Qanat on the
historical fabric are evident in various components, including the selection of
locations for spaces and the overall fabric, as well as the formation of private and
public spaces such as residential houses, bathhouses, mosques, mortuaries,
Hussainiyas, and gardens. Water has manifested itself in different forms within
each of these spaces. The factors influencing the formation of urban fabric include



natural forces, economic and financial forces, political forces, social and cultural
forces, and so on. In addition to these, another very important factor that plays a
role in the formation of the network of pathways is the consideration of the water
flow path, and access to the Qanat generally determines the main networks of the
fabric. Therefore, the formation of the fabric has been influenced by the Qanat, and
the main spaces and elements of the city, such as bathhouses, mosques, canals, and
neighborhood centers, have been shaped in a way that allows for the easiest access
to Qanat water.

In a general conclusion, it can be stated that the formation of the historical fabric of
Birjand relied on the Qanat Qasabeh, and its development over time was due to
extensive connections with other cities and countries. Additionally, the presence of
the 'llm family in this area and their contributions to the advancement and
expansion of the city also contributed to the increase in population and the growth
of the Birjand village. Considering that there is no precise historical record of the
exact time of the formation of the Birjand village, and given that Birjand has been
destroyed and reshaped several times due to earthquakes, its significant progress
can be attributed to the Safavid era, with the establishment of security by the
Safavid dynasty and its role as a commercial hub for merchants being key reasons.
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Fig 2. The old structure of the city of Birjand is based on water resources (Behnia, 2001).
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Fig3. A view of the ancient ganats of Birjand (Hosseinabadi, 2021).
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Fig 5. The historical core and fabric of the city of Birjand (Hosseinabadi, 2021).
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Fig 6. Covered Well Pole of the Qanat Qasabeh.
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Figure 7. A) Overview of the texture and landscapes of Birjand in 1956, B) Overview of the texture and
landscapes of Birjand in the present time (Google Earth).
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Fig 8. A Mother Well, a branch of the salty qanat of the village in the aerial photo of the year 1956, B) The
mother well of the salty branch of the Qanat of the village in the current aerial photo. (Archive of the
General Directorate of Agricultural Jihad of South Khorasan).
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Figure 9. Image of the original ownership document of the Qanat Qasbeh. (Archive of the General
Directorate of Agricultural Jihad of South Khorasan).
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Figure 10. A) The mother well of the sweet branch of the Qanat of Qasabeh in the aerial photograph of
1956., B) The main well of the sweet branch of the Qanat of Qasbeh in the current aerial photograph.
(Archive of the General Directorate of Agricultural Jihad of South Khorasan).
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Figure 10. The Well Rod of the Qanat Qasabeh.
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Figure 11. The home of the late Rasteh Moghadam.
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Figure 12. The well pole is located next to the car repair shop.
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Figure 15. The old image in front of the Shokatiyeh School.
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Figure 17. Water leaving the Shokatiyeh school.
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Figure 18. The bathroom in front of the Shokatiyeh School in an aerial photo from the 1950s.
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Figure 19. Water movement path in the winding alleys.
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Figure 20. The water path in front of Mohsenzadeh's house.
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Figure 21. The old location of Ghinab Bath.
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Figure 24. Location of the Four Trees Bath in the past.
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Figure 26. Location of the laundry room in the past.
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Figure 27. Water transfer channel to the village and the Sardeh.
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Figure 28. Water transfer channel to the jujube tree and its location.
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Fig 29. Emergency Water Transfer Route in Drought Conditions.
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Fig 30. Overview of Water Movement in Tissue.
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agricultural water, control floods, and generate hydroelectric power.
However, despite the numerous benefits provided by dams, their adverse
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always been a concern for researchers. One such impact is the reduction of
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In Iran, where surface water resources are scarce and demand increases, dam
construction is crucial in water resource management. Ardak Dam, located in the
Mashhad Plain watershed, is one of the projects whose impact on the region's
aquifer needs thorough investigation. This study aims to examine the effects of
Ardak Dam construction on the quantity and quality of the Mashhad Plain aquifer
using dynamic modeling in VENSIM software.

Understanding these effects can contribute to better comprehending the interaction
between surface and groundwater resources and provide appropriate management
strategies.

Materials and Methods

Study Area

Ardak Dam is located 55 km north of Mashhad along the Mashhad—Quchan road.
It is built on the Ardak River, which serves as a water source for the Mashhad
Plain. The primary objective of constructing this dam was to regulate water flow
for various purposes, including drinking water supply and agriculture. The annual
average discharge of the Ardak River is estimated at 25.13 million cubic meters,
while the annual regulated capacity of the dam is approximately 3.30 million cubic
meters.

Research Methodology

To assess the impact of Ardak Dam on the downstream aquifer, hydrological,
hydrogeological, and piezometric data from the region were utilized. The
groundwater level variations in two observation wells, Shirhesar and Kalateh-
Sheikha, were examined. Shirhesar well is located downstream of the dam, where
the water enters the aquifer, whereas Kalateh-Sheikha well is upstream and was
used as a control well.

For data analysis, dynamic modeling in VENSIM software was employed. Key
variables included dam reservoir inflow, evaporation rates, aquifer discharge, and
agricultural demands. The model was run for a 14-year period (2012-2026) to
analyze changes in groundwater levels and water quality downstream of the dam.

Results and Discussion

Impact of the Dam on the Aquifer Level

The results indicated that the groundwater level in Shirhesar observation well
decreased by approximately 4 meters after the construction of Ardak Dam.
Additionally, the analysis of the unit hydrograph of the Mashhad Plain showed
that, in general, the groundwater level across the entire plain declined by about 5
meters. A comparison of groundwater level decline in upstream and downstream
wells demonstrated that the reduction in recharge was more significant in wells
closer to the dam, indicating the direct impact of dam construction.

During the reservoir filling period (2007-2013), the rate of groundwater level
decline in the Shirhesar observation well increased, confirming that changes in
aquifer recharge were influenced by dam construction. However, in the Kalateh-
Sheikha well, located upstream of the dam, similar variations were not observed,
indicating the limited impact of the dam on upstream areas.

Impact of the Dam on Aquifer Water Quality

A crucial aspect of assessing the effects of dam construction is the examination of
groundwater quality changes. The findings revealed that parameters such as
electrical conductivity (EC) in the Shirhesar well increased after dam construction.
However, similar trends in water quality deterioration were also observed before
the dam was built, suggesting that the dam was not the sole factor contributing to
these changes. The analysis indicated that cumulative factors, including over-
extraction of groundwater for agriculture and changes in aquifer balance, played a
more significant role in water quality degradation.

Modeling and Future Predictions

Simulating groundwater level changes under different scenarios revealed that:

« In 66% of cases, the irrigation water demand was not fully met by the dam,
resulting in increased groundwater extraction and, consequently, a decline in



aquifer levels.

* In a scenario where water demand was reduced, and the dam's influence was
removed, the groundwater level showed an improvement.

* In a scenario of increased groundwater withdrawal, the groundwater level
continued to decline until 2026.

Conclusion

This study demonstrated that the construction of Ardak Dam has directly impacted
the reduction of groundwater recharge in the downstream aquifer, leading to a
decline of approximately 4 meters in observation wells near the dam and 5 meters
across the entire Mashhad Plain. Additionally, the analysis of groundwater quality
indicated an increase in salinity (EC) in downstream wells, although this change
was not solely attributed to the dam but rather to a combination of factors,
including excessive groundwater extraction.

Modeling results revealed that in 66% of cases, the irrigation water demand was
not entirely met by the dam, leading to an increased reliance on groundwater
sources and further depletion of the aquifer. Thus, optimizing groundwater
withdrawal, improving agricultural water use efficiency, and implementing
sustainable water resource management policies can mitigate the negative impacts
of dam construction on the aquifer.
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Flooding is a part of the hydrological cycle. However, the frequency of its
Accepted: occurrence has significantly increased, necessitating new and comprehensive
29 September 2024 approaches to managing this natural phenomenon (Mall & Srivastava,
) 2012). Therefore, Integrated Flood Management (IFM), much like integrated
Published: water resources management, must encourage the participation of users,
20 December 2024 planners, and policymakers at all levels. This approach should be open,
Ke ds: transparent, comprehensive, and communicative; it must focus on
ywords: L .. . . . .
decentralizing decision-making and include public consultation and
flood, stakeholder participation in planning and execution. Representatives of all
flood risk, upstream and downstream stakeholders should be involved in this process.
Integrated flood Implementing both IFM and integrated water resources management
management, effectively requires a conducive environment in terms of policies, laws, and

risk management,
water resources

information, with clear institutional roles and responsibilities, as well as
management tools for effective regulation, monitoring, and enforcement.
These needs depend on the specific climatic, hydrological, and physical
conditions of the watershed, the cultural, political, and socio-economic
interactions, and the existing development plans for the region (APFM,
2009).
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Material and method

The research method of this article is a descriptive-review approach, focusing on
IFM in Iran. For data collection, various sources and library-based information
related to the subject at both global and Iranian scales were reviewed. The
introduction first elaborates on the importance of floods in the water sectors of both
the world and Iran, as well as the associated risk management. Next, the history of
flood management globally and in lIran is presented, with references to
international research in the literature review section. Subsequently, the concept of
IFM, its structure, and its elements are discussed, along with its goals. The review
also covers global practices in IFM (examples from several foreign countries) and
Iran, followed by related challenges at both scales and concludes with a general
summary and suitable recommendations.

Results and Discussion

IFM is a strategic approach aimed at balancing flood risk management with
sustainable development. Unlike traditional flood control methods that focus solely
on preventing floods, IFM integrates various disciplines—hydrology, land use
planning, environmental management, and socio-economic development—to
mitigate the impacts of flooding. This approach promotes collaboration among
different sectors, including government bodies, communities, and private
stakeholders. Key principles of IFM include decentralizing decision-making,
ensuring stakeholder participation, and adapting to local climatic and geographic
conditions. Public involvement plays a crucial role in planning, as diverse views
and values contribute to more resilient solutions. With increasing climate
variability and land-use changes, IFM's focus on future scenarios is critical for
managing uncertainties (UNESCO, 2013; WMO, 2009).

In planning IFM, achieving the common goal of sustainable development requires
coordinating the decision-making processes of various development authorities.
Every decision that affects the hydrological response of the watershed must take
into account other similar decisions. Unfortunately, the geographical boundaries of
a river basin rarely align with the institutional boundaries involved in managing
that basin. Integrating the principles of IFM into broader frameworks for the
utilization and protection of international waterways at the international basin scale
is essential (APFM, 2009).

The need to consider vulnerability in risk management requires a multidisciplinary
approach, with close cooperation and coordination between development
ministries, various sectors, and institutions at different management levels.
Decision-making is no longer one-dimensional and focused solely on economic
efficiency but is increasingly multidimensional, aiming to achieve multiple, often
conflicting, objectives. The involvement of various stakeholders plays a central
role in making better decisions. The growing diversity of values and public
opinions has made it difficult to assess and justify a project using a single method.
Capturing these diverse values and opinions requires public participation in the
planning process. A significant number of countries have adopted laws requiring
public participation in decision-making processes, and IFM demands the
involvement of all stakeholders, including civil society and communities directly
affected by the decisions (APFM, 2009).

Flood management plans must consider not only the current situation but also
possible future scenarios. Climate change, which affects the intensity of rainfall
and rising sea levels, will steadily impact the future characteristics of floods, while
land use changes, including urbanization and infrastructure development, will
influence the areas at risk. Comprehensive urban planning alongside flood risk
management is essential to avoid new risks in newly developed areas (Asian
Development Bank, 2022).
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Extended abstract

Introduction

The lack of water resources in arid and semi-arid climates has caused treated
wastewater to be used as a leading option for agricultural stability and crop
production in farmland irrigation. In addition, the low quality of agricultural
soil in these climates also requires using fertilizers and modifiers; in this
regard, sewage sludge can be an easily accessible option. Despite meeting
the land's water and fertilizer needs with the two options, it is necessary to
study their consequences on the soil bed of the land for sustainable
agriculture. Although treated wastewater and sewage sludge can affect a
wide range of soil and crop properties, their effects on soil physical and
hydraulic parameters were followed in this study. Since the degree of
influence of these resources on soil properties depends on climate type, soil
type and texture, and amount of irrigation, different results have been
presented by researchers in this regard. For example, Mathan (1994)
reported higher porosity and hydraulic conductivity and lower bulk density
in loamy sand soil irrigated by wastewater for 15 years, while Zadhosh and
Fardad (1996) concluded no change in bulk density and moisture content in
field capacity for clay soil in 1 year and a decrease in soil infiltration during
9 years. Dawes et al. (2004) also stated a decrease in soil pore volumes and
saturated hydraulic conductivity and an increase in soil water retention as
affected by wastewater irrigation during 5 years.

Cite this article: Bagheri, H. (2024). A review of the effects of sewage sludge and suspended solids of treated wastewater on soil
physical and hydraulic properties. Journal of Aquifer and Qanat Title, 5 (1), 203-216. DOI:
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article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license
= (https://creativecommons.org/licenses/by/4.0/).




Sewage sludge as a soil fertilizer and amendment has high amounts of
phosphorous, nitrogen, carbon, and micronutrients (Page and Chang, 1994), which
can affect soil physical parameters including bulk density, porosity, the capacity of
water storage, and stability of aggregates (Ojeda et al., 2006; Ramulu, 2002).
Therefore, this study aims to review the effects of suspended particles of treated
wastewater and sewage sludge on the physical and hydraulic properties of soil
including bulk density, porosity, hydraulic conductivity, permeability, soil
structure, stability of aggregates, and characteristic curve..

Results and Discussion

The results of some studies showed an increase in porosity and a decrease in bulk
density (Mojiri, 2011; Abedi-Koupai et al., 2006; Rohani Shahraki et al., 2005) and
a decrease in porosity and an increase in bulk density (Mollahoseini, 2013; Abedi-
Koupai et al., 2006). Bhardwaj et al., (2007) concluded higher soil compaction is
due to the increase in the number of pores filled by suspended particles of
wastewater. These results can be related to the different roles of organic and
inorganic particles in the soil. The inorganic particles placed through soil pores,
resulting in higher soil bulk density and lower soil porosity (Mollahoseini, 2013;
Mathan, 1994), while injection of organic particles through the soil can sponge it
due to the formation of soil aggregates and large pores between them (Mojiri,
2011; Rohani Shahraki et al., 2005). These findings also were the reasons for the
increase or decrease in soil hydraulic conductivity and permeability. In this regard,
some researchers concluded lower hydraulic conductivity and permeability
(Mollahoseini et al., 2013; Vivani and Lovino, 2004), while others stated higher
amounts for them affected by soil irrigated by wastewater (Abedi-Koupai et al.,
2006; Mathan, 1994). In addition to changes in soil structure and physical blockage
of soil pores, biological blockage by fungi and microbes and gas blockage also
were effective parameters on the change in hydraulic conditions in soil
(Kristiansen, 1981; Vandevivere and Baveye, 1992; Baveye et al., 1998; Magesan
et al., 2000). The Irrigation with treated wastewater increased soil water content
and retention (Rohani Shahraki et al., 2005; Islamian et al., 2007) due to the
increase in soil carbon content, number of fine particles specific surface area of
particles, and the change in soil structure. The application of sewage sludge in the
soil also changed soil properties. In this regard, Taqvaian et al. (2007) and
Lindesky and Logan (1998) reported that the use of 300 tons/hac of sewage sludge
increased soil porosity by 10% and decreased bulk density by 13%. Bahremand et
al. (2003) stated that the application of 100-ton/hac sewage sludge enhanced the
stability of soil aggregate, hydraulic conductivity, and permeability by five, four,
and eight times, respectively. Improvement of the soil water retention curve
including a greater increase in moisture contents in field capacity and less increase
in permanent wilting point was reported by some researchers (Alcafiiz, 2010;
Ojeda et al., 2006; Bahremand et al., 2003). These findings occurred due to the
injection of high amounts of organic carbon in the soil which accelerated the
formation of soil aggregate and large pores, resulting in higher porosity and water
storage capacity and an improvement in water movement through the soil (Saadat
et al., 2013; RahimiAlashti et al., 2012; Asghari, 2011). Moreover, an increase in
the specific surface area of media particles due to the presence of organic particles
enhanced the moisture content at the wilting point.
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Extended abstract

Introduction

Water scarcity has emerged as one of the most pressing global challenges of
the 21st century, driven by climate change, severe droughts, and increasing
environmental pollution. Effective water resource management necessitates
an integrated approach considering economic and ecological factors. The
System of Environmental-Economic Accounting for Water (SEEAW) has
been established as a vital international framework, merging environmental
and financial data to optimize water resource management. As a crucial
resource that covers nearly three-quarters of the Earth's surface, water is
essential for a wide range of human needs, including drinking, sanitation,
agriculture, and industrial activities. However, rising global temperatures
and ongoing environmental degradation have made access to quality water
increasingly challenging. This underscores the wurgent need for
comprehensive accounting systems that promote the sustainable
management of water resources from economic, ecological, and social
perspectives.

Material and Methods

This review study delves into the SEEAW framework and its applications
through a systematic analysis of scientific literature published from 2009 to
2024.
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The research methodology involved an extensive literature review using targeted
keywords such as "Water Resource Management, " "Water Accounting, "
"SEEAW, " "Economic Policies, " and "Climate Change." Articles were selected
based on citation indices and scientific credibility to ensure a focus on high-quality
sources. The chosen materials were analyzed and categorized according to various
water accounting frameworks, with particular emphasis on the components of
SEEAW, including definitions and accounting measures adopted by UN member
states. Additionally, the study investigated the framework's applications across
multiple industries, particularly in the mineral sector. This methodological
approach provided a comprehensive understanding of how SEEAW integrates
environmental and economic factors in the management of water resources.

Results and Discussion

The findings indicate that SEEAW provides a comprehensive and integrated
framework for consistently and coherently organizing hydrological and economic
information. The system has proven highly effective in reducing water
consumption while enhancing productivity across various sectors. In water-
intensive industries, such as mining, SEEAW facilitates consistent reporting of
water usage and offers clear metrics for measuring water efficiency. However,
implementing SEEAW encounters challenges, particularly distinguishing between
treated and reused water and the necessity for context-specific definitions in
different accounting scenarios. This study emphasizes the importance of
monitoring water storage volumes in the industry and highlights the urgent need
for science-based economic and environmental policies, especially in developing
countries. SEEAW's capability to differentiate between treated and reused water
establishes it as a valuable tool for comprehensive water resource management. By
integrating economic and environmental dimensions, it provides a robust
foundation for the development of sustainable water management policies and
practices. By enabling informed decision-making through precise data, SEEAW
has become an indispensable resource for policymakers and water managers
worldwide, significantly advancing sustainable water management strategies.
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Fig 1. Water flows between the economy and the environment (taken from United Nations, 2012).
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Table 1. Summary of water resources information in the Sustainable Environmental-Economic
Accounting for Water (SEEAW) framework
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