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Introduction

Salmas Plain is one of the important agricultural regions of West Azerbaijan province, playing a
significant role in the region's agriculture and development. In recent decades, the plain has been
severely impacted by the phenomenon of subsidence due to the over-extraction of groundwater
from aquifers. Therefore, identifying areas prone to subsidence in the Salmas Plain is of particular
importance for the management and control of this phenomenon. In this study, a fuzzy neural
inference system model was used to predict subsidence-prone areas. To achieve this goal, seven
important factors contributing to subsidence in the region were analyzed: land slope, digital
elevation model, vegetation, groundwater depth, distance from roads, distance from rivers, and
distance from piezometric wells. The information related to these factors was collected in ArcGIS
software and transferred to MATLAB software for model implementation. Using the C-fold CV
method, the data were randomly divided into three groups: 70% for training, 20% for testing, and
10% for validation. These data were introduced to MATLAB for training, testing, and validation.
The data were accurately trained and validated, achieving a precision of 1001 [Several different
membership functions, including trapezoidal, triangular, Gaussian, two-sided Gaussian, and bell
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curve functions, were tested in the model. The results showed that the trapezoidal membership
function, with a regression correlation coefficient of 0.86, and the Gaussian membership function,
with a regression correlation coefficient of 0.81, performed best in identifying areas prone to
subsidence.

Based on the results, the eastern areas and the outlet of the plain have experienced significant
drops in groundwater levels and subsidence. Statistical studies also revealed that groundwater
levels have dropped by over 18 meters, averaging 1.23 meters per year in recent years. The crisis
has been exacerbated over the past two decades by over-extraction of groundwater for agriculture,
combined with a storage-to-recharge ratio of 0.03% and unfavorable climatic conditions.
The spatial pattern of land subsidence in Iran indicates that this phenomenon is strongly linked to
the uncontrolled abstraction of groundwater resources, driven by increasing urban water
consumption and low agricultural water efficiency. Drought conditions and excessive
groundwater withdrawal have not only affected arid and central regions of the country but have
also extended to semi-arid and humid areas in the northwest. Geological experts have reported
that 300 out of 600 plains in the country are affected by subsidence. Due to the importance of this
issue, many researchers have studied land subsidence. Their results indicate that the Salmas Plain,
as part of the Lake Urmia catchment area, is experiencing a major subsidence crisis. This crisis
has caused significant problems for infrastructure in many parts of the Salmas Plain, especially in
the Qara Gheshlagh region. The main cause of subsidence is the over-extraction of water from
wells constructed for agricultural purposes, which has led to a steady decline in the volume of
aquifers.

Material and Methods
To evaluate the susceptibility of the Salmas Plain to subsidence, the required data and statistics
up to 2019 (1398 in the Iranian calendar) were collected as follows:

o Digital topographic maps (1:25,000 scale), a digital geological map (1:100,000 scale) of
Salmas city, and thematic maps (e.g., slope, land use, geology, distance from wells,
groundwater depth, distance from rivers, and distance from faults).

e GPS data, meteorological information, soil maps, and aerial photographs (1:20,000
scale).

o Digital Elevation Model (DEM) with a resolution of 30 x 30 meters.
In this study, seven criteria were analyzed: vegetation type, groundwater depth, distance
from roads, distance from rivers, distance from piezometric wells, digital elevation
model, and slope. All criteria were first standardized in ArcGIS software and converted
into an 800 x 800-meter grid. The data from each grid were then compiled into a matrix
and transferred to MATLAB for analysis using the Adaptive Neuro-Fuzzy Inference
System (ANFIS) model.

To ensure accurate modeling, the satellite data were divided into three parts: 70% for
training, 20% for testing, and 10% for validation. This process ensured precise
measurement of modeling accuracy and error rates using MATLAB software.

Results and Discussion

Studies revealed that over the past 41 years, groundwater levels in the Salmas Plain have
dropped by 18 meters, averaging 1.23 meters per year from 2014 to 2015 (93-94 in the
Iranian calendar). The plain, characterized by clay and silty layers, has experienced
significant aquifer compression and reduced porosity due to over-extraction of



groundwater. This has resulted in land subsidence across the study area.
The model results demonstrated that trapezoidal and triangular membership functions
performed best, achieving error coefficients of 10(] and 100! [with mean error rates of
0.18 and 0.20, respectively. The regression correlation coefficients were 0.86 and 0.80,
confirming the model's accuracy in identifying areas of high subsidence sensitivity.
Approximately 8.9 and 6.3 square kilometers of the plain were classified as very high-
risk areas, while 1.8 and 3.2 square kilometers were classified as high-risk zones. These
findings indicate that the proposed model can effectively predict subsidence with high
accuracy and reliability.

Furthermore, the results highlight that over-extraction of groundwater has caused aquifer
compaction and subsidence. Linear regression analysis confirmed the model's accuracy,
with a correlation coefficient of 0.86.

Conclusion

The Salmas Plain is a vital agricultural region where groundwater serves as the primary water
source. Over 70% of extracted groundwater is used for agriculture. Irregular groundwater
extraction and reduced rainfall have significantly lowered groundwater levels, exacerbating
subsidence in the plain. Since 1993, the annual water table drop has increased to 1.23 meters.
The fuzzy neural inference system model demonstrated that trapezoidal and triangular
membership functions with regression correlations of 0.86 and 0.81 provided reliable results,
predicting subsidence-prone areas effectively. The findings suggest that 8.6% and 6.3% of the
study area are at very high risk of subsidence. Immediate measures are required to control
groundwater extraction and manage the subsidence crisis in the Salmas Plain.
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Table 4- Area and percentage, classes of membership functions in the studied area
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Fig. 5. Pictures of land subsidence in parts of Selmas plain
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Fig.7. The image of Selmas plain subsidence at the piezometer location of Kalshan
village and land subsidence in Selmas plain
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Fig.8. Maximum equal depth map (a) and minimum equal depth map (b)
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Table 5- Number of wells and annual discharge of underground water resources in the
(study area of the water year (93-94) (Water Department of West Azarbaijan Province)

Qanat s Spring  aedar Wellbr
Semi-deep well  Gos 4o ol> Deep Well Gues ol>
s sl s Sl s sl s sl
Discharge  \ywm. Discharge ~ NUM. Discharge NUM.  Discharge  NUM.
0.856 59 1.052 27 10.155 473 134.123 850
146.186 Mk

Total discharge

(S 0 O gt o 3 ads) sobl Ol g o ui CLA PR JIPRES

Qanat L3 Spring  aeio- Well ol
J5 o ol bl Jlo
Total PWES sldss FWES slass PRES sldss
. . . . Year of survey
discharge Discharge NUM. Discharge NUM. Discharge ~ NUM
164.46 2.24 57 1.57 25 160.65 1093 2001-2002
159.03 1.393 59 - - 157.637 1357 2010-2011

Table 6- Status of water resources in statistical years (discharge in million cubic meters)
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Table 7- Underground water balance of alluvial aquifers in the Selmas plain study
area. The figures are in millions of cubic meters per year
(Dousti Rezaie, Zeinalzadeh, Besharat & Amirataee, 2022)
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