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ONSOZ

Su kaynaklarmin siirdiiriilebilir yonetimi, glinlimiizde hem bilimsel hem de toplumsal agidan en kritik
konular arasinda yer almaktadir. Iklim degisikliginin hizlanan etkileri, sehirlesme baskisi, kuraklik, su
giivensizligi, sedimantasyon sorunlar1 ve artan su talebi, su kaynaklarinin korunmasi ve gelecege giivenle
aktarilmasini zorunlu kilmaktadir. Bu kapsamda hazirlanan Jeoloji Miihendisligi Dergisi “Su Kaynaklari
ve Siirdiiriilebilir Su Yonetimi” Ozel Sayisi, alana yonelik giincel yaklagimlari, yontemleri ve arastirma
sonuclarini igeren alt1 6zgiin bilimsel ¢alismayi bir araya getirmektedir.

Bu 6zel sayida yer alan ¢aligmalar; uydu yagis verilerinin yer gozlemleriyle dogrulanmasi, kiiresel
literatiirde su giivenligi egilimlerinin bibliyometrik analizi, jeotermal sistemlerde CO, tutulumu sirasinda
mineral tepkimeleri, yapay zeka kullanilarak su tiiketiminin tahmini, Akdeniz havzalarinda sediman
tasinim modelleri ve biiylik kent havzalarinin gelece§e doniik su yonetim senaryolar1 gibi ¢ok cesitli
temalar1 kapsamaktadir. Bu yoniiyle say1, hem yerel hem de kiiresel 6l¢ekte su kaynaklarina iliskin giincel
bilimsel tartigmalara katki sunmakta; arastirmacilar, mithendisler, karar vericiler ve uygulayicilar i¢in yeni
bir perspektif olusturmaktadir.

Bu Ozel Saymin hazirlanmasma degerli katkilar1 nedeniyle, Misafir Editorler Prof. Dr. Hiiseyin
Gokeekus ve Dog. Dr. Youssef Kassem’e en igten tesekkiirlerimizi sunariz. Ayrica titiz degerlendirmeleriyle
bilimsel niteligin gelismesine katki saglayan hakemlere ve ¢alismalarini sayiya kazandiran tiim yazarlara
tesekkiir ederiz.

Bu saymin, disiplinler arasi siirdiiriilebilir su kaynaklar1 hakkinda etkilesimi giiclendirmesini,
stirdiiriilebilir su yonetimi konusundaki aragtirmalara ivme kazandirmasmi ve gelecege yonelik yeni
bilimsel ¢aligmalara ilham vermesini diliyoruz.

Jeoloji Miihendisligi Dergisi
Editor Kurulu adina
Prof. Dr. Tolga CAN

Journal of Geological Engineering 47 (1) 2023



PREFACE

Sustainable water management has become one of the most pressing global challenges as climate
change, rapid urbanization, increasing water demand, sedimentation problems, and water insecurity
continue to intensify. In this context, the Special Issue of the Journal of Geological Engineering on “‘Water
Resources and Sustainable Water Management” brings together six original scientific contributions,
each addressing different dimensions of water-related issues through contemporary approaches and
methodologies.

The articles in this volume examine a wide range of topics, including the validation of satellite-
based precipitation products, bibliometric trends in global water security research, mineral reaction
kinetics during CO, sequestration in geothermal systems, artificial intelligence applications for water
consumption forecasting, sediment dynamics within Mediterranean basins, and future-oriented water
management strategies for metropolitan sub-basins. Collectively, these studies provide valuable insights
for researchers, engineers, policymakers, and practitioners working on the sustainable use and governance
of water resources.

We extend our sincere appreciation to the Guest Editors, Prof. Dr. Hiiseyin Gék¢ekus and Assoc.
Prof. Dr. Youssef Kassem, for their dedicated efforts in shaping and coordinating this Special Issue. We
also thank all reviewers for their rigorous evaluations and the authors for their meaningful scientific
contributions.

We hope that this issue will strengthen interdisciplinary interaction on sustainable water resources,
accelerate research on sustainable water management, and inspire new scientific studies in the years to
come.

On behalf of the Editorial Board of the
Journal of Geological Engineering
Prof.Dr. Tolga CAN
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Evaluation of GPM-IMERG V07 Precipitation Data Against In-Situ
Measurements in a Semi-Arid Region of Tiirkiye

Tiirkiye 'nin Yar: Kurak Bélgesi icin Tahmin Edilen GPM-IMERG V07 Yagis Verilerinin

Gergek Gozlemlerle Karsilastirilmasi

Omar ALSENJAR (¥, Mahmut CETIN

Department of Agricultural Structures and Irrigation, Cukurova University, Adana, Tiirkiye

Gelis (Received): 28/05/2025 / Diizeltme (Revised): 18/06/2025 / Kabul (Accepted): 20/06/2025

ABSTRACT

Accurate precipitation data are essential for hydrological modeling, water resource management, and climate
impact assessments, particularly in semi-arid regions that are increasingly affected by water scarcity. Satellite-based
products, such as the Global Precipitation Measurement (GPM) mission’s Integrated Multi-satellite Retrievals for
GPM (IMERG) Final Run Version 07 (V07), may offer a valuable alternative to sparse and unevenly distributed
ground-based observations. The primary objective of this study is to assess the performance of GPM IMERG V07
precipitation estimates for the semi-arid region of southern Tiirkiye by comparing them with gauge data from Adana
Meteorological Station for the period 1998-2024. Statistical evaluation was conducted using the coefficient of
determination (R?), Pearson’s correlation coefficient (r), and root mean square error (RMSE) at both monthly and
yearly scales. Furthermore, F-tests and Student t-tests were applied to assess differences in precipitation variability
and mean values between satellite and ground observations. Results indicate that IMERG V07 exhibits strong
agreement with in-situ measurements, with high correlation values (r=0.95) and RMSE of 23.02 mm/month and
158.63 mm/year, demonstrating its reliability in capturing precipitation dynamics. Nonetheless, despite the strong
correlation, IMERG V07 systematically overestimates precipitation totals. This trend of overestimation, confirmed
through Student t-tests, suggests that correction methods must be applied to enhance the accuracy of the data before
itis used in hydrological and water resource applications. Overall, the findings support the utility of IMERG V07 as a
robust precipitation dataset in data-scarce environments like semi-arid regions, provided that its systematic deviation
is effectively addressed.

Keywords: Satellite precipitation products, GPM IMERG, semi-arid region, satellite validation, Tiirkiye

0z

Yagus verileri, ozellikle su kithgindan giderek daha fazla etkilenen yari kurak bolgelerde hidrolojik modelleme,
su kaynaklari yonetimi, iklim degisikligi ve etkilerinin degerlendirilmesine yoénelik ¢alismalarda biiyiik 6nem
tasimaktadur: Kiiresel Yagis Olciim (GPM) misyonunun Entegre Coklu Uydu Tiirevleri (IMERG) Nihai Uriin Siiriim
07 (V07) gibi uydu tabanl iiriinler, seyrek ve diizensiz dagilmis meteoroloji gézlem istasyonlart gézlemlerine
bir alternatif olmaktadi. Bu ¢alismada, 1998—2024 doneminde Tiirkiye nin giineyindeki yart kurak bir bolgede
IMERG V07 yagis tahminlerinin, aylik ve yillik yagis gozlem verileriyle karsilastirtlarak kullanilabilirliginin ortaya
konulmast amaclanmistir. Ama¢ dogrultusunda, Adana Meteoroloji Istasyonundan alinan veriler kullamilmistir:

Sorumlu yazar / Corresponding author: omarsenjar@yahoo.com http://www.jmd.jmo.org.tr
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Istatistiksel kiyaslamalar, aylik ve yillik dlceklerde belirleme katsayist (R2), Pearson korelasyon katsayist (v) ve
ortalama karekdk hata (RMSE) kullanilarak gerceklestirilmistir. Ayrica, uydu ve yer gozlemleri arasindaki yagis
degiskenligi ve ortalama degerlerin istatistiksel anlamda farkli olup olmadigimin ortaya konulmasinda, F-testi
ve Student t-testi kullaniimistir. Sonuglar, IMERG V07 nin yer gézlemleriyle yiiksek diizeyde uyum sagladigin,
korelasyon degerlerinin yiiksek oldugunu (r = 0.95) ve RMSE degerlerinin aylik 23.02 mm ve yillik 158.63 mm
oldugunu gostermistir. Bu durum, yagis dinamiklerini yakalama konusunda IMERG V07 'nin giivenilirligini ortaya
koymustur. Veri setleri arasindaki gii¢lii korelasyona ragmen, IMERG V07 'nin yagis toplamlarini sistematik olarak
fazla tahmin ettigi saptannugtir. Student t-testleri ile dogrulanan bu asiri tahmin egilimi, GPM-IMERG V07 veri
setlerinin hidrolojik modelleme, su kaynaklarimin planlanmast vb. uygulamalarda kullanilmadan énce, temsil
niteligini (dogrulugunu) artirmak amaciyla diizeltme yéntemlerinin uygulanmasinin gerekliligine isaret etmektedir.
Arastirma bulgulart bir biitiin olarak degerlendirildiginde, IMERG V07 nin yari-kurak ve veri yetersizligi olan
bélgelerde giiclii bir yagis verisi seti olarak kullanilabilecegi; ancak, verilerdeki yanliligin (sistematik sapmanin)

uygun bir yontem kullanilarak giderilmesi gerektigi sonucuna vartlmigtir.

Anahtar Kelimeler: Uydu yagus iiriinleri, GPM IMERG, yari kurak bolge, uydu dogrulama, Tiirkiye

INTRODUCTION

Precipitation (P) is a fundamental component
of the Earth’s hydrological cycle, directly
affecting planning of irrigation and drainage
schemes, water resources management, and the
occurrence of floods and droughts. Accurate and
timely precipitation measurements are essential
for addressing a range of scientific and practical
challenges, including drought monitoring, flood
forecasting, irrigation planning, and assessments
of climate change (Aksu and Akgul, 2020).
Precipitation is a fundamental component of
the hydrological cycle, contributing to the
sustainability of water resources and supporting
both environmental systems and anthropogenic
demands. For example, it plays a crucial
role in replenishing groundwater, in human
consumption, and in limiting the decline in
freshwater abstraction from aquifers in the Eastern
Mediterranean region of Tiirkiye, especially in
the Cukurova region. Significant temporal and
regional variability may be seen in P patterns,
which are impacted by geographic factors, land
cover dynamics, and climate change. To improve
hydrological evaluations and support decision-
making for sustainable resource management,

high-quality data at various spatial and temporal
scales is essential for a better understanding of
these patterns.

Traditionally, precipitation data have been
obtained using ground-based methods, including
various types of rain gauges—such as the National
Oceanic and Atmospheric Administration
(NOAA) standard, simple, tipping-bucket,
optical, and piezoelectric—and meteorological
monitoring stations. Although these instruments
provide high accuracy at specific locations,
their limited number and spatial coverage,
particularly in mountainous and rural areas,
pose significant challenges for comprehensive
hydrological monitoring (Reddy and Saravanan,
2023). Therefore, satellite-based precipitation
estimation has emerged as a complementary
approach, offering broad spatial coverage and
frequent updates. Among these, the Global
Precipitation Measurement (GPM) mission,
launched in 2014 as a joint initiative by the
National Aeronautics and Space Administration
(NASA) and the Japan Aerospace Exploration
Agency (JAXA), represents a milestone in
global precipitation observation. GPM aims to
provide advanced, high-resolution precipitation
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data globally, using a constellation of satellites
equipped with passive microwave and radar
sensors (Huffman et al., 2019a, 2019b).

The core instruments of the GPM mission
include the Dual-frequency Precipitation Radar
(DPR) and the GPM Microwave Imager (GMI),
enhancing precipitation detection, particularly
for light rainfall and snowfall. The mission’s
primary product, the Integrated Multi-satellite
Retrievals for GPM (IMERG), combines data
from multiple sensors to produce precipitation
estimates at high spatial resolution of 0.1° (~10
km) and a temporal resolution of 30 minutes.
IMERG has been widely adopted in hydrological,
meteorological, and climate-related research
due to improved accuracy compared to its
predecessor, the Tropical Rainfall Measuring
Mission (TRMM) (Huffman et al., 2019a; Islam
et al., 2020; Moazami and Najafi, 2021; Aksu
and Yaldiz, 2025). NASA’s latest IMERG release
(Version 07) introduces significant updates, and
users have been advised not to mix it with earlier
versions due to methodological differences (Aksu
and Yaldiz, 2025). Given its high resolution
and capacity to capture extreme precipitation
events, IMERG V07 may be a suitable dataset
for regional-scale hydro-meteorological studies.
Nevertheless, the validation of these datasets
with ground-based measurements is consistently
necessary to ensure their reliability.

Several regional studies assessed the
accuracy of GPM-IMERG products against in-
situ precipitation observations. Moazami and
Najafi (2021) assessed the accuracy of IMERG
V06 against Canadian ground gauges at both
hourly and daily scales (2014-2018), concluding
that both IMERG V06 and Multi-Radar Multi-
Sensor (MRMS) Precipitation Rate data can
effectively complement ground observations.
Islam et al. (2020) found that IMERG and

Arastirma Makalesi / Research Article

the Multi-satellite  Precipitation  Analysis
(TMPA) outperformed other satellite products.
Their study compared these datasets with the
Climate Prediction Centre Morphing Technique
(CMORPH), Precipitation Estimation from
Remotely Sensed Information using Artificial
Neural Networks (PERSIANN), and the
PERSIANN-Climate Data Record (PERSIANN-
CDR) against ground gauge measurements
across Australia over a five-year period from
October 2014 to September 2019. Similarly,
various studies have been conducted to evaluate
their effectiveness in diverse geographical and
climatic settings (Le et al., 2020; Reddy and
Saravanan, 2023; Watters et al., 2024). In semi-
arid regions, including parts of Tiirkiye, few
validation studies have been conducted to assess
the accuracy of GPM IMERG products against
ground-based observations. For example, Aksu
et al. (2023) evaluated the IMERG V06 Final
Run using data from 99 meteorological stations
across Turkiye between 2010 and 2020. Their
results found Pearson’s correlation coefficient
of 0.64 between IMERG estimates and daily
precipitation records. More recently, Aksu and
Yaldiz (2025) validated IMERG V07 using
observations from 214 ground stations and
compared its performance with the previous
V06 version from 2010 to 2022. Their findings
demonstrated significant improvements in V07
across all seasons, particularly during winter. In
this season, the correlation coefficient increased
from 0.57 to 0.64, the mean absolute bias
declined from 78.22% to 69.27%, and root mean
square error (RMSE) was reduced from 11.10
mm/day to 9.70 mm/day.

The monthly precipitation estimates from
IMERG V07 have potential as reliable inputs
for calculating water balance, meteorological
drought indices such as Standardized
Precipitation Index (SPI) and Standardized

Journal of Geological Engineering 49 (3) 2025
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Precipitation Evapotranspiration Index (SPEI)
(Yuan and Lia, 2025), and agricultural indicators,
particularly in semi-arid areas where ground
gauge data are scarce. Moreover, GMP IMERG
V07 can be used to capture extreme precipitation
indices. While GPM-IMERG V07 is extensively
utilized for precipitation monitoring, validation
with long-term precipitation data from the Adana
meteorological station and its surrounding
region is limited. Given the critical role of
accurate precipitation data in agriculture and
water management, this study evaluates the
GPM IMERG V07 product by validating it
against ground-based observations from the
Adana Meteorological Station from 1998
to 2024 at monthly and yearly scales. The
evaluation employs statistical metrics, including
the correlation coefficient (r) and RMSE.
Furthermore, F-tests and t-tests were conducted
to compare the variability and mean rainfall values
between satellite estimates and ground-based
measurements, in order to assess the suitability
of GPM IMERG data for hydrological modeling
and climate impact assessments. We believe
that the findings will provide valuable insights
for stakeholders, researchers, and policymakers
regarding the strengths and limitations of
satellite precipitation data, supporting improved
modeling, forecasting, and resource planning
under evolving climate conditions.

MATERIALS AND METHODS
Study Area

This study focuses on Adana Province
(14,030 km?) in Tiirkiye’s Eastern Mediterranean,
a fertile and densely populated region with a
typical Mediterranean climate. It lies at the
center of the Cukurova (Cilician) Plain, between
36.5°-38.4°N and 35.0°-35.4°E, as shown
in Figure 1. The region experiences hot, dry

summers and mild, wet winters. According to
long-term climate data (1960-2024) from Adana
Meteorological Station (Station No. 17351,
latitude 37.0041° and longitude 35.3441°), the
region receives average annual precipitation of
662.4 mm, with nearly 50% falling during the
winter months of December through February
(Cetin, 2020). The average monthly temperature
is about 19.2 °C, with peak temperatures in
July and August averaging 28.4 °C and 28.7
°C, respectively. Relative humidity generally
exceeds 80% in the summer months, whereas it
can fall below 50% during the wet season (Cetin,
2020; Alsenjar et al., 2023a; 2023b).

Adana province, part of the Cukurova
region, is vital to Tiirkiye’s agriculture, which
is supported by extensive irrigation and diverse
crop cultivation. Winter crops include wheat,
onions, potatoes, and lettuce, while summer
crops predominantly comprise cotton, soybeans,
corn, peanuts, and watermelon. In addition,
citrus orchards cover a substantial part of the
plain, making it one of the country’s most fertile
and productive agricultural regions (Ozcan et al.,
2003; Cetin et al., 2023a; 2023b).

In-situ precipitation data

Observed precipitation data were obtained
from the Turkish State Meteorological Service
(TSMS, 2023) for Adana Meteorological Station
(Station ID: 17351), located approximately 23
meters above sea level. This station has been
in operation for decades, with recorded data
going back as far as 1928, and is known for
high-quality, continuous meteorological records.
Daily precipitation data corresponding to the
period 1998-2024, matching the timeframe of
the IMERG data, were used in the analysis.
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Figure 1. Location of Adana meteorological station (17351) in Tirkiye.

Sekil 1. Adana meteoroloji istasyonunun (17351) Tiirkiye 'deki konumu.

This period corresponds to the availability
of complete records from IMERG Version 07.
As a result, all precipitation data were full with
no missing values, eliminating the need for data
imputation. The gauge dataset was also visually
examined through graphs to ensure consistency.
The TSMS used a tipping-bucket rain gauge (200
cm?, 0.2 mm/tip) to observe precipitation.

Satellite precipitation data

Satellite precipitation data were obtained
from the Global Precipitation Measurement
(GPM) Integrated Multi-satellite Retrievals
for GPM (IMERG) Version 07 dataset. The
IMERG V07 product offers high-resolution
global precipitation estimates with a spatial
resolution of 0.1° (10 km x 10 km) and a
temporal resolution of 3 hours, making it
suitable for analyzing precipitation variability
and patterns in the study area. The Final Run
includes gauge-based corrections (https://gpm.

nasa.gov/resources/documents/imerg-v07-
release-notes), making it ideal for research and
hydrological applications. IMERG integrates
data from multiple sensors, including microwave
instruments, infrared sensors, and passive/
active radar (e.g., DPR aboard GPM Core).
These sensors collectively enhance the accuracy
and spatial coverage of precipitation estimates.
Monthly precipitation data spanning January
1998 to December 2024 were retrieved from
the Google Earth Engine (GEE) using the
“NASA/GPM_L3/IMERG_MONTHLY V07~
collection. Data extraction and processing were
seamlessly integrated between GEE and Python
within the Google Colab environment. Further
information about the GPM mission and IMERG
products is available on NASA’s official website
(https://gpm.nasa.gov/data/imerg, accessed April
22, 2025). Technical specifications and practical
applications of these products were further
detailed by Aksu and Yaldiz (2025).

Journal of Geological Engineering 49 (3) 2025
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Comparison of GPM IMERG V07 with in-
situ precipitation measurements

To ensure consistency in the comparison,
the IMERG grid cell corresponding to the
coordinates of Adana Meteorological Station
was extracted using the GEE platform. Monthly
and yearly IMERG values were compared using
a point-to-pixel approach to avoid uncertainties
associated with interpolation methods applied to
point-based precipitation data (Xu et al., 2015)
from 1998 to 2024.

This study investigated the discrepancies
between in-situ precipitation measurements and
GPM IMERG V07 estimates across the study
area using simple linear regression. In addition, a
comprehensive statistical analysis was conducted
to evaluate the accuracy and correlation of the
dataset, utilizing the coefficient of determination
(R?), Pearson’s correlation coefficient (r), and
RMSE. Pearson’s correlation coefficient is
used to evaluate the goodness of fit of the linear
relationship, in which a value of 1 is the perfect
score (Kronthaler, 2023), as illustrated in Table
1. RMSE represents the average size of the errors
between the datasets. Additionally, we conducted
statistical tests on monthly and yearly rainfall
datasets to evaluate the agreement between
the GPM IMERG V07 satellite precipitation
product and in-situ rainfall observations. First,
an F-test was applied to compare the variances
of the two datasets and assess whether the
variability in the data differed significantly.
Subsequently, parallel to the result of the F-test,
a two-sample t-test (Cetin, 1997) was performed
to determine if the mean rainfall amounts from
the satellite data significantly differed from the
ground measurements. These analyses enabled a
robust comparison of the rainfall variability and
magnitude in the datasets, providing insight into
the accuracy and reliability of the GPM IMERG
product for hydrological applications.

Table 1. Reference scale for assessing correlation
coefficient strength (Kronthaler, 2023).

Cizelge 1. Korelasyon katsayisi  giiciiniin
degerlendirilmesine  yonelik referans dlgek
(Kronthaler, 2023).

Correlation between two

Value of r

variables
r=1 Perfect positive correlation
1>r>0.6 Strong positive correlation
0.6 >r> 0.3 Weak positive correlation
0.3 >r>-0.3 No correlation
-0.3>1r>-0.6 Weak negative correlation
-0.6 >r>-1 Strong negative correlation
r=-1 Perfect negative correlation
RESULTS AND DISCUSSION

Validation of GPM IMERG V07 precipitation
data

To assess the accuracy and applicability of
the GPM-IMERG VO07B Final Run precipitation
estimates, a comprehensive performance
evaluation was conducted using ground-based
observations from Adana Meteorological
Station, covering the period from January 1998
to December 2024. This long-term comparison
aimed to validate the reliability of IMERG
data for regional hydrological and climate
studies. Statistical metrics, including the R?2,
r, and RMSE, were employed to evaluate the
consistency between satellite-derived and in-
situ precipitation measurements at monthly and
annual time scales.

Linear regression analysis was performed to
quantify the strength of the relationship between
the two datasets, with scatter plots generated
to represent their alignment visually (Figure
2). The results demonstrated a consistently
strong correlation across temporal scales. At
the monthly level, IMERG V07 exhibited a
high correlation with observed precipitation (r
= 0.95), accompanied by relatively low RMSE
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of 23.02 mm/month. On a yearly basis, the
agreement remained robust, with an identical
correlation coefficient (r = 0.95) and RMSE of
158.63 mm/year. This annual RMSE represents
approximately 25% of the mean annual
precipitation (629 mm from 1998 to 2024),
which is considered moderate and acceptable for
satellite-based products. Additionally, monthly
and yearly temporal variations shown on time
series plots indicated that the GPM-IMERG
product successfully captured the temporal
pattern of precipitation events, as shown in
Figure 3. Figure 3 illustrates that GPM IMERG
V07 precipitation estimates are generally slightly
higher (=7%) than the corresponding in-situ
measurements. This discrepancy likely stems
from several contributing factors, including the
spatial averaging inherent in satellite retrievals
compared to the point-based nature of gauge
observations, potential overestimation by
IMERG algorithms under certain meteorological
conditions, and the indirect detection methods
influenced by microphysical cloud properties.
Notably, the discrepancies were more pronounced
in annual precipitation totals than in monthly
values.

The statistical analysis comparing GPM
IMERG V07 precipitation data with in-situ
rainfall measurements revealed no significant
difference in the variability of monthly (F-test, p
=0.1016) and yearly (F-test, p = 0.301) rainfall
totals. The variance comparison results indicated
that both datasets exhibit similar temporal
variability, with no statistically significant
difference between their variances. However,
the two-sample t-tests showed a statistically
significant difference in mean rainfall values
at both monthly (p < 0.0001) and yearly (p =
0.0016) scales, with GPM IMERG consistently
overestimating precipitation compared to ground
observations. These results suggest that while
the satellite product effectively captures rainfall
variability and temporal distribution patterns,

Arastirma Makalesi / Research Article

it consistently overestimates precipitation
amounts, indicating a systematic positive bias in
rainfall magnitude. This bias may be attributed
to algorithmic limitations, sensor calibration
issues, or the influence of local climatic and
topographic factors (Huffman et al., 2019b;
Aksu and Yaldiz, 2025). Although the flat terrain
in the study area minimizes elevation-related
errors, the overestimation observed in GPM V07
data may also be influenced by microphysical
cloud properties—such as droplet size, vertical
structure, and phase transitions—that were
not fully addressed. These factors, combined
with the inherent challenges of detecting light
or convective rainfall in semi-arid climates,
warrant further investigation to improve satellite
precipitation reliability. Such discrepancies
often arise from complex meteorological events,
such as convective storms or prolonged light
rainfall, which are difficult for satellites to
capture accurately. Future research leveraging
more detailed datasets will enable separate
assessments of precipitation type, intensity,
and phase, facilitating more precise and
comprehensive analyses. Consequently, GPM
IMERG V07 can be effectively used for trend
and variability analyses. However, it should be
bias-corrected or the equations proposed in this
study should be used, as mentioned in Figure 2
(monthly GPM IMERG V07 = 1.0712 x monthly
in-situ precipitation; yearly GPM IMERG V07
= 1.2129 x yearly in-situ precipitation), before
direct application in hydrological modeling
or water resource management to avoid
overestimations. The correction factors were
derived solely for Adana station, which may
limit their applicability in other regions with
different climatic or geographic characteristics.
Additionally, these factors may vary over time,
especially in long-term climate analyses. This
limitation is acknowledged to ensure clarity
regarding the broader use of the correction
method.
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Figure 2. Linear relationship between IMERG V07 and in-situ precipitation observations in Adana at two temporal

scales: (a) monthly and (b) annual, for the period 1998-2024.

Sekil 2. 1998-2024 Donemi icin Adana’daki IMERG V07 ve yerinde yagis gozlemleri arasindaki dogrusal iliski: (a)

aylik ve (b) yillik zaman élgeklerinde.

As GPM IMERG V07 is a relatively new
product, validation efforts remain limited. Wang
etal. (2023) demonstrated that VO7 outperformed
its predecessor (V06) both globally and in China,
showing improved accuracy and lower RMSE
values. However, issues such as overestimation
in coastal areas and underestimation in
mountainous regions (e.g., the Tibetan Plateau)

were still evident. Similarly, Keikhosravi-

Kiany and Balling Jr. (2024) reported modest
improvements of VO7 for Iran, while systematic
underestimation persisted, particularly in high-
altitude regions. In Tiirkiye, Aksu and Yaldiz
(2025) conducted a comparative assessment of
V07 and V06, concluding that V07 provided
more accurate daily precipitation estimates
across all regions and seasons.
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Figure 3. Temporal variation of precipitation in Adana from 1998 to 2024: (a) Monthly scale and (b) Annual scale.

Sekil 3.1998-2024 yillar: arasinda Adana’daki yagiglarin zamansal degisimi: (a) aylik dlgek ve (b) yillik olgek.

Nevertheless, their findings indicated that
underestimation remained present in all four
seasons, with the most pronounced discrepancy

occurring during summer.

Notably, the GPM IMERG V07 product
tends to overestimate monthly and annual
precipitation totals in the eastern Mediterranean
region of Tirkiye. In this case study, GPM

Journal of Geological Engineering 49 (3) 2025
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IMERG’s monthly precipitation estimates exceed
ground-based observations by approximately
7% (Figure 2a). However, as seen in Figure 2b,
this discrepancy increases to 21% at the annual
scale, primarily due to the cumulative effect of
persistent overestimation through many months.

Beyond its practical implications, this
study highlights the potential to improve the
accuracy of GPM IMERG V07 data through
appropriate bias correction. Such enhancements
would significantly strengthen its reliability for
hydrological and climate-related applications,
particularly in semi-arid and data-scarce regions.
The findings reaffirm IMERG V07 as a valuable
tool for precipitation monitoring where ground-
based observations are limited. However,
applying correction or calibration techniques is
essential to ensure accurate quantitative analyses.
While the current study focused on the Adana
region, limiting generalizability, future research
should extend the spatial coverage to evaluate
performance across diverse climatic settings in
Tiirkiye. This broader perspective will support
more robust assessments and informed water
resource management.

CONCLUSION

This study conducted a comprehensive
evaluation of the GPM IMERG V07
precipitation product for the semi-arid region
of southern Tiirkiye, using long-term ground-
based observations from Adana Meteorological
Station (1998-2024). The results indicate that
IMERG V07 demonstrates strong performance
at both monthly and annual scales, characterized
by high correlation coefficients (up to 0.95) and
acceptable RMSE) values, thereby confirming
its effectiveness in capturing rainfall variability
and seasonal precipitation patterns.

Despite this strong agreement, IMERG V07
consistently overestimates precipitation relative
to ground measurements, with an average
monthly overestimation of approximately 7%,
which accumulates to 21% discrepancy at the
annual scale. This systematic bias, confirmed
through statistical testing, highlights the
importance of recognizing and addressing
the overestimation in applications such as
hydrological modeling and climate impact
assessments. Although a linear bias correction
was applied using regression coefficients,
we acknowledge that this method may be
insufficient for capturing extreme precipitation
and seasonal variations. Future studies should
incorporate validation procedures and explore
more advanced correction techniques—such
as quantile mapping or machine learning
methods—to improve reliability under varying
climatic conditions.

Nonetheless, the findings underscore the
potential of IMERG V07 as a valuable tool for
precipitation monitoring in regions with limited
ground-based data. To enhance its utility and
reliability, especially for quantitative analyses,
the application of bias correction or calibration
techniques is recommended to increase general
data accuracy. Overall, IMERG V07 represents
a robust and practical resource for advancing
regional precipitation assessment and informing
sustainable water resource management in semi-
arid environments.
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oz

Iklim degisikliginin hidrolojik degiskenligi artirmast ve kuraklik risklerini derinlestirmesiyle birlikte, su yalmzca
ekolojik sistemleri degil, ayn1 zamanda gida iiretimini, finansal istikrar1 ve toplumsal direnci etkileyen stratejik bir
kaynak konumuna gelmistir. Bu ¢alisma, Web of Science (WoS) temel koleksiyonunda bulunan ve ekonomi, isletme
ve isletme finans1 kategorilerinde 1981-2025 yillart arasinda yayimlanmig 1.716 akademik yaymin bibliyometrik
haritalama analizini sunmaktadir. Bu g¢alismada VOSviewer yazilimi kullanilarak anahtar kelime eslesmeleri,
yazar is birlikleri, atif yogunluklar1 ve kurumsal tiretkenlik Oriintiileri gorsellestirilmistir. Analiz sonuclari, erken
donem c¢aligmalarda fiziksel su kithigr ve teknik yaklasimlarin 6ne ¢iktigini; ancak son yillarda ekonomik etkiler,
mikro kredi temelli uyum stratejileri, iklim risk sigortast ve siirdiiriilebilir kalkinma politikalari ile biitlinlesmis su
yonetimi gibi tematik yonelimlerin belirginlestigini gostermektedir. En ¢ok atif alan ¢alismalar, kuraklik kaynakli
yoksulluk dongiileri, tarimsal dayaniklilik ve su risklerinin finansal etkileri iizerine yogunlagsmaktadir. Bu ¢alisma;
(1) literatlirin yapisal ve kavramsal evrimini haritalayarak, (ii) etkili yazarlari, dergileri ve kurumlar tanimlayarak
ve (iii) suya iliskin ekonomik riskler alanindaki arastirma bosluklarini ve firsatlar1 vurgulayarak, su krizine yonelik
artan disiplinler arasi yaklasimi desteklemektedir. Bulgular, su yonetisiminin ¢evre bilimlerinin 6tesine gecerek
ekonomik politika, finansal risk yonetimi ve kiiresel kalkinma stratejileri i¢in kritik bir alan haline geldigini ortaya
koymaktadir. Bu ¢aligma su kitlig1, su yonetimi ve su giivenligi konularinin ¢evresel, ekonomik ve jeopolitik risklerin
kesistigi ve birbiriyle baglantili kiiresel meseleler haline geldigini gostermektedir. Calisma, gelecekteki disiplinler
arasi arastirmalara ve kanita dayali su politikasi tasarimlarina rehber olma 6zelligi tasimaktadir.

Anahtar Kelimeler: Bibliyometrik analiz, su giivenligi, su krizi, su yonetimi, VOSviewer, Web of Science (WoS)

ABSTRACT

This study demonstrates that water scarcity, water management, and water security are interconnected global
issues where environmental, economic, and geopolitical risks intersect. As climate change exacerbates hydrological
variability and drought risks, water has become a strategic resource affecting not only ecological systems but also
food production, financial stability, and societal resilience. This study presents a bibliometric mapping analysis
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of 1,716 academic publications in the Web of Science (WoS) core collection, published between 1981 and 2025
in the categories of economics, business, and business finance. This study visualizes keyword matches, author
collaborations, citation densities, and institutional productivity patterns using VOSviewer software. The analysis
results indicate that physical water scarcity and technical approaches were prominent in early studies, but
thematic trends such as economic impacts, microcredit-based adaptation strategies, climate risk insurance, and
water management integrated with sustainable development policies have become more prominent in recent years.
The most cited studies focus on drought-induced poverty cycles, agricultural resilience, and the financial impacts
of water risks. This study supports the growing interdisciplinary approach to addressing the water crisis by (i)
mapping the structural and conceptual evolution of the literature, (ii) identifying influential authors, journals, and
institutions, and (iii) highlighting research gaps and opportunities in the field of water-related economic risks. The
findings reveal that water governance has moved beyond environmental sciences to become a critical area for
economic policy, financial risk management, and global development strategies. The study serves as a guide for
future interdisciplinary research and evidence-based water policy design.

Keywords: Bibliometric analysis, water security, water crisis, water management, VOSviewer, Web of Science (WoS)

GIRiS

Su, dogal sistemlerin isleyisinde ve
toplumlarim  siirdiiriilebilirliginde ~ merkezi
bir rol oynayan smirli ve stratejik bir dogal
kaynaktir. Ancak 21. yiizyillda hizla artan
niifus, kentlesme, tarimsal yogunluk ve iklim
degisikligi gibi faktorler, diinya genelinde
su kaynaklar1 iizerindeki baskiy1 artirmakta;
bu kaynaklar1 fiziksel, yonetsel ve ekonomik
acilardan kirilgan hale getirmektedir (Mikhaylov
vd., 2020; Winsemius vd., 2018). Bu kapsamda
su krizine iliskin riskler, sadece c¢evresel
degil, aym1 zamanda kalkinma politikalari,
sosyal esitlik, kurumsal kapasite ve ekonomik
direnglilik baglamlarinda da degerlendirilmek
zorundadir. Iklim degisikliginin etkileriyle
derinlesen kuraklik olaylari, su temelli risklerin
en carpici Orneklerinden birini olusturmaktadir.
Kurakliklar; tarimsal {iretimde azalma, gida
fiyatlarinda dalgalanma, enerji arzinda kesinti,
hane gelirlerinde istikrarsizlik ve istihdam
kayiplan gibi zincirleme etkilere neden olmakta,
boylece su yonetimini afet risk azaltimi ve
ekonomik planlama ile entegre etmeyi zorunlu
kilmaktadir (Booth vd., 2020; WMO, 2021).
Diinya Meteoroloji Orgiitii’ne gore 1970-2019

yillart arasinda iklim kaynakli afetlerin %45’
su ile iligkilidir ve yalnizca kurakliklarin neden
oldugu ekonomik kayip 124 milyar dolar
asmigtir (WMO, 2021).

Tirkiye, iklim degisikligi ve su stresi
kaynakl1 kiiresel krizlerden dogrudan etkilenen
tilkeler arasinda yer almaktadir. Ayn1 zamanda
Tirkiye’de kisi basina diisen yillik kullanilabilir
su miktar1 1.313 m?® seviyesinde olup bu deger,
tilkeyi “su stresi altindaki iilkeler” kategorisine
yerlestirmektedir (Yiiksel, 2023). Ozellikle
Konya Kapali Havzas1 ve Gilineydogu Anadolu
gibi bolgelerde hem ylizeysel hem de yeralti
su kaynaklarinda ciddi azalmalar yasanmakta;
Devlet Su Isleri Genel Miidiirliigii verilerine
(DSI, 2023) gore, tarimsal faaliyetlerin %70’ten
fazlas1 hala verimsiz sulama teknikleriyle
yuritilmektedir. Tirkiye’de gida giivenligini
saglama amaciyla sulu tarim alanlarinin
genisletilmesi yoniindeki politikalar ise mevcut
su kaynaklarinin yaklagik %77’sinin tarimsal
sulamaya yonlendirilmesini zorunlu kilmakta ve
bu durum, su arz-talep dengesinde ciddi baskilar
olusturmaktadir (DSI, 2023). Ote yandan,
Tiirkiye’deki su yonetimi sisteminin kurumsal
olarak parcali ve daginik bir yapiya sahip olmasi,
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su kaynaklarinin biitiinciil ve etkin bir sekilde
planlanmasini ve yonetilmesini gliglestirmektedir
(OECD, 2024).

Kiiresel olgekte ise suyun stratejik onemi
yalnizca iklim kaynakli afetlerle sinirli degildir.
Su kaynaklarinin smir asan yapisi, devletler
arasi rekabetin ve diplomatik gerilimlerin temel
nedeni haline gelebilmektedir (Demirbilek,
2023). Bu durumun en belirgin 6rnegi, Hindistan
ve Pakistan arasinda Indus Nehri {izerindeki
kontrol miicadelesinde goriilmektedir. 1960
tarihli Indus Waters Treaty c¢ergevesinde
paylagimi yapilan nehir sistemi, son yillarda
Hindistan'm Pakistan'a karsi su akisini kisitlama
sOylemleri ile giindeme gelmis ve kisa stireli de
olsa savaslara neden olmustur (Bashir, 2024;
Sathre vd., 2022). Bu gelismeler, suyun savas
sebebi olabilecek stratejik bir unsur oldugunu
gostermekte; bu baglamda su yonetimi, yalnizca
kaynak planlamast degil, ayn1 zamanda dis
politika ve giivenlik stratejilerinin de ayrilmaz
bir parcasi haline gelmektedir (Yiiksel, 2023).

Ekonomik ve finansal etkiler ydniinden
bakildiginda, su krizinin tarim, gida fiyatlari,
isgiicii piyasasi ve sosyal refah gibi alanlarda
dogrudan etkiler yarattigt  goriilmektedir.
Kurakliklarin  uzun vadeli beserl sermaye
iizerindeki etkilerini ortaya koyan c¢aligmalar
(Carter vd., 2007; Shah ve Steinberg, 2017),
bu krizin sadece kisa vadeli bir {liretim sorunu
degil, ayn1 zamanda nesiller aras1 sosyal maliyet
iireten bir yapiya sahip oldugunu gostermektedir.
Ote yandan, iklim risklerinin banka kredilerinin
maliyetini artirdigi (Javadi ve Masum, 2021),
mikro kredi sistemleri ve endeks sigortalarmin
suya bagli risklere kars1 sosyal koruma sagladigi
(Islam ve Maitra, 2012; Miranda ve Farrin,
2012) gibi bulgular, su krizinin finansal sistem
iizerindeki etkilerine dikkat c¢ekmektedir. Bu
doniisiim, akademik literatiire de dogrudan
yansimigtir.

Derleme / Review

Bibliyometrik analiz, bilimsel iletisimin
gelisimini ve arastirma alanlarinin yonelimlerini
anlamada kullanilan 6nemli bir yontemdir.
Pritchard (1969) bibliyometriyi yazil iletigimin
analizine = matematiksel =~ ve  istatistiksel
yontemlerin uygulanmasi olarak tanimlarken,
Broadus (1987) yayimlanmig birimlerin nicel
incelenmesi oldugunu, Norton (2001) ise bilgi
ve metinlerin Ol¢limi olarak ifade etmistir.
Giliniimiizde bibliyometri, yalnizca yayinlarin
sayisal dagilimimi  degil, aym1 zamanda
disiplinlerin gelisim dinamiklerini, is birliklerini
ve arastirma glindemlerini ortaya koyan c¢agdas
bir ara¢ olarak degerlendirilmektedir (Aria
ve Cuccurullo, 2017; Donthu vd., 2021). Son
yillarda ¢evre bilimleri, enerji, iklim degisikligi
ve gida giivenligi gibi alanlarda yogun bigimde
kullanilan bibliyometrik yontemler, kiiresel
arastirma yonelimlerini sistematik olarak analiz
etmeye imkan tammaktadir (Zupic ve Cater,
2015). Bu analizler genellikle Web of Science
(WoS), Scopus ve Dimensions gibi uluslararasi
veri tabanlarindan elde edilen verilerle
gerceklestirilmektedir.

Bu c¢alismada ise, 1981-2025 yillan
arasinda yaymmlanmis ve yalnizca makale
tiirlindeki yayinlar1 kapsayan veri seti, 250’den
fazla disiplinde 20.000’in iizerinde hakemli
dergi, kitap ve makale igeren ve giivenilirligiyle
one ¢ikan WoS Collection veri tabanindan elde
edilerek incelenmistir. Sekil 1, filtreleme sonucu
elde edilen yayinlarin yillara gore dagilimini
gostermekte ve literatiiriin nasil sekillendigine
dair ilk etapta genel bir bilgi sunmaktadir. Analiz
sonuglarma gore, “su krizi”, “su yonetimi” ve “su
giivenligi” basliklar1 altinda, yalnizca ekonomi,
isletme ve isletme finansi kategorilerinde toplam
1.716 yayin tespit edilmistir. Yayin sayilarinda
ozellikle 2000’li yillardan itibaren belirgin
bir artig gozlenmis; 2021 yilinda 141 yayin ile
tarihsel zirveye ulasilmistir (Sekil 1).
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Sekil 1. Su krizi, su yonetimi ve su giivenligi alanlarinda yazilmis WoS endeksli ¢alismalarin yayin yillar1 ve yayin

sayis1 (1981-2025).

Figure 1. Number of Web of Science indexed studies about water crisis, water management, and water security by

publication year (1981-2025).

Yillara gore yayimlanan ¢alismalarin genel
tematik odaklar1 incelendiginde, ilk donemlerde
suyun fiziksel kitlig1, kaynak yonetimi ve altyapi
odakli yaklagimlar 6ne ¢ikarken; son donemlerde
bu yaklagimlarin ekonomi-finans disiplini
ile kesistigi dikkat c¢ekmektedir (Heberger
vd., 2010). Ozellikle kurakliklarin tarimsal
verimlilik, hane gelirleri, sigorta sistemleri
ve finansal piyasalar iizerindeki etkileri daha
yogun ¢alisilmakta; siirdiiriilebilir su yonetimi
politikalar1 kamu sektdrii kadar ozel sektor
stratejilerinde de merkezi konuma gelmektedir
(Emerick vd., 2016; Javadi ve Masum, 2021;
Khanal vd., 2018). Aym sekilde, su giivenligi
tartigmalari  mikrofinans,  sosyal  yardim
programlari ve iklim risk sigortaciligi ile entegre
sekilde ele alinmakta; boylece su krizinin sosyal
refah iizerindeki etkilerine dair ¢ok disiplinli
analizler ortaya ¢ikmaktadir (Miranda ve Farrin,
2012; Reardon, 1997).

Bu c¢alisma, yalnizca yayimlarin niceliksel
egilimlerini analiz etmekle kalmamakta; ayni
zamanda VOSviewer yazilimi kullamlarak
ylriitilen bibliyometrik haritalama analizi
araciligryla, literatiiriin  yapisal  boyutunu,
tematik kiimelenmelerini, atif yogunluklarini
ve disiplinler arasi etkilesim bigimlerini de
gorlintir kilmaktadir (Van Eck ve Waltman,
2010). Incelenen 1.716 yaymin igerik analizi, su
krizine iliskin bilimsel bilginin hangi yonlerde
yogunlastigini, hangi temalarin  akademik
etkilesim odagma doniistiigiinii ve ekonomi-
finans  perspektifinden literatiire saglanan
katkilar1 ortaya koymas: bakimindan kritik
oneme sahiptir. Elde edilen bulgular, su krizinin
yalnizca ¢gevresel bir sorun olarak degil; ekonomik
giivenlik, toplumsal kirilganlik ve kurumsal
diren¢ baglaminda analiz edilmesini gerektiren
cok disiplinli bir aragtirma alanina doniistiglini
gostermektedir. Bu ¢ergevede, calismanin ikinci
boliimiinde incelenen yayinlarin bibliyometrik
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yapist detayli sekilde degerlendirilmis, nitel
literatiir Ozetiyle ¢izelge bigiminde sunularak
literatiiriin hem nicel gelisimi hem de tematik
evrimi blitiinclil olarak ortaya konulmaya
calisilmustir.

METODOLOJI

Bu c¢alisma, bibliyometrik haritalama
analizi yontemi uygulanarak olusturulmus olup,
WoS veri tabaninda indekslenen akademik
yayinlarin  kapsamli  bir degerlendirmesini
sunmaktadir. Calisma, su kithgi, su yonetimi
ve su glvenligi kavramlarmi kapsamaktadir
ve bu alanlarda gergeklestirilen yaymlar WoS
literatiiriinde yiiriitilen sistematik bir tarama
sonucunda belirlenmistir. Literatiir taramasinda,
TS = (“drought” OR “water scarcity” OR “water
shortage” OR “water stress” OR “sustainable
water management” OR “sustainable water
resources” OR “integrated water resources
management” OR “IWRM?” OR “climate change
AND water” OR “water governance” OR
“water security”’) arama sorgusu kullanilmistir.
Bu sorgu sonucunda toplam 213.863 calisma
tespit edilmis, bunlardan 186.400’iiniin makale
formatinda oldugu belirlenmistir. WoS veri
tabani, yaymlari arastirma alanlarina gore
siniflandirmakta olup, bu g¢alismada ekonomi
literatiirii ile olan etkilesimin analiz edilmesi
amactyla yalnizca “Economics”, “Business” ve
“Business Finance” kategorilerinde indekslenen
1.716 makale inceleme kapsamina alimistir.
Yalnizca ekonomi temelli kategorilerin dikkate
alinmast, bir yandan bu konuda genel literatiirdeki
yiksek yayin yogunlugunu, diger yandan ise
ekonomi alaninda konunun hala smirl bigimde
ele alindigin1 gostermektedir. Bu durum ayni

Derleme / Review

zamanda, s0z konusu alanlardaki caligmalarin
hangi temalara odaklandigina iligkin yol gosterici
nitelik tasimaktadir. Calismada bibliyometrik
haritalama analizi yontemi uygulanmis, elde
edilen veriler VOSviewer (siirim 1.6.18)
yazilimi araciligiyla analiz edilmigtir. WoS veri
tabanindan elde edilen yayinlar filtrelenmis,
ardindan VOSviewer ile anahtar kelime (kavram)
analizi, yazar analizi, dergi analizi ve kurum
analizi gerceklestirilmistir. Ayrica, atif sayilari
ve yayin dagilimlar1 da belirlenmistir (Heberger
vd., 2010).

BULGULAR

Metodoloji  bolimiinde ifade edilen
kapsamda arastirilmis ve elde edilmis olan 1.716
akademik c¢alismanin bibliyometrik haritalama
analizi sonuglart alt bagliklar halinde cizelge
ve haritalama yOnteminden yararlanilarak
aciklanmistir.

Anahtar Kelime Analizi

Bir caligmanin hangi konuya, hangi
orneklemde, hangi test
gerceklestirildigi ve kullanilan degiskenlerin
vurgulandigr en 6nemli boliim, o calismanin
anahtar kavrami olarak ifade edilebilmektedir.
Anahtar kelimeler o c¢alismanin kapsami
hakkinda bilgi vermekte ve arastirmacilarin
ilgili calismay1 tespit etmesi agisindan kolaylik
saglamaktadir. Anahtar kelimelerin 6neminden
hareketle bibliyometrik haritalama analizi
ile 1.716 ¢aligmada en sik kullanilan anahtar
kelimelerden ilk 15’1 Sekil 2’de haritalama
yontemi ile ve Cizelge 1 ile niceliksel olarak
ifade edilmistir.

uygulanarak

Journal of Geological Engineering 49 (3) 2025
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Sekil 2. Su krizi, su yonetimi ve su giivenligi alanlarinda makaleler arasindaki atif iligkilerinin ag analizi.

Figure 2. Network analysis of citation relationships among articles about water crisis, water management, and

water security.

Kaynak: VOSviewer programindan yararlanilarak yazar tarafindan olusturulmustur.

Sekil 2 incelendiginde belirgin olarak
haritada yer alan anahtar kelimelerin, incelemeye
tabi tutulan calismalardaki en sik kullanilan
anahtar  kelimeler oldugu  goriilmektedir.
Haritaya genel olarak bakildiginda “climate
change” anahtar kelimesinin en sik kullanilan
kelime oldugu ve “food security”, “poverty” gibi
kavramlarin bu terimi takip ettigi goriilmektedir
(Sekil 2). Bunun yani sira, konu kapsaminda
Hindistan 6rnekleminde siklikla calisma yapildigi
da haritadan yapilabilecek c¢ikarimlar arasinda
yer almaktadir. Anahtar kelimeler ve kullanim
sikliklar1 Cizelge 1°de ifade edilmektedir.

Kavramlar incelendiginde su krizi, su kitlig1
ve su giivenligi cercevesinde “Tklim Degisikligi”
89 kullanim ile en ¢ok tekrarlayan kelime olmus
ve su temelli problemlerin en temel sebebi olarak
birden fazla ¢calismada incelenmistir (Adrian vd.,
2023; Andrés Diaz Pabon ve Shifa, 2024; Booth
vd., 2020; Gray vd., 2023). ifade edilen kavrami
takiben 32 kullanim ile “gida giivenligi”, 29

kullanim ile “tarim” gelmektedir (Cizelge 1).
Kavramlarin biitiinlesik ¢er¢evede incelenme
gerekliligi anahtar kelime olarak seg¢ilmelerini
aciklayici niteliktedir. Bunun yani sira, analiz
sonuclar1 incelendiginde bazi iilkelerin su
problemleri  6zelinde siklikla incelendigi
cikarimi yapilabilir ve bu durumun nedeni
olarak yapisal etmenler gosterilebilir. Cizelge
1’den yapilabilecek olan ¢ikarima gore Afrika,
Hindistan ve Etiyopya siklikla incelenen iilkeler
arasinda yer almaktadir.

En Cok Atif Alan Calismalar

Atif analizi, tespit edilen ¢alismalar arasinda
literatiire en cok katki saglayan c¢aligmalarin
degerlendirilmesini esas alarak alanin temel yap1
taglarini ve etkili kavramsal katkilarini belirlemek
acisindan kritik 6neme sahiptir. Analiz sonucu
elde edilen yazar ve atif verileri, yiiksek atif
sayisi baz alinarak Cizelge 2’de sunulmustur.
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Cizelge 1. Su krizi, su yonetimi ve su giivenligi
literatiiriinde anahtar kelimelerin kullanim sikliklari.
Table 1. Frequency of keyword usage in the literature
about water crisis, water management, and water
security.

Anahtar Kelimeler Kullanim Sikliklart
Iklim Degisikligi 89
Gida Giivenligi 32
Tarim 29
Afrika 26
Uyum 24
Hindistan 23
Kuraklik 23
Etiyopya 19
Yoksulluk 18
Direnclilik 15
Kirilganlk 14
Gog 13
Risk 13
Stirdiiriilebilirlik 13
Toplumsal Cinsiyet 12

Kaynak: VOSviewer programindan yararlanilarak yazar
tarafindan olusturulmustur.

Cizelge 2’de yer alan ve WoS verileri
kullanilarak olusturulan en g¢ok atif alan
calismalar, yalnizca niceliksel bir goriiniim
sunmakla kalmayip, ayni1 zamanda su krizi, iklim
kaynakli soklar, tarimsal kirilganlik, ekonomik
adaptasyon stratejileri ve kurumsal risk yonetimi
eksenlerinde literatiirin  kavramsal temelini
olusturmaktadir. Bu c¢aligmalar; iklim ve suya
bagli risklerin ekonomik etkilerini ve bu risklerle
bas etme mekanizmalarini irdelemeleri agisindan
ortak bir tema etrafinda toplanmaktadir.
Ornegin, Alderman vd. (2006) tarafindan yapilan
calismada, erken ¢ocukluk doneminde yasanan
yetersiz beslenmenin uzun donemli ekonomik
¢iktilar iizerindeki etkisi analiz edilerek, ¢cevresel
soklarim beserl sermaye {izerindeki kalict
etkilerine vurgu yapilmaktadir. Benzer sekilde,
Carter vd. (2007) ve Shah ve Steinberg (2017),
iklim temelli afetlerin yoksulluk dongiisii ve insan

Derleme / Review

sermayesi tizerindeki etkilerini mikroekonomik
diizeyde, su krizinin sosyoekonomik boyutlarini
ise derinlemesine incelemislerdir.

Cizelge 2. Su krizi, su yonetimi ve su gilivenligi
literatiiriinde makalelerin atif sayilarina dayali analizi.
Table 2. Analysis of articles in the literature about
water crisis, water management, and water security
based on citation count.

Calismalar Atflar
(Alderman vd., 2006) 640
(van Leeuwen ve Darriet, 2016) 404
(Reardon, 1997) 396
(Carter vd., 2007) 368
(Mikhaylov vd., 2020) 304
(Wardekker vd., 2010) 256
(Lybbert vd., 2004) 223
(Khanal vd., 2018) 213
(Javadi ve Masum, 2021) 209
(Emerick vd., 2016) 193
(Chinn ve Ito, 2007) 189
(Winsemius vd., 2018) 187
(Shah ve Steinberg, 2017) 181
(Miranda ve Farrin, 2012) 175
(Islam ve Maitra, 2012) 173

Kaynak: VOSviewer programindan yararlanilarak yazar

tarafindan olusturulmustur.

Reardon (1997) ve Lybbert vd. (2004)
gibi klasiklesmis c¢aligmalar ise, kirsal hane
halklarinin iklimsel ve ekonomik belirsizlikler
karsisinda bagvurdugu gelir ¢esitlendirme ve risk
yonetimi stratejilerini incelemis; bu baglamda
su krizinin kalkinma politikalarindaki etkilerini
vurgulamigtir. Bu perspektif, Emerick vd. (2016)
ve Islam ve Maitra (2012) tarafindan gelistirilen
mikro kredi, tarim sigortast1 ve teknolojik
inovasyon gibi ¢6ziim mekanizmalarinin etkisiyle
tamamlanmaktadir. Diger yandan, Mikhaylov
vd. (2020) ve Winsemius vd. (2018) gibi makro
diizeyde calisan aragtirmalar, iklim degisikligi ve
su kaynakli afetlerin kiiresel 6l¢ekteki etkilerini,
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ozellikle yoksul ve kirilgan topluluklar tizerindeki
baskilarin1 degerlendirmektedir. Bu ¢aligmalar,
su krizini yalnizca yerel bir sorun degil, ayni
zamanda kiiresel bir sosyal adalet ve iklim adaleti
meselesi olarak konumlandirmaktadir.

Iklim degisikligi ve su kithgnin sektorel
etkilerine dair calismalarda ise Van Leeuwen
ve Darriet (2016), bagcilik ve sarap tretimi
iizerinden tarimsal kaliteye yonelik etkileri analiz
ederken; Javadi ve Masum (2021) bankacilik
sektoriinde iklim riskinin finansal maliyetlere
etkisini arastirmistir. Boylelikle su krizi, farkl
sektdrler baglaminda ekonomik karar siireglerine
nasil yansidigiyla da ele alinmaktadir. Ote
yandan, Chinn ve Ito (2007) gibi ¢aligmalarda
kiiresel tasarruf fazlasi, sermaye hareketliligi
ve kurumsal yapilarin finansal denge iizerindeki
etkileri baglaminda dolayli olarak su ydnetimi
yatirimlart ve altyapi finansmani ile baglantili
sonuclara ulasilmistir. Miranda ve Farrin (2012)
ise gelismekte olan fiilkelerde iklim soklarina
kargi gelistirilen endeks sigorta sistemlerini
ele alarak, suya dayali tarimsal sistemlerin
korunmasina yodnelik finansal araglarin tasarimi
hakkinda 6nemli teorik katkilar sunmustur.

Wardekker vd. (2010) tarafindan yapilan
calismada ise kentlerin iklim degisikligine
uyum  siirecinde  dayaniklilhik  yaklagimini
operasyonel hale getirmenin yollar tartisilarak,
su yonetimi planlamasina sistemsel bir ¢ergeve
onerilmektedir.

Bu c¢alismalar  bir  biitin  olarak
degerlendirildiginde su ortak temalarin One
ciktig1 goriilmektedir:

Iklim kaynakli su soklarinin ekonomik ve
toplumsal etkileri

Kirsal kalkinma, gelir ¢esitliligi ve tarimsal
iiretkenlik {izerindeki etkiler

Kurumsal ve bireysel diizeyde risk yonetimi
stratejileri

Finansal araglar (mikro kredi, sigorta,
yatirim maliyetleri) ile direng artirimi

Kent planlamasinda ve sektdrel iiretimde su
yOnetiminin stratejik rolii

Dolayisiyla, Cizelge 2’de yer alan yiiksek
etkili ¢aligmalar, ekonomi ve finans ekseninde
su krizine dair bilgi iiretimini sekillendiren temel
referanslar arasinda yer almakta ve bu alanin
entelektliel omurgasini olusturmaktadir. Yapilan
bu analiz, ilgili alanda yapilan calismalarin
genel literatiir yapisin1 daha saglam bir temele
oturtmakta ve su yOnetimi literatiirlindeki
mevcut akademik yonelimlerin, disiplinler arasi
baglamda nasil sekillendigine dair biitiinciil bir
bakis sunmaktadir.

En Cok Yayin Yapan ve Atif Alan Dergiler

Bir diger analiz ise aragtirmaya dahil edilen
kapsamda yazilmig ¢alismalarin hangi dergilerde
yayimlandigi ve ka¢ atif aldigr bilgisini
aragtirmakta ve elde edilen bulgular Cizelge
3’te sunulmaktadir. Cizelgenin ilk yarisindaki
siralama yayin sayisina gore yapilmis olup
cizelgenin ikinci yarisinda atif sayisina gore
gerceklestirildigi  goriilmektedir.
Burada ¢izelgenin ilk siitununda yayimn sayisi

siralama

en yiiksek olan dergiler, yiiksekten diisiige gore
siralanmugtir. Ikinci siitun bu dergilerin yayin
sayilarin1 gostermekte ve tiglincii siitun ise atif
sayilarin1 gostermektedir. Cizelgenin dordiinci
stitunundaki dergi siralamasi ise yayimlamisg
oldugu toplam yayinlar ile en yiiksek atif sayisint
elde etmis olan dergileri yliksek atif sayisindan
diisiige gore siralamaktadir (Cizelge 3).
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Cizelge 3: Su krizi, su yonetimi ve su giivenligi alanlarinda dergilerin yayin ve atif sayilarina gore siralamasi.

Table 3. Journals ranked by publication and citation counts in the fields of water crisis, water management, and

water security.

Kaynak Yayin Sayist Yayin Sirasi1  Auf Sayisi  Atif Swrasi

World Development 73 1 3103 1
Ecological Economics 43 2 1955 2
Food Policy 28 3 1004 3
Technological Forecasting and Social Change 9 13 644 4
Journal of Development Economics 12 11 579 5
American Journal of Agricultural Economics 17 6 554 6
Journal of Development Studies 18 5 517 7
Environment and Development Economics 9 13 386 8
Environmental and Resource Economics 16 7 382 9
Forest Policy and Economics 16 7 376 10
Agricultural Economics 19 4 344 11
Australian Journal of Agricultural and Resource 12 11 219 12
Economics

Water Resources and Economics 16 7 189 13
Water Economics and Policy 16 7 116 14

Kaynak: VOSviewer programindan yararlanilarak yazar tarafindan olusturulmustur.

Cizelge 3 incelendiginde, literatiire en
fazla yaymi kazandiran dergiler ile yayimladigi
calismalarla en ¢ok atif alan dergilerin ilk {i¢
satirda ayn1 siralamay1 paylastig1 gorilmektedir.
Bu dergiler sirasiyla; “World Development”,
“Ecological Economics” ve “Food Policy” olarak
gozlemlenmektedir. Bu ii¢ derginin de WoS
dergi grubunda yer aldig1 ve yetkin ¢alismalari
degerlendirdigi ifade edilebilir. Bunun yan1 sira
dergilerin; kiiresel kalkinma, stirdiiriilebilirlik
ve iklim ¢alismalaria 6nem vererek disiplinler
aras1 caligmalart destekledigi ifade edilebilir.
Cizelge 3 incelendiginde bu konu kapsaminda
yayin yapan dergiler ve yayin sayilari hakkinda
daha net bilgiye ulagilabilmektedir.

Sekil 3 incelendiginde, Cizelge 3’te yer
alan dergilerin haritalama yontemi kullanilarak
gorsellestirildigi ve ag baglantilar1 aracilifiyla
birbirleriyle iliskili olduklar1 goriilmektedir.
Bu baglantilar, alandaki calismalarin
birbirlerine gostermektedir.

aynt
atif  yaptigini

Ancak harita, atif iliskilerinin yogun bir ag
olusturmadigini ortaya koymaktadir; bu durum,
gorsel {lizerinden de kolaylikla gézlemlenebilir.
Ayrica, haritada goriilen renk kiimelerinin azligi,
dergilerin genellikle ayn1 konuya odaklandigini
etrafinda

ve c¢alismalarin  benzer temalar

yogunlastigini gdstermektedir (Sekil 3).

Yazar Analizi

Literatiirde incelenen caligmalarin
tespit bir

degerlendirme sunmaktadir. Analiz sonucunda

yazarlarinin edilmesi  Onemli
tespit edilen yazarlar, sahip olduklar1 yaym
ve atif sayilariyla orantili olarak alanda etkin
aragtirmacilar  olarak  degerlendirilmektedir.

Cizelge 4, yazarlar, yaym sayilar1 ve atif sayilari

hakkinda bilgi vermektedir. Degerlendirme
gergeklestirilirken yayimn sayisit ile bu konuda
siklikla c¢alisan yazarlarin  tespit edilmesi

onemli olup yayimlanan c¢aligmalar ile alinan
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atiflar da degerlendirmeyi sekillendirmektedir.
Nitekim atif sayisi, yayimmlanan c¢aligmanin
bagka aragtirmacilar tarafindan dikkate deger ve
kiymetli goriiliip o yazarlarin ¢aligmalarinda atif
yapilarak yer verilme sayisini gostermekte ve
yiiksek atif sayist ¢aligmanin etkinligi hakkinda
degerlendirme imkani sunmaktadir (Cizelge 4).

Cizelge 4 incelendiginde Calum G.
Turvey’in literatlirde bes yayinla en fazla yayima
sahip yazar oldugu ve yayinlan ile toplam 74
atif aldig1 goriilmiistiir. Yayin sayisinin yiiksek
olmasina karsin, atif sayist dikkate alindiginda
bu ¢aligmalari heniiz digerlerine kiyasla yiiksek
diizeyde atif almadigi sOylenebilir. Nitekim dort

yayin ile 2. siraya yerlesen; Mario J. Miranda,
Christopher B. Barrett, Oliver Musshoff ve
Richard A. Gallenstein’in atif sayilart listenin
ilk 15’inde yer almamaktadir. Yayin sayist ile
6. sirada yer alan ve ii¢ yaymn ile toplam 649
atif alan Hoddinott, John en yiiksek atif alan
yazar olmustur. Bu ii¢ yayin incelendiginde,
yayinlardan biri incelenen calismalar arasinda
en ¢ok atifi alarak 6nemli bir bagvuru kaynagi
olmustur. Bu ¢alisma Harold Alderman, ve Bill
Kinsey tarafindan kaleme alinmistir. Yazarlar
calisma ile toplam 640 atif almistir. Cizelgede
ayrintili olarak ifade edilen yazarlar incelenen
konu kapsaminda literatiire katki saglamistir

(Cizelge 4).

Sekil 3. Su krizi, su yonetimi ve su giivenligi alanlarinda yayin ve atif sayilarina gore dergiler arasindaki ag iligkileri.

Figure 3. Network relationships among journals based on publication and citation counts in the fields of water crisis,

water management, and water security.
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Cizelge 4. Su krizi, su yonetimi ve su giivenligi alanlarinda yazarlarin yayin ve atif sayilarina gore siralamasi.

Table 4. Ranking of authors by publication and citation counts in the fields of water crisis, water management, and
water security.

Yazar Yayin Sayist Yayin Sirasi Anf Anf Sirast
Turvey, Calum G. 5 1 74 22
Miranda, Mario J. 4 2 214 16
Barrett, Christopher B. 4 2 198 17
Musshoff, Oliver 4 2 60 23
Gallenstein, Richard A. 4 2 43 27
Hoddinott, John 3 6 649
Carter, Michael R. 3 6 571 3
Thurlow, James 3 6 179 18
Wheeler, Sarah Ann 3 6 165 19
Shikuku, Kelvin Mashisia 3 6 94 20
You, Liangzhi 3 6 88 21
Grimm, Michael 3 6 55 24
Hennessy, David A. 3 6 53 25
Adamson, David 3 6 49 26
Kazianga, Harounan 3 6 42 28
Alderman, Harold 1 16 640 2
Kinsey, Bill 1 16 640 2
Reardon, T 1 16 427 5
Darriet, Philippe 1 16 404 6
Van Leeuwen, Cornelis 1 16 404 6
Little, Peter D. 1 16 368 8
Mogues, Tewodaj 1 16 368 8
Negatu, Workneh 1 16 368 8
Van Der Sluijs, Jeroen P. 1 16 256 11
Wardekker, J. Arjan 1 16 256 11
Barrett, Cb 1 16 223 13
Coppock, DI 1 16 223 13
Desta, S 1 16 223 13
Kaynak: VOSviewer programindan yararlanilarak yazar tarafindan olusturulmustur.
Kurum Analizi unsurlar araciligi ile elde edilmektedir. Cizelge

5, kurum bilgisini ilk siitunda en yiiksek yayin
sayisini dikkate alarak siralamis olup doérdiincii
kapsamda calisan arastirmacilarin ve yayinlari siitunda siralama atif sayisina gore yapilmistir

yayinlayan dergilerin bagli oldugu kurumlar gibi (Cizelge 5).

En ¢ok yaym yapan kurum bilgisi; bu

Journal of Geological Engineering 49 (3) 2025
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Cizelge 5: Su krizi, su yonetimi ve su giivenligi alanlarinda en ¢ok yayin yapan kurumlar.

Table 5. Institutions with the highest number of publications in the fields of water crisis, water management, and

water security.
Kurum Yayin Sayist Yayin Swras1  Anf Atf Strast
International Food Policy Research Institute 21 1 1698 1
Cornell University 16 2 537 6
World Bank 13 3 955 2
Wageningen University 10 4 319 16
University of California, Davis 10 4 465 8
Michigan State University 10 4 298 17
Monash University 9 7 331 15
University of Illinois 7 8 126 23
Virginia Tech 7 8 173 21
University of Copenhagen 7 8 81 24
University of Adelaide 7 8 165 22
University of Arizona 7 8 281 18
Texas A&M University 6 13 54 25
Ohio State University 6 13 268 19
International Livestock Research Institute 6 13 179 20
University of Wisconsin—Madison 4 16 779 3
University of Zimbabwe 4 16 708
University of California, Berkeley 5 18 497
National Bureau of Economic Research (NBER) 3 19 453 9
Addis Ababa University 2 20 435 10
Utrecht University 5 18 356 14
Free University of Amsterdam 1 21 640 5
Bordeaux Sciences Agro 1 21 404 11
University of Bordeaux 1 21 404 11
University of Kentucky 1 21 404 1

Kaynak: VOSviewer programindan yararlanilarak yazar tarafindan olusturulmustur.

Cizelge 5 incelendiginde, toplam 21
yayini literatlire kazandirarak 1.698 atif alan
“International Food Policy Research Institute”
gerek yayin sayisi gerekse atif noktasinda ilk
sirada yer almaktadir. Gida politikalar1 temelinde
arastirma ve incelemeler gerceklestiren kurum
Amerika Birlesik Devletleri’ndedir. Atif sayisi
dikkate alindiginda ikinci sirada yer alan

kurum 16 yaym ile Cornell Universitesi olarak
goriilmektedir. Cornell Universitesi de ABD’de
yer alan bir arastirma tniversitesi olup farkli
disiplinlerdeki ¢alismalar1  desteklemektedir.
Yaym sayisina gore iiciincii, atif sayisina gore
ikinci sirada bulunan World Bank ise konu
kapsamindaki ¢aligmalara verdigi destek ile
onde gelen kurumlar arasindadir (Cizelge 5).
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Sekil 4’te, su krizi, su yonetimi ve su
giivenligi alanlarinda en ¢ok yayin yapan
kurumlarin is birligi ag analizi yer almaktadir.
Agin merkezinde International Food Policy
Research Institute (IFPRI), World Bank ve
Cornell University gibi kuruluslarin  yogun
baglantilara sahip oldugu goriilmektedir. Bu
kurumlar, kiiresel diizeyde aragtirma {iretiminde
ve kurumlar arasi bilgi akiginda merkezi bir rol
oynamaktadir. Ayrica University of California
Davis, Virginia Tech, Peking University,
Monash University ve University of Amsterdam
gibi lniversiteler de onemli diigtimler olarak

Derleme / Review

one cikmaktadir. Baglantilarin yogunlugu, bu
kurumlarin ortak projeler, veri paylasimi ve
akademik is birlikleri yoluyla kiiresel arastirma
agmin siirdiiriiclisii olduklarin1 gdstermektedir.
Renk gegisleri yillara gore yaym yogunlugunu
ifade etmekte olup, Ozellikle 2015 sonrasi
donemde is Dbirliklerinin belirgin bigimde
arttig1 anlasilmaktadir. Bu durum, suyla ilgili
kiiresel sorunlarin 6nem kazanmasiyla birlikte,
cok merkezli ve uluslararasi bir arastirma agi
yapisinin olustugunu ortaya koymaktadir (Sekil
4).

Sekil 4. Su krizi, su yonetimi ve su giivenligi alanlarinda en ¢ok yayin yapan kurumlarin ag analizi.

Figure 4. Network analysis of institutions with the highest number of publications in the fields of water crisis, water

management, and water security.
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SONUC

Kiresel oOl¢ekte artan su stresi, yalnizca
gevresel bir sorun olmaktan ¢ikmis; ekonomi,
kalkinma ve sosyal refah alanlarmda ciddi
kirllganliklar yaratan c¢ok boyutlu bir krize
dontigmiistiir. Bu baglamda su krizi, su yonetimi
ve su gilivenligi kavramlarmin ekonomi ve
finans literatiiriinde nasil ele alindigini1 anlamak
amactyla yiiriitilen bu calisma, WoS veri
tabaninda ekonomi, isletme ve isletme finansi
kategorilerinde indekslenen 1.716 akademik
yaymnin bibliyometrik haritalama analizini
gerceklestirmistir.

Anahtar  kelime  analizinde  “iklim
degisikligi”, “gida giivenligi” ve “tarim” gibi
kavramlarin yliksek tekrar oranlariyla One
cikmasi, su temelli problemlerin yalnizca
hidrolojik degil; aymi zamanda kalkinma,
iretim ve sosyal gilivenlik boyutlariyla ic¢ ice
gectigini gostermektedir. “Afrika”, “Hindistan”
ve “Etiyopya” gibi iilkelerin sik¢a calisiimasi
ise, su krizinin bdlgesel yogunluklarini ve
kirilgan cografyalarin akademik literatiirdeki
gOriiniirliigiinii ortaya koymaktadir. Bu durum,
iklim degisikliginin cografi farkliliklar yaratan
etkisini ve su erisimi esitsizliklerinin bdolgesel
analiz ihtiyacin1 da gli¢lendirmektedir.

En cok atitf  alan caligmalarin
degerlendirilmesi, kavramsal
temelinde bes ana eksenin One c¢iktigini
gostermektedir. Bunlar; (i) iklim kaynakli
soklarin ekonomik ve toplumsal etkileri, (ii)
kirsal kalkinma ve tarimsal verimlilik, (iii)
risk yoOnetimi stratejileri, (iv) mikro finans
ve sigorta araglariyla direng artirimi, (v) su
giivenliginin sektorel ve kurumsal baglamlari
olarak siralanmaktadir. Atif sayisi ve bu yoniiyle
etkinligi yiiksek olan calismalar, su krizinin
uzun donemli beseri sermaye kayiplarina yol
acabilecegini ortaya koyarken; bazi arastirmalar

literatiiriin

ise finansal araclarin su kaynakli ekonomik
belirsizlikleri azaltmadaki roliinii tartismaktadir.
Bu analiz, su krizinin ¢ok disiplinli dogasini
ve bu konunun ekonomi-finans ekseninde de
derinlemesine calisildigini géstermektedir.

En ¢ok yayin yapan dergiler arasinda World
Development, Ecological Economics ve Food
Policy gibi yiiksek etki faktorlii, stirdiiriilebilir
kalkinma odakli yayin organlarmin yer almasi,
caligmanin literatiirel glivenilirligini ve disiplinler
arasit dogasini pekistirmektedir. Dergiler arasi
atif aglarmin yogunlugunun sinirli olmasi ise,
bu alandaki bilgi kiimelerinin hala oldukga
dagimik oldugunu ve entegre bilimsel iletisimin
gelismeye acik oldugunu gostermektedir. Yazar
ve kurum analizleri de benzer sekilde, belirli
akademik digimlerin 6ne ¢iktigin1 ancak
literatiirde merkezi bilgi {iretim odaklarinin halen
kisith sayida aktor etrafinda dondiigiinii ortaya
koymustur. Ozellikle International Food Policy
Research Institute, Cornell University ve World
Bank gibi kurumlarin bu alandaki katkilar1 dikkat
cekerken, arastirma c¢iktilarinin  ¢ogunlukla
belirli cografyalardan ve kurumlardan geldigi
anlagilmaktadir. Bu durum, literatiirdeki temsil
esitsizliklerine ve kiiresel bilgi iiretiminde
potansiyel dengesizliklere isaret etmektedir.

Sonu¢ olarak, bu calisma, su krizi, su
yonetimi ve su glivenligi kavramlarinin ekonomi
ve finans literatlirlinde nasil ele alindigim
sistematik olarak ortaya koymakta ve bu
alandaki literatiiriin tematik, yapisal ve kurumsal
yonlerini  haritalamaktadir. ~ Bibliyometrik
analiz, literatiirlin  gelisim  dinamiklerini
goriiniir  kilarken; aynm1 zamanda disiplinler
arast entegrasyonun gelismesine, arastirma
onceliklerinin  belirlenmesine ve  politika
yapicilar icin bilgi tabani olusturulmasina katki
saglamaktadir.

Gelecekteki arastirmalar igin li¢ temel Oneri
gelistirilebilir:
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¢ Yerel Orneklemler {izerine odaklanan daha
mikro diizeyli analizlerin artmasi,

*  Finansal araglar ile su yonetimi politikalar
arasindaki etkilesimlerin daha ayritili
incelenmesi,

e Gelismekte olan iilkelerdeki kurumsal
kapasite ile su gilivenligi arasindaki iliskiye
dair calismalara Oncelik verilmesi.

Bu c¢alisma, literatiirdeki  bosluklari
belirlemekle  kalmayip, siirdiiriilebilir  su
politikalarinin  gelistirilmesine katki sunacak
disiplinler arasi bir perspektif sunmaktadir.
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ABSTRACT

Over the last 60 years, the Melleguel Dam has lost approximately 80% of its original 268 million cubic meter
capacity to siltation, reflecting broader Mediterranean basin patterns in which climate-driven erosion has exacerbated
dam sedimentation rates. In response, the strategic building of the upstream Mellegue2 Dam intends to address
water scarcity, improve flood management, and assure a continuous supply of water for agricultural and domestic
purposes. This study fills critical knowledge gaps by integrating climate change projections with sediment modeling
in Mediterranean semi-arid environments, developing spatially explicit conservation strategies using combined
RUSLE-SDR and SWAT modeling, and evaluating management interventions under future scenarios using drought-
flush erosion mechanisms documented across the Mediterranean basin. This study evaluates sediment dynamics in
the Mellegue2 Dam watershed from 1993 to 2019 using an integrated RUSLE-IC-SDR modeling approach, with
model validation performed using a three-tiered framework that includes SWAT comparison, historical sedimentation
records, and regional correlation analysis. The model performed well (NSE=0.78, R?>=0.82), with an average annual
prediction error of 12.3%, similar to verified Mediterranean erosion models. Monte Carlo simulation with 1000
iterations, accounting for parameter variability in R-factor (+15%), K-factor (£20%), and C-factor (+25%), yielded
confidence intervals of -18% to +22% for annual forecasts. Temporal study demonstrates drought-flush erosion
mechanisms common to Mediterranean climates, with post-drought sediment outputs increasing by 40-60% above
normal years, consistent with regional research from Spain, Italy, and Greece. According to the management
scenario study, Mellegue2 Dam will lose 50% of its capacity within 24 years if no intervention is implemented.
However, comprehensive watershed management based on proven Mediterranean basin conservation practices has
the potential to increase operational lifespan to 75 years while also delivering broader environmental benefits. The
study finds three priority management zones that require distinct conservation approaches, with the largest return on
investment found on northwestern slopes with erosion rates of more than 12 t/ha/year. These findings contribute to a
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better knowledge of climate-driven erosion processes across the Mediterranean and offer management solutions that
can be applied to similar semi-arid watersheds.

Keywords: Sediment export, soil erosion, RUSLE, SDR, SWAT, index of connectivity, watershed
management, Tunisia.

oz

Son 60 yilda, Melleguel Baraji, iklim kaynakli erozyonun baraj sedimantasyon oranlarint artirdigi Akdeniz
havzasindaki genel egilimiyansitarak, orijinal 268 milyon metrekiip kapasitesinin yaklasik %680 ini siltasyon nedeniyle
kaybetmistir. Buna yanit olarak, membada stratejik olarak insa edilen Mellegue? Baraji, su kithgini gidermeyi, sel
yonetimini iyilestirmeyi ve tarimsal ve evsel amaglar icin stirekli su teminini saglamayr amaglamaktadwr: Bu ¢alisma,
iklim degisikligi tahminlerini Akdeniz yart kurak ortamlarindaki sediman modellemesiyle entegre ederek, RUSLE-
SDR ve SWAT modellemesini birlestirerek mekansal olarak acik koruma stratejileri gelistirerek ve Akdeniz havzasinda
belgelenen kuraklik-akis erozyon mekanizmalarini kullanarak gelecek senaryolart altinda yonetim miidahalelerini
degerlendirerek kritik bilgi bosluklarini doldurmaktadwr. Bu ¢alisma, entegre RUSLE-IC-SDR modelleme yaklagimi
kullanilarak 1993 ten 2019°a kadar Mellegue2? Baraji havzasindaki sediman dinamiklerini degerlendirmekte ve
model dogrulamasi SWAT karsilastirmasi, tarihsel sedimantasyon kayitlart ve bolgesel korelasyon analizini iceren
tic asamali bir ¢cerceve kullanilarak gerceklestirilmektedir. Model, dogrulanmis Akdeniz erozyon modellerine benzer
sekilde, ortalama yillik tahmin hatasi %12,3 ile iyi bir performans gostermistir (NSE=0,78, R*=0,82). R faktorii
(x%15), K faktorii (+2620) ve C faktorii (x%25) parametre degiskenligini hesaba katan 1000 yinelemeli Monte
Carlo simiilasyonu, yillik tahminler igcin %-18 ile %+22 arasinda giiven araliklari vermistir. Zamansal ¢alisma,
Akdeniz iklimlerinde yaygin olan kuraklik-sel erozyonu mekanizmalarini gostermektedir. Kuraklik sonrasi sediment
¢tkist normal yillara gire %40-60 oramnda artmaktadi: Bu sonug, Ispanya, Italya ve Yunanistan’da yapilan
bolgesel arastirmalarla tutarlidr. Yonetim senaryosu ¢alismasina gore, Mellegue? Baraji, herhangi bir miidahale
yapimazsa 24 yil iginde kapasitesinin %50 Sini kaybedecektir. Ancak, Akdeniz havzasinda kanitlanmis koruma
uygulamalarma dayanan kapsamli havza ydnetimi, operasyonel omrii 75 yila ¢ikarirken, daha genis c¢evresel
faydalar da saglayabilir. Calisma, farkl koruma yaklasimlar: gerektiren ii¢ oncelikli yonetim bélgesi belirlemektedir.
En yiiksek yatirim getirisi, erozyon orammn 12 t/ha/yil ' iizerinde oldugu kuzeybati yamaclarda gériilmektedir. Bu
bulgular, Akdeniz deki iklim kaynakli erozyon siiregleri hakkinda daha iyi bilgi edinilmesine katkida bulunmakta ve
benzer yart kurak havzalara uygulanabilecek yonetim ¢oziimleri sunmaktadir.

Anahtar Kelimeler: Sediment ihraci, toprak erozyonu, RUSLE, SDR, SWAT, baglantililik indeksi, havza yonetimi,
Tunus.

INTRODUCTION also been shown to provoke geomorphological
change, including increased landslide incidence,

Soil erosion, primarily driven by water, wind, .
in New Zealand (Glade, 2003).

and mass movement, represents a significant

environmental challenge globally. Human The Revised Universal Soil Loss Equation

activities such as construction, deforestation,
and unsustainable farming practices significantly
exacerbate this process (Maitra & Pramanick,
2020). Land Use and Land Cover (LULC)
changes impact hydrological processes and
sediment dynamics at the scale of basins and
are deserving of continuous observation and
quantitative assessment (Aneseyee et al., 2020;
Luetzenburg et al., 2020). LULC changes have

(RUSLE) has emerged as a widely adopted model
for predicting soil erosion due to its accuracy and
applicability in various environments (Renard et
al., 1997; Van der Knijff et al., 2000; Moisa et al.,
2021). To better understand sediment transport
processes, the Sediment Delivery Ratio (SDR)
quantifies the fraction of eroded soil reaching
catchment outlets (Walling, 1983). Recently, the
Index of Connectivity (IC) has gained attention
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for its ability to describe sediment transport from
hillslopes to stream networks, offering insights
into spatial variability in sediment dynamics
(Borselli et al., 2008; Keesstra et al., 2018). A
sigmoidal relationship between SDR and IC
has been identified and applied in sediment
yield models (Borselli et al., 2008; Vigiak
et al., 2012; Jamshidi et al., 2014). Various
studies have applied the Revised Universal Soil
Loss Equation (RUSLE)-IC-SDR approach to
determine sediment yield (Zhao et al., 2020;
Michalek et al., 2021; Zhang, 2021). The Soil
and Water Assessment Tool (SWAT) provides
complementary capabilities through physically-
based modeling of watershed processes, enabling
validation of empirical approaches through
comparison of sediment yields (Arnold et al.,
2012).

The Mediterranean basin, a climate change
hotspot, is experiencing accelerated erosion as
a result of increased precipitation variability
and temperature extremes (Lionello and
Scarascia, 2018). Dam sedimentation rates in the
Mediterranean region have increased by 20-40%
in recent decades as a result of climate-driven
changes in erosion patterns (Poesen & Hooke,
1997; Vanmaercke et al., 2021). Sedimentation
rates in North African watersheds range from
500-2000 m*/km?/year, with greater rates
observed in hilly locations with intensified land
use (Lahlaoi et al., 2015).

Recent hydrological modeling studies
in the Mediterranecan basin have revealed the
region’s susceptibility to accelerated erosion
processes. Garcia-Ruiz et al. (2013) discovered
that Mediterranean watersheds have 2-3 times
higher sediment outputs during post-drought
recovery seasons compared to normal years.
Similar research in Greek watersheds found
that climate-driven erosion variability can

Arastirma Makalesi / Research Article

lower dam operational lifespans by 30-50%
(Panagos et al., 2020). Hydrological studies
in Spanish and Italian catchments have shown
that Mediterranean semi-arid habitats respond
nonlinearly to precipitation changes, with
sediment outputs increasing exponentially
during extreme occurrences (Nadal-Romero et
al., 2018). These regional patterns are consistent
with studies from North African watersheds,
where climate variability has become the primary
driver of erosion dynamics (Lahlaoi et al., 2015).
Comparative research in Mediterranean basins
have discovered common erosion factors that
traverse country borders. Research in similar
semi-arid watersheds in Spain, Italy, and Greece
has demonstrated that the combination of erratic
precipitation patterns, vegetation degradation,
and anthropogenic stresses causes erosion
“hotspots” with sediment yields greater than 15 t/
ha/year (Poesen & Hooke, 1997). These findings
give critical background for understanding
erosion processes in the Mellegue watershed,
where similar climatic and geomorphological
circumstances exist.

Recent regional studies used hydrological
modeling to analyze discharge and erosion
responses to climate change in Mediterranean
semi-arid basins. In Tunisia, Ben Nsir et al.
(2022) investigated the effects of RCP scenarios
on discharge patterns in the Lakhmass catchment,
indicating a projected decrease in flow volumes.
Yildirnrm et al. (2022) modeled the Alata
River Basin in southeastern Turkey using the
RCP8.5 scenario and found significant seasonal
fluctuation in water availability. These case
studies highlight the significance of scenario-
based modeling in predicting hydrologic
changes in the Mediterranean and confirm the
applicability of our approach in the Mellegue2
Dam basin.
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In Tunisia, water erosion poses a severe
threat, affecting 35% of the country’s land
(FAOSTAT, 2014). The northern region loses
approximately 10,000 hectares of soil annually
due to water erosion alone, equivalent to 45
million tons per year (Issaoui et al., 2020).
The Mellegue watershed faces significant
hydrological challenges, including sediment
transport and runoff variations, which impact
dam storage and water availability (Abidi
et al,, 2024). The Melleguel Dam’s loss of
80% capacity due to sedimentation highlights
the urgent need for improved prediction and
management approaches. This study addresses
three key research gaps: (1) the integration
of climate change projections with sediment
modeling in North African contexts, (2) the
development of spatially-explicit conservation
strategies based on combined RUSLE-SDR
and SWAT modeling, and (3) the evaluation of
management interventions under various future
scenarios. Within this context, the Mellegue2
Dam watershed represents a critical study
area due to its vulnerability to soil erosion
and its importance in regional water resource
management.

MATERIAL AND METHOD
Study area

Located in northwest Tunisia, Mellegue
River Basin stretches across three Governorates
Kasserine, Kef, and Jendouba, and extends into
Algeria. Mellegue River, a vital 130-kilometer
waterway, flows from the highlands to join
Tunisia’s longest river, the Medjerda (Figure 1a).
Our focus lies on the Mellegue2 Dam watershed,

where a new dam is being constructed 14
kilometers upstream from the existing Melleguel
Dam (Figure 1b). This new project aims to
address a critical challenge: the older dam has
lost 80% of its capacity due to sedimentation.

The landscape is a study in contrasts, with
elevations ranging from 259 to 1,245 meters above
sea level (Figure 1c). Slopes vary dramatically
from flat plains to nearly vertical cliffs, creating a
complex terrain that shapes erosion patterns. The
Mediterranean climate adds its own character
- scorching summers reaching 40 °C, winters
dipping to -7°C, and yearly rainfall averaging
385 mm, though unevenly distributed.

The land tells its own story through a
mosaic of uses: rainfed croplands merge with
grasslands, while forests and shrublands dot the
terrain. The southern and western regions reveal
sparser vegetation, with dense forests and water
bodies adding diversity to the landscape. This
watershed presents a complex challenge where
erosion, sedimentation, and water management
must be addressed through integrated solutions
that respect the delicate balance between land,
water, and human needs.

Study methods

This study employs an integrated modeling
approach combining RUSLE (Revised Universal
Soil Loss Equation), IC (Index of Connectivity),
and SDR (Sediment Delivery Ratio) to evaluate
soil erosion and sediment transport in the
Mellegue2 Dam watershed. The analysis spans
1993-2019, utilizing data from hydrological
records, topographical maps, soil surveys, and
satellite imagery.
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(b)
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(c)

Figure 1. Localisation of the study area: (a) Mellegue watershed in Tunisia Governments, (b) Mellegue basins of 1

& 2 Dams, (c) Mellegue2 Dam basin.

Sekil 1. Calisma alanmimin lokalizasyonu: (a) Tunus Hiikiimetlerinde Mellegue havzasi, (b) Mellegue 1 ve 2 Baraj

havzalar, (c) Mellegue? Baraj havzasi.

The Index of Connectivity (IC) evaluates
spatial sediment connectivity based on upslope
(Dup) and downslope (Ddn) factors, computed
for each pixel using the SedInConnect 2 3 w 64
application (Crema & Cavalli, 2018). This
application analyzes topographic features from
Digital Elevation Models (DEM) to determine
connectivity  between sediment  sources,
pathways, and sinks. The Sediment Delivery
Ratio (SDR), representing the fraction of eroded
soil reaching the catchment outlet, was calculated
using a sigmoidal relationship with IC.

SDRmax

14:0—16)

SDR =
1+exp( i

(Borselli et al., 2008) (1)

where SDRMax is the maximum theoretical
SDR with a range of 0 to 1.0, ICO and kb are
landscape-independent and landscape-dependent
calibration parameters, respectively.

Borselli et al. (2008) introduced the
sigmoidal connection (Equation 1), which has
been thoroughly confirmed in Mediterranean
watersheds and provides a strong framework for
connecting sediment connectedness to delivery
ratios.

SDRmax was set to 0.8 based on calibration
with observed sediment data from similar
semi-arid Mediterranean watersheds (Vigiak
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et al., 2012), reflecting high sediment transport
efficiency in steep terrain with limited vegetation.
The ICO and kb parameters were calibrated
through comparison with historical sedimentation
records from the existing Melleguel Dam, with
values optimized to match observed patterns of
sediment accumulation.

The RUSLE model estimates soil loss using
five key factors. Rainfall erosivity (R) in MJ-mm/
ha-h was calculated from annual precipitation (P)
using the Bols method (1978):

R =2.5%P2/(100  (0.073 * P + 0.73))
(Bols, 1978) ()

The Bols approach (Equation 2) was used
for calculating rainfall erosivity since it has been
successfully applied in North African semi-arid
environments (Bols, 1978).

The soil erodibility factor (K) was calculated
using Wischmeier’s nomograph (1978), based on
23 soil samples selected to represent the major
soil types from the study area’s soil map. Key
properties, including particle size distribution,
organic matter content, soil structure, and
permeability, were analyzed for each sample and
correlated to K values using the nomograph, with
interpolations applied for accuracy. The resulting
K values were converted to SI units and spatially
interpolated to create a continuous K factor
map. Despite its limitations for soils with high
clay or organic matter, the nomograph provided
a standardized and widely accepted method
for estimating soil erodibility in the RUSLE
framework.

The topographic factors (LS) were derived
from 30 m SRTM data using the Desmet and
Govers (1996) method. Cover management (C)
was computed from Landsat NDVI values using
imagery from Landsat 5, 7, and 8§, and support

practices (P) were set to 1 due to the absence of
conservation measures. These factors combine in
the equation :

usle (t.hal.year ) =R *K * LS xC = P

(Wischmeier et al., 1978) 3)

The RUSLE equation (Equation 3) is based
on Wischmeier and Smith’s original formulation
(1978), which is consistent with worldwide soil
erosion assessment standards. Total sediment
export (E) was determined by multiplying
RUSLE-estimated soil loss by the SDR value :

E = usle * SDR (Vigiak et al., 2012) 4

The sediment export calculation (Equation
4) combines RUSLE forecasts and connectivity-
based delivery ratios, as validated by Vigiak et
al. (2012).

The results were classified into five
categories ranging from 0-0.5 to >40 t/ha/year
to assess spatial distribution patterns across the
watershed. All calculations were implemented
through R programming platform for enhanced
computational efficiency.

The SWAT model used as a validation tool
for comparison with RUSLE-SDR forecasts.
SWAT divides the watershed into smaller sections
known as subbasins and Hydrologic Response
Units (HRUs) based on land use, soil type, and
slope (Arnold et al., 2012). The model relied on
daily rainfall data from five weather stations,
temperature data from two stations, and climate
data from the SWAT weather generator. Landsat
satellite images provided land use data, while
1:50000 soil maps provided soil information.

Three approaches were utilized to validate
the model: comparison with SWAT results,
historical sedimentation records from Melleguel
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Dam, and regional analysis. The SWAT model
was calibrated with data from 2000 to 2010, and
validated with data from 2011 to 2019. Historical
validation relied on bathymetric survey data
from Melleguel Dam collected over 37 years
(1981-2018), which provided long-term data
for model calibration in North African semi-arid
conditions. A comprehensive sensitivity analysis
was conducted to quantify the relative influence
of each RUSLE parameter on sediment export
predictions. The analysis involved systematic
perturbation of individual parameters within
their uncertainty ranges:

The sensitivity analysis demonstrates that
sediment export projections are primarily
influenced by climate and vegetation-related
variables. The R-factor (rainfall erosivity) has
the highest sensitivity, with £15% difference
resulting in £28.5% change in sediment export.
The C-factor (cover management), which
reflects vegetation dynamics, has the second
most influence, especially in places where land
use is changing. The LS-factor (topography)
is important in steep-slope areas, whereas the
K-factor (soil erodibility) has a moderate but
consistent effect throughout the watershed.
SDR parameters contribute the least to model
variability but are still useful for representing
sediment transport efficiency.

RESULTS AND DISCUSSION

The temporal oscillations in sediment export
(Figure 2) show a complex link with precipitation

Table 1: Model parameters and uncertainty Ranges.

Cizelge 1: Model parametreleri ve belirsizlik araliklart.
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variability patterns found in Mediterranean semi-
arid environments. The dual-axis graphic shows
that sediment export maxima are not merely
associated with maximum rainfall years, but
rather with a specific “drought-flush” erosion
mechanism. A detailed climate-sediment analysis
reveals that peak sediment export years coincide
with specific weather sequences.

- 2001 peak (4.2 t/ha/year): After a severe
drought in 1999-2000 (rainfall 240 mm),
considerable rainfall (420 mm) fell on
exposed, vegetation-depleted soils.

- 2007-2008 peak (4.0 t/ha/year): Despite
moderate rainfall (380-400 mm), substantial
sediment export occurred due to post-
drought soil fragility following the 2005-
2006 dry period.

- Peaks in 2003 and 2013: Both years exhibit
significant sediment export (3.8-3.9 t/ha/
year) with moderate rainfall (450-500 mm),
following years of low rainfall, which
lowered plant cover.

High-rainfall years (2002: 570 mm, 2004:
520 mm) have lesser sediment export after wet
periods, demonstrating the protective effect
of established plant cover. Statistical analysis
shows a greater association between sediment
export and the drought-recovery index (r = 0.73,
p < 0.01) than with absolute yearly rainfall (r =
0.31, p > 0.05). This pattern shows that:

Parameter Range tested Relative Influence (%) Ranking
R-factor +15% 28.5 I
C-factor +25% 242 2nd
LS-factor +10% 21.8 3
K-factor +20% 18.3 4th
SDR parameters +12% 7.2 5t
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- Droughts lower vegetation cover, which
raises C-factor values from 0.15 to 0.35

- Desiccation weakens the soil structure and
increases the K-factor by 15-25%

- Subsequent moderate-to-heavy rainfall
events on exposed surfaces produce
disproportionately high sediment yields.

The spatial classification of sediment export
rates (Figure 3) reveals that high-risk areas (>12 t/
ha/year) are concentrated in northwestern slopes,
representing priority zones for conservation
interventions.

Our findings are strikingly consistent with
recent Mediterranean basin investigations that
have demonstrated comparable drought-flush
erosion mechanisms. Nadal-Romero et al. (2018)
found comparable sediment export maxima
following drought periods, with post-drought
sediment yields increasing by 40-60% compared

to normal years. Similarly, research in Greek
catchments have shown that Mediterranean
climate variability causes “erosion windows” in
which fragile soils produce excessive sediment
outputs during recovery periods (Panagos et
al., 2015). The temporal consistency between
our Mellegue2 findings and various regional
studies indicates that drought-flush erosion
is a core Mediterranean erosion process that
necessitates basin-wide control strategies. Italian
watershed studies have demonstrated that the
Mediterranean climate’s coefficient of variation
(0.35-0.45) produces ideal circumstances for
erosion acceleration, which closely matches our
observed variability of 0.42 in the Mellegue basin
(Borrelli et al., 2017). This regional consistency
supports the applicability of our management
recommendations to other Mediterranean semi-
arid environments.
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Figure 2. Annual rainfall and sediment export variation (1993-2019).
Sekil 2. Yillik yagis ve sediman ihracati degisimi (1993-2019).
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Figure 3. Sediment Export classification.

Sekil 3. Sediment Ihracat simiflandirmasi.

We showcase a series of output maps (Figure
4) generated from the applied methodology,
illustrating the spatial distribution and patterns of
key parameters related to sediment dynamics and
soil erosion in the study area for the year 2017.

Model validation results demonstrate robust
performance across multiple metrics, with the
RUSLE-SDR model achieving an NSE of 0.78
and R? of 0.82, exceeding the comparative SWAT
model’s performance (NSE=0.72, R2=0.75).
Historical records correlate with a coefficient
of 0.85, with average annual prediction errors
of 12.3%. The model exhibits systematic
underprediction during extreme events but
maintains reliable performance under normal
flow conditions. Uncertainty analysis through
Monte Carlo simulation establishes confidence
bounds of -18% to +22% for annual predictions,
with increased uncertainty during high-
magnitude events.

Bathymetric survey data from Melleguel
Dam (Figure 5) provide essential confirmation
for our sediment modeling approach while also
demonstrating the rising sedimentation threat.

Arastirma Makalesi / Research Article

Over 37 years, the dam lost 87% of its initial
capacity of 268 Mm?. The capacity loss curve
shows three phases: mild decrease (1981-1989),
acceleration (1989-1998), and catastrophic
deterioration  (1998-2018). The sediment
accumulation graph demonstrates exponential
increase, with rates increasing from 5.9 Mm?/
year to 7.4 Mm?/year. This 26% acceleration
matches significantly with our RUSLE-SDR
model projections for peak sediment export years
(2001, 2007-2008, 2013).

Regional  comparison  with  similar
Mediterranean ~ watersheds  confirms  that
our predictions fall within expected ranges,
particularly aligning with studies from Algeria
and Morocco (Djuma et al., 2015; Remini et al.,
2016). These findings suggest that our integrated
RUSLE-IC-SDR approach effectively captures
the fundamental erosion and sediment transport
processes in semi-arid environments while
acknowledging the inherent uncertainties in such
complex systems. The results highlight the need
for targeted erosion control measures in high-risk
areas, particularly those combining steep slopes,
high connectivity, and limited vegetation cover
(Garcia-Ruiz et al., 2010). The temporal patterns
in sediment export suggest that management
strategies should focus on periods following
dry spells, when subsequent rainfall events may
trigger accelerated erosion processes (Bouaziz et
al., 2020).

Our spatial analysis reveals three priority
management zones: (1) High-risk areas (>12 t/
ha/year) concentrated in the northwestern slopes
require immediate intervention through terracing
and vegetation barriers, (2) Moderate-risk zones
(3-12 t/ha/year) in the central watershed need
targeted reforestation and improved agricultural
practices, and (3) Low-risk areas (<3 t/ha/year)
where current land use practices should be
maintained.

Journal of Geological Engineering 49 (3) 2025
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Figure 4. (a) Sediment Connectivity Index “IC” derived from SedInConnect Software, (b) Sediment Delivery Ratio
map, (c) Soil loss estimated with RUSLE map, (¢) Sediment Export map and its classification map for 2017.

Sekil 4. (a) SedInConnect Yazihmindan elde edilen Sediment Baglanti Indeksi “IC”, (b) Sediment Tasima Orant
haritasi, (¢c) RUSLE haritast ile tahmin edilen toprak kaybu, (e) Sediment Ihrag haritasi ve 2017 yili icin simiflandirma

haritasu.

The temporal peaks in sediment export
(2001, 2007-2008, 2013) suggest focusing
erosion control measures on post-drought periods
when soil vulnerability is highest.

These results suggest practical implications
for watershed management, especially in North
African semi-arid environments. Building on the
work of Panagos et al. (2020), which emphasized
soil erosion indicators for policy, our findings
provide essential insights for policymakers
focusing on soil conservation and dam viability
in the Mellegue2 watershed.

Validation using comprehensive bathymetric
surveys from Melleguel Dam (1981-2018)

reveals an alarming acceleration in sedimentation
rates, from 5.9 Mm?/year in the early period to
7.4 Mm?/year in recent decades. This represents
a 26% increase and strongly correlates with our
modeled sediment export trends. This validation
data, together with our RUSLE-SDR estimates
for similar geological and climatic conditions at
Mellegue2 Dam, suggests that the new dam will
experience significant capacity loss scenarios.

However, focused conservation actions
in high-risk zones (>12 t/ha/year) have the
potential to reduce sediment by 60%, extending
the anticipated timescale for 50% dam capacity
loss from 24 to 40 years and delaying complete
siltation from 50 to 75 years.
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Figure 5. Melleguel Dam capacity evolution and sediment accumulation from 1981 to 2018 (DGBGTH, 2020) showing
three distinct sedimentation phases: moderate (1981-1989), acceleration (1989-1998), and critical (1998-2018).

Sekil 5. Melleguel Baraji’min 1981 °den 2018 e kadar olan kapasite gelisimi ve sediment birikimi (DGBGTH, 2020),
ti¢ farkl sedimentasyon agsamasini géstermektedir: orta diizeyde (1981-1989), hizlanma (1989-1998) ve kritik (1998-

2018).

More comprehensive watershed
management, such as terracing on slopes
greater than 15°, reforestation of high-erosion
areas, strategic placement of check dams, and
the implementation of improved agricultural
practices, could reduce sediment by 80%,
potentially extending dam operational lifespan
beyond 100 years. These forecasts show that
immediate conservation action is required to
ensure dam viability and long-term water security
in the Mellegue watershed.

The rainfall-sediment export relationship
(Figure 2) verifies our modeling approach and
offers critical information about watershed
management timing. The lag effect between
drought and peak erosion recommends that
conservation efforts should be concentrated
during drought periods rather than after harm has
occurred. This study has obvious implications for
Mellegue2 Dam management, since proactive
plant establishment and soil preservation during
dry years may prevent the exponential sediment
loading seen during the following recovery
periods.

Priority management measures are proposed
for three separate zones based on geographic
analysis of erosion patterns and sediment
connection. High-priority sites (>12 t/ha/year)
located on northwestern slopes require immediate
terracing on slopes greater than 20°, intensive
reforestation with native Mediterranean species,
and the installation of sediment retention devices,
with a projected sediment reduction of 70-80%.
Moderate-priority zones (3-12 t/ha/year) in
the central watershed require contour farming,
agroforestry system integration, and grass
waterways in drainage channels to achieve a 40-
60% sediment reduction. Low-risk locations (<3
t/ha/year) require maintaining present vegetation
cover, implementing rotational grazing, and
monitoring erosion programs. Our strategy is to
tackle the biggest threats head-on. We will begin
by focusing our resources on the highest-risk
zones during the first three years. This is not a
one-time fix, though; we will follow that up with
work in moderate-risk areas from years three to
seven. To keep everything in good shape, we
will have an ongoing maintenance program that
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kicks in during year five and continues for years
to come. By prioritizing our efforts this way, we
can be sure we are getting the most out of our
resources and ensuring the long-term stability of
the dam and the watershed.

The broader Mediterranean context of
our findings highlights the Mellegue2 study’s
regional significance. Comparative investigation
of'similar semi-arid watersheds in Spain, Italy, and
Greece finds consistent trends in climate-driven
erosion processes, supporting our modeling
approach and management recommendations.
The drought-flush mechanism discovered in our
study is a basic Mediterranean erosion process
that necessitates coordinated regional control
techniques. Our quantitative projections of dam
lifespan extension through focused interventions
are consistent with successful Mediterranean
basin conservation initiatives, implying that the
Mellegue?2 strategy might be used as a model for
similar watersheds dealing with climate-driven
sedimentation issues.

CONCLUSIONS

The Mellegue2 Dam watershed was
modeled using the combined RUSLE-IC-SDR
technique, which shows erosion hazards and
modeled management scenarios while offering
valuable insights into sediment dynamics. With
yearly forecast uncertainties ranging from -18%
to +22%, the model demonstrated satisfactory
performance (NSE=0.78, R?=0.82), calling for
adaptive management strategies in dynamic
environments.

Key findings show that post-drought
sediment outputs rise by 40-60% as a result
of decreased plant cover and enhanced rainfall
episodes, revealing a “drought-flush” erosion
mechanism typical of Mediterranean climates.
Three areas were identified by spatial analysis as
management priority zones, with northwestern
slopes (>12 t/ha/year) needing urgent attention.

The modeling results suggest that without
conservation measures, Mellegue2 Dam may
lose half of its capacity in approximately 24
years based on observed sedimentation patterns.
However, the scenario analysis indicates that
targeted conservation approaches like terracing,
reforestation, and check dams could significantly
extend the dam’s operational life, with
comprehensive management models showing
possible extensions of 50-75 years under present
climate conditions.

This study has several limitations, including
difficulties in capturing extreme weather events
and detailed sediment transport processes, which
point to opportunities for future research using
more detailed data and advanced process-based
models. Ongoing field validation and long-
term monitoring will be crucial for improving
predictions and adjusting methods to changing
climate patterns.

The research tackles important water
security challenges in Tunisia and presents a
modeling approach that could be relevant to
similar Mediterranean semi-arid watersheds
with comparable environmental conditions. The
results suggest that proactive, science-based
management strategies may help protect dam
infrastructure and maintain watershed stability,
although their long-term success will depend on
continuous monitoring and flexible management
practices.
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ABSTRACT

Carbon dioxide (CO,) sequestration into geological formations is one of the most reliable methods for mitigating
CO, emissions. Geothermal reservoirs are excellent candidates for CO, trapping due to considerable fracture pore
volume, which provides safe and permanent storage. The stability of the target reservoir rock and caprock is a critical
topic during long-term CO, sequestration. This study examines the geochemical changes resulting from reactions
between geothermal reservoir rock and CO,-saturated brine. The ultimate aim is to understand the efficiency of CO,
sequestration in a metamorphic geothermal reservoir regarding its geochemical impact. The study involves batch
experiments on core samples taken from depths of 1900 m and 3000 m in the Kizildere geothermal reservoir in
western Tiirkiye. We exposed crushed core samples to CO,-saturated geothermal brine at a temperature of 95 °C and
apressure of 10 bar for 21 days. Experimental changes in the concentrations of major elements (Mg?*, Ca*", Al**, Fe?',
Si0,, and CI') were simulated using PHREEQC software. Kinetic rates and activation energy were utilized as tuning
parameters to align simulation outcomes with experimental observations. The behavior of Mg?*and Ca*" exhibited an
increasing trend, while SiO,, AI**, and Fe** demonstrated a decreasing trend. Consequently, the interaction between
CO,-saturated brine and reservoir rock resulted in the precipitation of K-feldspar and kaolinite minerals, whereas
other minerals, such as biotite, quartz, magnesite, and siderite, exhibited slight dissolution. The mineral assemblage
remained consistent, while the abundance of the minerals exhibited slight variations. The study indicates that a
high concentration of cations may facilitate the trapping of CO, within metamorphic rocks. Furthermore, solubility
trapping was determined to be more significant than mineral trapping in the batch experiments.

Keywords: Carbon dioxide sequestration, mineral alteration, geothermal energy

0z

Jeolojik formasyonlara karbondioksit (CO,) tutulumu, CO,emisyonlarini azaltmak igin en giivenilir yontemlerden
biridir. Jeotermal rezervuarlar, genis kirtk-gozenek hacimleri sayesinde CO, tutumu i¢in giivenli ve kalict depolama
Jirsatlart sunan miikemmel adaylardir. Hedef rezervuar kayaci ve ortii kayacin uzun donem CO, enjeksiyonu
stiresince kararliligi ise kritik bir konudur. Bu ¢alisma, jeotermal rezervuar kayaci ile CO, doygunlugundaki
akiskan arasindaki reaksiyonlar sonucu olusan jeokimyasal degisimleri incelemektedir. Nihai amag, metamorfik
bir jeotermal rezervuarda CO, tutumunun jeokimyasal etkiler agisindan etkinligini ortaya koymaktir. Calisma
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kapsaminda, Tiirkiye 'nin Batisinda yer alan Kizildere jeotermal rezervuarinda 1900 m ve 3000 m derinliklerden
alinan karot numuneleriyle kesikli (batch) deneyler gerceklestirilmistir. Ufaltilmis karot érnekleri, 95 °C sicaklik
ve 10 bar basingta CO, doygunlugundaki jeotermal akiskana 21 giin siireyle maruz birakilmistir. Mg>*, Ca*', A",
Fe?', SiO, ve Cl gibi temel element konsantrasyonlarindaki deneysel degisimler PHREEQC yazilimi kullamilarak
modellenmigtir. Simiilasyon ¢iktilarinin deneysel gozlemlerle uyumlu olmast igin kinetik hizlar ve aktivasyon enerjisi
ayar parametreleri olarak kullamlmisti: Mg** ve Ca®" konsantrasyonlar: artis egilimi gosterirken; SiO,, AP* ve Fe**
azalma egilimi gostermistir. Bu durum, CO, doygun akiskan ile rezervuar kayaci arasindaki etkilesim sonucunda
K-feldispat ve kaolinit minerallerinin ¢okelmesine yol agmus, biyotit, kuvars, manyezit ve siderit gibi diger minerallerde
ise hafif ¢oziinme meydana gelmistir. Mineral toplulugu genel olarak sabit kalmis, ancak minerallerin bolluklar:
kiigiik degisiklikler gostermistir. Calisma, yiiksek katyon konsantrasyonlarinin metamorfik kayaglar icerisinde CO,
tutumunu kolaylastirabilecegini ortaya koymustur. Ayrica, gergeklestirilen kesikli deneylerinde ¢ozelti fazinda CO,

tutulumunun mineral tutulumuna kiyasla daha baskin oldugu belirlenmistir.

Anahtar Kelimeler: Karbondioksit tutulumu, mineral alterasyonu, jeotermal enerji

INTRODUCTION

The terms “global warming” and “climate
change” denote long-term alterations in
atmospheric conditions, including humidity,
temperature, and precipitation patterns, attributed
to elevated anthropogenic CO, levels and other
greenhouse gas emissions (Thuiller, 2007; Taylor
et al. 2013). Researchers are actively exploring
strategies to diminish CO, emissions and manage
climate change effectively. The sequestration of
CO, into geological formations represents one
of the most dependable and secure techniques
for alleviating gas emissions that contribute
to global warming (Bachu, 2000; Shukla et
al., 2010; Andre et al., 2012; Jin et al., 2016).
Deep geothermal reservoirs are recognized as
promising geological formations for the long-
term sequestration of carbon dioxide (CO,).
Capturing the CO, emissions from geothermal
sites and reinjecting them into the original
geothermal reservoir constitutes an additional
method to mitigate emissions. In the CarbFix
method (Aradottir et al., 2012), the geothermal
effluent is combined with the captured non-
condensable gas (NCG) and cold pond water. The
resulting CO,-saturated brine is then injected into
the same geothermal reservoir (Clark et al., 2020;

Galeczka et al., 2022). Throughout this process,
the injected CO, is first captured via solubility
trapping. This CO, can subsequently convert into
bicarbonate and carbonic acid when it interacts
with the formation brine. This interaction
triggers complex chemical reactions that allow
CO, to be sequestered in a secondary mineral
phase as carbonate, depending on the prevailing
thermodynamic conditions and the presence
of primary mineral phases (Matter et al., 2016;
Ptikryl et al., 2018). Primary minerals crystallize
directly from magma and are mainly found in
igneous rocks, while secondary minerals form
through the alteration or weathering of primary
minerals (Berndsen et al., 2024). Following the
success of the CarbFix projects, the insights
gained are being applied to other geothermal
sites across Europe, such as those in Tirkiye and
Italy, under the Geothermal Emission Control
H2020 project (GECO, 2020; GECO, 2023).

Geological CO, storage capacity depends
on the volume, as well as the chemical and
mineralogical composition of the formation
brine and reservoir rock, respectively. CO,
sequestration can be achieved through the
following mechanisms:
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- CO, dissolution in formation water, which is
called solubility trapping

- Mineral trapping as a result of interactions
between CO,-saturated water and the rock

- CO, accumulation at the top of geological
strata called structural trapping

- Hydrodynamic trapping occurs when the
density of CO, is near that of the formation
brine (Zhang & Song, 2019)

- Capillary trapping involves CO, injection
into a saline aquifer (drainage process),
and brine is passively re-imbibed into the
pore space (imbibition process) (Teng et al.,
2022)

Long-term structural trapping, capillary
trapping, and hydrodynamic trapping may
pose risks, including gas leakage through
conductive faults, cementing failure, and surface
deformation. Therefore, mineral and solubility
trapping are considered the most reliable and
safe mechanisms to mitigate CO, emissions.
Geothermal reservoirs are suitable candidates
for this purpose due to their large brine volume.
However, it is important to note that CO,
solubility decreases with increasing salinity
(Duan and Suni, 2003; Duan et al., 2006). To
minimize risks before field-scale CO, injections,
experimental and simulation-based studies are
typically conducted to delineate possible effects
on well integrity, reservoir rock, and caprock.

Interactions between brine and rock can be
analyzed through the implementation of batch
and core-flood experiments. Reactive minerals, as
well as both primary and secondary minerals, can
be acquired through laboratory tests. However, it
is important to note that laboratory experiments
may beinsufficientto fully account for the intricate
reaction pathways present in natural systems
(Hellevang et al., 2013). Furthermore, numerical

Arastirma Makalesi / Research Article

simulations are capable of forecasting reactive-
transport processes in complex natural systems
over extensive timeframes, potentially spanning
thousands of years. These numerical simulations
necessitate the availability of thermodynamic
and kinetic data to ensure the accuracy of these
predictions. Barlas et al. (2024) simulated CO,
injection into the Kizildere geothermal field and
reported that the results of the CO,-charged brine
injection showed that approximately 20% of the
injected CO, circulated in the reservoir, ensuring
reduced CO, emissions. Hydrothermal alteration
constitutes a complex process characterized by
a range of chemical, textural, and mineralogical
transformations that indicate fluid circulation
within geothermal formations. This process occurs
during the stages of recharge, upward flow, and
burial metamorphism. Types of alteration may
vary based on critical parameters such as deposit
type, environmental temperature, pressure, fluid-
to-rock ratio, and fluid content. The extent of the
alteration zone may range from a few centimeters
to several kilometers. There are two primary
divisions of alteration: hypogene alteration and
supergene alteration. An increase in temperature
typically induces hypogene alteration, whereas
supergene alteration occurs because of meteoric
water reactions in low-temperature environments
(Brimhall and Ghiorso, 1983). Notable mineral
alterations include potassic alteration, phyllic
alteration, propylitic alteration, argillic alteration,
silicification,  carbonization, greisenization,
and hematitization (Wallace & Maher, 2019;
Seki, 1973; Parry et al., 2002; Di Tommaso &
Rubinstein, 2007). Potassic alteration occurs
by replacing plagioclase and mafic silicates at
temperatures between 450 and 600 °C. K-silicate
is characterized by K-feldspar, biotite, minor
quartz, and chlorite (Battles and Barton, 1995).
Propylitic alteration occurs through the addition
of H,0, CO,, and local S, without appreciable H"

Journal of Geological Engineering 49 (3) 2025
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metamorphism. Chlorite and epidote primarily
exist alongside lesser amounts of calcite, albite,
and zoisite in a propylitic alteration environment
(Binglinetal.,2014). Propylitic alteration is found
at low to intermediate temperatures (200-350 °C)
and low fluid-rock ratios. The destabilization of
feldspars results in sericitic alteration through
hydrolysis in the presence of K, S, and OH,
forming quartz, chlorite, pyrite, and sericite
(Meunier & Velde, 1976). This process involves
leaching out of Mg, Fe, Na, Ti, and K. Argillic
alteration is categorized into intermediate and
advanced argillic depending on the intensity of
the clay mineral. Intermediate argillic alteration
is characterized by the formation of smectite and
kaolinite groups at temperatures below 250 °C
(Hikov, 2004). Silicification involves forming
new quartz or amorphous silica minerals as a
result of isochemical hydrolysis reactions in

the local presence of Si. Quartz precipitation
occurs in fractures where hydrothermal fluids
flow. High-level epithermal precious metal
ore deposits influence silicification (Kumar
& Ghassemi, 2005). Carbonatization refers to
the formation of carbonate minerals such as
dolomite, calcite, siderite, and magnesite during
rock alteration. Mineral carbonation requires
metallic cations such as Mg?*, Ca*, and Fe*".
Greisenization represents the alteration of
muscovite, quartz, and lesser fluorite (Witt,
1988). It is a post-magmatic alteration that
changes the composition of granites through
several sequential stages. It is a metasomatic
process related to high silica leucocratic granitoid
(Stemprok, 1987). A summary of alteration types
and their mineral compositions is shown in
Table 1. Secondary minerals observed in western
Tiirkiye are presented in Table 2.

Table 1. Diagnostic minerals in hydrothermally-altered volcanogenic massive sulfide deposits at various metamorphic

grades (Alt et al., 2012).

Cizelge 1. Farkli metamorfizma derecelerine ugramus hidrotermal olarak altere olmus volkanik kékenli masif siilfit

yataklarindaki tanisal mineraller (Alt vd., 2012).

Alteration type Diagnostic minerals: Diagnostic minerals: Diagnostic minerals:
unmetamorphosed deposits greenschist facies granulite facies
Advanced argillic ~ Kaolinite, alunite, opal, Kaolinite, pyrophyllite, Sillimanite, kyanite, quartz
smectite andalusite, corundum, topaz
Argillic Sericite, illite, smectite, Sericite, illite, pyrophyllite Sillimanite, kyanite, quartz,
pyrophyllite, opal biotite, cordierite, garnet
Sericitic Sericite, illite, pyrophyllite ~ Sericite, illite, quartz Biotite, K-feldspar,
sillimanite, kyanite, quartz,
cordierite, garnet
Chloritic Chlorite, quartz, sericite Chlorite, quartz, sericite Cordierite, orthopyroxene,
orthoamphibole, phlogopite,
sillimanite, kyanite
Carbonate Carbonate (Fe, Mg), epidote, Carbonate (Fe, Mg), epidote, Carbonate, garnet, epidote,
propylitic chlorite, sericite, feldspar chlorite, sericite, feldspar hornblende, diopside,

orthopyroxene
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Table 2. Secondary minerals observed as a result of water-rock interaction in western Tiirkiye.

Cizelge 2. Bati Tiirkiye 'de su—kayag etkilesimleriyle olusan ikincil mineral topluluklar:.

Field ID Water type Reservoir rock type Hydrothermal References
Alteration
Aydin-Salavatl Na-HCO, Menderes metamorphic Kaolinite, illite, Karamanderesi &

Geothermal Field

reservoir rock (calc-schist, montmorillonite,
mica-schist, quartzite,
gneiss, marble)

Helvaci, 2003
calcite, pyrite,
dolomite, and hydro

biotite
Alasehir Geothermal Na-HCO, Menderes metamorphic Chloritization, ilhan & Kabak,
Field reservoir rock (calc-schist, sericitization, 2018
mica-schist, quartzite, silicification,
marble) carbonification
Kizildere Na-HCO,SO,  Menderes metamorphic Phyllic, argillic, Ozgiir, 2010
Geothermal Field reservoir rock (calc-schist, silicic, hematized, and

mica-schist, quartzite,

marble)

carbonatized alteration
zones

Geological storage of carbon dioxide is
a slow process that may require years. Critical
parameters influencing the reaction time
include mineral surface area, mineral types,
thermodynamic conditions, and CO, saturation.
Flow-through experiments can take months to
years to understand brine-rock interaction due
to the limited contact surface area. In contrast,
batch experiments have a considerably shorter
experimental time due to the high mineral surface
area of rock in powder form. Consequently,
laboratory test results typically provide some
insights into process initiation. In this regard,
reactive transport simulations calibrated with
experimental results are generally employed
to understand the effects of CO, reinjection
on the reservoir rock and fluid (Ratouis et al.,
2021; Ratouis et al., 2022; Erol et al., 2022a).
Kinetic reaction rates and mineral surface area
significantly influence fluid-rock interaction.
Estimating reservoir mineral surface area can
be challenging in heterogeneous systems.
Therefore, sensitivity analyses are performed to

understand its impact on the results. Reaction
rates obtained from laboratory tests may differ
from those determined in natural field settings
(White & Brantley, 2003). Kampman et al.
(2014) noted that direct sampling of CO,-rich
fluids is complicated due to CO, degassing
during sampling. Waldmann et al. (2014)
investigated the significance of mineral surface
area on CO, -brine-rock interactions. They
studied the effects of specific mineral surface
areas, mineral distribution, and whole rock
surface areas separately. The study demonstrated
that the initial amounts of K-feldspar, hematite,
kaolinite, and carbonate control clay mineral
precipitation during CO, storage in Rotliegend
sandstones.

Gaseous impurities can lead to various
reactions at different kinetic rates. Pearce et
al. (2015) conducted both experimental and
simulation studies to investigate the impact
of SO, on CO,-brine-rock interactions. The
dissolution of SO, in water produced sulfuric
acid, which intensified the dissolution of

Journal of Geological Engineering 49 (3) 2025



48 Mineral Reaction Kinetics During CO, Sequestration into Paleozoic Metamorphic Rocks

Aydin, Erol, Akin

silicates and carbonates. The degree of mineral
dissolution varies depending on the rock
composition. Their research indicated that high
cation concentrations may enhance CO, trapping.
Wang et al. (2016) investigated CO,-brine-rock
interactions for CO, sequestration in deep coal
seams through experimental methods. Their
experiments utilized powdered rock samples to
simulate caprock in a batch system, conducted
at 160 °C and 15 MPa. They analyzed changes
in mineralogical composition using X-ray
diffraction (XRD) and energy dispersive X-ray
spectroscopy with scanning electron microscopy
(EDX-SEM) techniques.

Batch reactor experiments effectively
enhance our understanding of the interactions
between CO,-saturated brine and reservoir rock
under actual reservoir conditions. Steel et al.
(2018) carried out hydrothermal experiments
lasting over six months to investigate the
potential for mineral carbonation through brine
buffering with calcite. These experiments were
subsequently simulated using PHREEQC
to assess the equilibrium state. The findings
indicated that the buffering effect of calcite was
inadequate to promote mineral carbonation. Liu
et al. (2012) examined reactive experiments
involving CO,, brine, and caprock, presenting
the Eau Claire formation as a case study. A batch
experiment was executed at 200 °C and 300 bars.
Stable isotope tests indicated the presence of
CO, in both free and dissolved phases within the
caprock. The study noted the precipitation of clay
and carbonate minerals alongside the dissolution
of feldspars and carbonate minerals. Liu et al.
(2018) explored CO,-brine-rock interactions
aimed at CO, sequestration in a deep saline
aquifer. They conducted experiments using
minerals sourced from the upper layer of the
Shahejie formation in China. The results revealed
significant changes in ion concentrations after 72

hours of reaction time, with notable increases in
HCO, and Ca*" concentrations.

Water-rock interaction experiments and
simulations are critical components of CO,
sequestration projects. This study investigates
CO, sequestration in Paleozoic geothermal
reservoir rocks. The results of batch experiments,
coupled with a modeling approach, are used
to understand water-rock interaction during
injection of brine containing dissolved CO,.
Geochemical changes in the brine and mineral
alterations were measured through analyses
of both water and rock. Important parameters,
such as mineral surface area, kinetic reaction
rate, and activation energy, affecting water-
rock interaction were determined by matching
experimental results with a modeling approach
using PHREEQC.

GEOLOGY OF KIZILDERE
GEOTHERMAL SYSTEM

The Kizildere geothermal field is located
at the eastern boundary of the Biiyilk Menderes
graben, one of the most active extensional
structures within the western Anatolian graben-
horst system. The Kizildere field developed
within an extensional domain play type, where
convective and conductive heat flow effectively
dominate geothermal activity. Various tectonic
movements have influenced Western Anatolia
over time. These have led to crustal thinning
and the formation of large grabens in the region
(Sengor & Yilmaz, 1981).

The stratigraphy of this field comprises
Paleozoic metamorphic units of the Menderes
Massif, overlain by Pliocene and Quaternary
sedimentary rocks. The rock units cropping out
near the Kizildere geothermal field were studied
by various researchers (Simsek, 1984; Sun,
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1990; Bozkurt, 2000; Kaymake1, 2006; Alcicek
et al., 2007; Girer et al., 2009; Kogyigit, 2015).
There is no consensus about the names and ages
of the units in the region, as shown in Figure
1. However, a recent study by Aksu (2019) is
based on a definition of formations derived
from drilling more than 100 geothermal wells
and is more widely used in field operations. The
stratigraphy of the study area, from oldest to
youngest, comprises the Menderes Massif, the
Kizilburun Formation, the Sazak Formation, the
Kolankaya Formation, the Tosunlar Formation,
and Quaternary alluvial deposits.

The Menderes Massif, first identified
and named by Philipson (1918), is the largest
tectonic unit in western Anatolia. Bozkurt and
Oberhansli (2001) classified the Menderes
Massif into two rock groups: core rocks and
cover rocks. Core rocks include augen gneiss,
metagranite, quartzite, and other high-pressure,
high-temperature metamorphic rocks (Sengor et
al., 1984). Aksu (2019) described augen gneiss
as very coarse-grained, brittle, extensively
weathered, and highly fractured in the Kizildere
field outcrops. The cover rocks include low-grade
quartzite, schist, and marble. Schist bands in the
region include calc-schist, quartz-muscovite-
schist, mica-schist, and chlorite-schist. The age
of the cover rocks is Mesozoic-Paleozoic (Boray,
1982).

The Kizilburun Formation dates back to
the Early Miocene to Early Middle Miocene
period (Algigek et al., 2007). It overlies the
Menderes Massif and can be described as matrix-
supported, unsorted, polygenetic boulder-block
conglomerates with intercalations of red-brown
mudstone and sandstone (Aksu, 2019).

Arastirma Makalesi / Research Article

The Sazak Formation conformably overlies
the Kizilburun Formation. Its lower section
features gray-green marl, brown claystone,
and alternating layers of clayey limestone.
The middle section is marked by massive
limestone beds alternating with sandstones. The
upper section comprises clayey limestone and
organic-rich calcareous shale facies. The karstic
characteristics and brittle rheology of the Sazak
Formation make it a highly effective reservoir
for the geothermal system in the Kizildere field.
Hot springs and fumeroles are observed in the
limestone units of the Sazak Formation in the
study area.

The Kolankaya Formation is characterized
by laminated marl with occasional intercalations
of sandstone and bioclastic limestone. Marl
deposits suggest a much deeper, low-energy
lacustrine environment with brackish water
conditions compared to the Sazak Formation
(Algicek et al., 2007).

The Tosunlar Formation lies above all older
rocks, separated by a regional unconformity. It is
composed of yellow-brown, polygenetic, poorly-
sorted conglomerates made of pebbles and
boulders, with occasional mudstone layers. The
formation was deposited as a fault-controlled
high-energy debris flow along mountain fronts
(Aksu, 2019).

Holocene units comprise loose, poorly-
sorted materials including pebbles, sands, and
muds from alluvial fan and fluvial deposits.
Alluvial fan deposits are located near the basin
margins, whereas fluvial alluvium deposits are
found in the basin center.
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Figure 1. Stratigraphic comparison from previous studies based near Kizildere geothermal field (adapted from Aksu,

2019).

Sekil 1. Kizildere jeotermal sahast ¢evresinde derlenen onceki ¢calismalarin stratigrafik karsilastirmast (Aksu,

2019 dan revize edilmistir).

In the Kizildere geothermal field, there
are four main productive reservoir sections
arranged by increasing depth: Sazak Formation
(Reservoir 1), Igdecik Formation (Reservoir II),
fractured quartzite-calcschist of the Menderes
Metamorphics (Reservoir III), and the deep
marble section of the Menderes Metamorphics
(Reservoir IV) (Hakhdir et al., 2021). The
sections where core samples were collected

during the drilling of a geothermal well are
shown in Figure 2.

Core sample #1 was retrieved from a
depth of 1900 meters, where the reservoir rock
is characterized as quartzite with white, dirty
white, greenish, dull, transparent, and translucent
features. It is extremely hard, with microfractures,
containing mica flakes, trace pyrite, infilling
silica, and chlorite schist banding. Core sample
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#2 was collected from a depth of 3000 m, where
the reservoir rock is marble characterized by
light to dark grey coloration, mottled, hard to
extremely hard, microcrystalline, fractured
and microfractured, partly silicified, massive,
tight texture, and intercalated with calcschist.
It is essential to note that the mineralogical
composition of the core samples does not
represent the entire reservoir rock, but rather a
single point within the highly heterogeneous
system.
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A geological map of the study area at a scale
of 1:25000 is presented in Figure 3. Outcrops
of geological units can be observed in the field.
Three fault types were identified in the geothermal
system: approximately E-W-striking high-angle
normal faults, N-S-striking subvertical faults,
and an old low-angle detachment fault that likely
developed prior to the other faults. Geothermal
wells that target intersecting faults at reservoir
depths deliver good production results because
fractures enhance secondary permeability.

Figure 2. Geological columnar section and depths of core samples from the study area (adapted from Haklidir et

al., 2021)

Sekil 2. Jeolojik siitun kesiti ve karot orneklerinin derinlikleri (Haklidir vd., 2021 den revize edilmistir).
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Figure 3. Geological map of the study area (after Aksu, 2019).
Sekil 3. Calisma alaninin jeolojik haritasi (Aksu, 2019 'dan alinmistir).
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MATERIALS AND METHODS

The workflow for the study is depicted in
Figure 4. The study started by collecting actual
geothermal brine and NCG (more than 99% CO,)
from geothermal wells. Core samples were taken
from depths 0of 1900 m and 3000 m in the Kizildere
geothermal reservoir in Tiirkiye (Senturk et al.,
2020). The core samples were then crushed and
screened into particle sizes. The methodology
and the experimental setup process are
presented in Aydin and Akin (2023). Each batch
experiment was performed twice under the same
conditions to ensure consistency and evaluate
reproducibility. The results are the averages
of these repeated runs. Any variation between
duplicates remained within acceptable analytical
uncertainty. Rock analysis was performed
before and after batch experiments using XRD,
EDX-SEM, and a polarized light microscope.
XRD analyses of the powdered samples were
performed at Pamukkale University Advanced
Technology Research and Application Center
(PAU-ILTAM) Laboratory using a GNR APD
2000 diffractometer. The instrument features a
Cu-Ko cathode tube (wavelength: 1.54 A) and
operates under the following conditions: voltage
of 10-60 kV, current of 5-60 mA, scanning speed
of 0.1°(20/s), and scanning range from 111° to
168° (20). Based on the resulting XRD patterns,
mineralogical identifications and the relative
abundances of minerals (%) were determined.
SEM-EDS analyses were conducted at the
Advanced Research Techniques Laboratory of
Pamukkale University using a Carl Zeiss FESEM
Supra 40 VP field emission scanning electron
microscope. Backscattered electron (BSE)
imaging was used to obtain microstructural data,
and semi-quantitative chemical compositions of
minerals in the core samples were determined
with a Quantax Bruker EDS system. Polarized
light microscope measurements were carried out
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at the Department of Geological Engineering,
Pamukkale University, using a Carl Zeiss
Primotech polarizing microscope equipped with
both transmitted and reflected light illumination.

Additionally, 1image processing was
employed to determine the mineral surface area,
a critical parameter for modeling the reaction
process. Similarly, geochemical measurements of
major elements were conducted before and after
the batch experiments. In batch experiments, the
PHREEQC code was used to simulate water-rock
interaction between CO,-saturated geothermal
brine and rock particles (Parkhurst & Appelo,
2013). The tuning parameters were the activation
energy and the kinetic reaction rates of minerals,
which were adjusted to match the simulation data
with the concentrations of elements obtained
from experiments.

The study features batch experiments
focused on the interaction between rock powders
and CO,-saturated geothermal brine. An
illustration of the experimental setup is depicted
in Figure 5. This arrangement includes a reactor
with a 12-liter inner volume, geothermal heating,
a mixer (shown in Figure 6d), a Sierra-branded
gas flow meter (Figure 6a), a high-pressure gas
source tube, a two-stage regulator, sampling ports,
and a mini separator (Figure 6a). To minimize
reactions that could alter the geothermal brine,
stainless steel components were employed. Two
Ya-inch injection ports (Figure 6b) are positioned
at the reactor’s top to facilitate the injection of
gas and brine. A pressure relief valve ensures
safe pressure release in the event of uncontrolled
increases within the reactor. The batch reactor
includes a mixer with a power rating of 0.75 kW
(Figure 6¢), a 300-rpm reducer, Teflon packing,
and a specialized sealing system, allowing
continuous mixing at elevated temperatures and
pressures. The system’s temperature and pressure
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are constantly recorded by a thermocouple and
a pressure transmitter located at the bottom of
the reactor. Insulation materials and a double-
stage gas regulator maintain stable temperature
and pressure conditions during experiments.
The reactor is heated using the temperature of
the geothermal brine from the production line.
Brine samples are taken from the sampling

Figure 4. Workflow of the study.
Sekil 4. Calismanin is akist.

Figure 5. Illustration of the experimental setup.

Sekil 5. Deney diizeneginin sematik gosterimi.

port at the bottom of the reactor and routed to
a mini separator under atmospheric conditions.
Here, the flashed brine sample separates into gas
and liquid phases, with brine samples collected
from the bottom port of the mini separator. The
gas phase is funneled into a steam condenser to
remove steam from NCG, while pure and dry
CO, is quantified using a gas flow meter.
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Figure 6. Equipment in the experimental setup; a)
mass flowmeter and condenser, b) relief valve, gas
and liquid injecting ports, ¢) reactor with a mixing
motor and heating system, and d) mixer and rotor
Sekil 6. Deney diizeneginde kullanilan ekipmanlar: a)
Kiitlesel debimetre ve yogusturucu.

b) Emniyet vanasi, gaz ve sivi enjeksiyon girisleri c)
Karistirma motoru ve isitma sistemi bulunan reactor
d) Karstirict ve rotor.

The geothermal brine (9 liters) was gathered
from an injection well in the Alasehir field and
introduced into the reactor. CO, was likewise
sourced from a geothermal well, maintained
under static conditions with a pressure of 40
bar at the wellhead (Figure 7). The brine sample
was heated using the heat from an actively-
producing geothermal well and then routed into
capillary tubing that is encircled by the reactor.
The reactor was subsequently insulated from
the atmosphere with isolating materials. Once
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temperature stabilization was achieved, CO, was
supplied to the reactor at constant pressure while
the system underwent continuous mixing. This
consistent mixing of the fluids within the reactor
maximizes the contact surface area between
geothermal brine and CO, (Figure 8).

Figure 7. Gas collecting at a well for the experiments.

Sekil 7. Deneylerde kullanilan gaz toplama kuyusu.

The gas content of the NCG is shown in Table
3. As can be seen, CO, constitutes more than
99% of the total dry gas volume. The geothermal
well has not flowed for over 16 months, and
NCG accumulation occurred at the wellhead due
to density differences. The geochemical content
of the geothermal brine collected from the re-
injection line is also presented in Table 4.
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Figure 8. A view of the experimental setup in the field.

Sekil 8. Sahada kurulan deney sisteminin gértiniimii.

Table 3. Gas content of NCG.
Cizelge 3.Yogusmayan gazlarin (YMG) bilesimi.

Gas Composition Volume % in dry gas

Carbon Dioxide (CO,) 99.38

Nitrogen (N,) 0.36
Methane (CH,) 0.21
Hydrogen Sulfide (H,S)  0.0036
Argon (Ar) 0.003
Hydrogen (H,) 0.01
Helium (He) 0.00005

Modeling of Batch Experiments using
PHREEQC

PHREEQC version 3 (PH Redox
Equilibrium), which has the capability to perform
saturation index calculations and speciation,
was used for aqueous geochemical calculations

Table 4. Concentration of elements in geothermal
brine.

Cizelge 4. Jeotermal akiskandaki element
konsantrasyonlari.

Element Concentration Element Concentration

(ppm) (ppm)
F- 103 Na' 606.6
Cr 306 NH,” 63
AP 0.43 K 47.7
Br 1.35 Mg?  0.52
NO,  1.06 Ca™ 21
SO, 198 o2 320
PO,> 14 HCO,; 160
Li* 4.0 Sit 120
TDS 1627

(Parkhurst and Appelo, 2013). PHREEQC may
also be used to study mineral and gas equilibria,
solution mixing, advective transport calculations,
inverse modeling, surface complexation
reactions, and ion exchange reactions (Parkhurst,

2005). PHREEQC can utilize different
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thermodynamic databases, such as the default
database LLNL (Parkhurst and Appelo, 2013) or
Thermoddem developed by Blanc et al. (2012).
Due to the degree of crystallinity and/or the
compositions of the examined mineral phases,
the choice of thermodynamic dataset utilized in
the calculations is a case-by-case procedure, and
the various thermodynamic datasets can result
in different outcomes. Akin and Kargi (2019)
simulated the geochemical evolution of fluids
in geothermal wells in the west of Tiirkiye using
PHREEQC code. They used databases such as
PHREEQC.dat and LLNL.dat when matching
actual field measurements. The use of LLNL.
dat provided a better match with the field’s
geochemical data. Since similar compositions
of geothermal fluid have been used in this study,
LLNL.dat was utilized as the reference database
for the simulation of CO, dissolution. A code
written in the PHREEQC Notepad was used
for CO, dissolution in geothermal water and
water-rock interaction. CO, solubility in water
was solved using the Peng-Robinson equation
of state (Peng & Robinson, 1976). Governing
equations for water-rock interactions are
presented in Equations 1 to 4. In these equations,
activation energy (E) is the minimum amount
of energy required for a chemical reaction to
occur. Activation energy determines the rate
at which mineral reactions, such as dissolution
or precipitation, occur. The higher the energy
activation, the slower the reaction rate at a given
temperature. Kinetic reaction rates (k, ,) describe
how quickly a chemical reaction proéeeds over
time. For minerals, this refers to the rates at which
they dissolve in a solvent or precipitate from a
solution. The rate of these reactions depends on
several factors, including temperature, energy
activation, mineral surface area, and ionic
strength.
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1
298.15) (1)

E 1
kZ:kl*eXp(E*(T_K_

(%) . (%)0'67 *ky * (1 — SR(Mineral)) ()

Moles = rate * time (3)

Concentration = moles * MW * 1000 (4)

RESULTS AND DISCUSSION

The mineral surface area A ) was determined
through image processing with Imagel,
supplemented by SEM-EDX and XRD results.
XRD analyses of core samples were conducted
using a GNR APD 2000PRO brand X-ray
diffractometer. Core samples from depths of
1900 m and 3000 m were crushed and sorted
using screeners (Figure 9).

The image processing of rock powders was
conducted using ImageJ. An image of randomly
mixed mineral particles was captured and
introduced to Imagel (Figure 10). By coloring
the mineral particles, image processing provides
volume and surface area of minerals by utilizing
the roundness and size of the particles (Figure
11). The average particle area was measured as
0.398 mm? with a standard deviation of 0.167
mm?. To determine the mineral surface area
of each mineral type, it is necessary to obtain
measurements using a polarized light microscope.
(Figures 12 and 13), EDX SEM (Figures 16 and
17, Tables 5 and 6), and XRD analyses (Figures
16 and 17). The major minerals identified with
EDX SEM included quartz, albite, magnesite,
siderite, kaolinite, calcite, and muscovite.
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Figure 9. Crushing core samples into small particles (core sample (a) Screener (b), shaking screeners (c), separated
particles (d)).

Sekil 9. Karot orneklerinin kii¢iik partikiillere kirilmast (a) karot 6rnegi, (b) elek, (c) titresimli elekler, (d) segilen
partikiiller.

Figure 10. Image processing of rock powder using ImageJ.

Sekil 10. ImageJ ile kaya tozu partikiillerinin goriintii analizleri.
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Figure 11. Mineral surface area (in mm?) calculation using ImageJ.

Sekil 11. ImageJ tabanl mineral yiizey alant (mm?) hesaplamast.

The samples were crushed into powder and
placed on the plaques. XRD patterns were then
obtained and interpreted to identify mineral
content. The mineral contents of the powder
were calculated by matching peak measurements
with the Inorganic Crystal Structure Database
(ICSD) 12++ dataset. The XRD results for two
sets of mineral assemblages before and after the
batch experiments are shown in Figures 16 and
17. PHREEQC software was used to simulate
water-rock interaction in the batch experiments.
The average mineral surface area, calculated
with the ImageJ program, was then multiplied

by the mineral content of each mineral to obtain
their corresponding surface areas separately.

Equations (5) to (13) provide standard
stoichiometric  reactions. The CO, -charged
geothermal water reacts with rock minerals in
two ways. First, it consumes hydrogen ions that
neutralize the acidic gas-charged water, thereby
increasing the likelihood of carbonate mineral
precipitation as the pH rises. Second, the cations
react with dissolved CO, to form stable carbonate
minerals.
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Figure 12. a) Macroscopic view of the core sample taken from 1900 m depth, b) polarized light microscope
measurements identified quartz-filled lenses and bands, c¢) lepidoblastic biotite and granoblastic quartz and albite
minerals, and alteration products magnesite (Mgs), siderite (Sd) and kaolinite (KIn) developed between biotite plates.
XPL: Double Nicol, PPL: Single Nicol, Mgs: Magnesite, Sd: Siderite, Qz: Quartz, Bt: Biotite, Ab: Albite, Zrn:
Zircon Py: Pyrite.

Sekil 12. a) 1900 m derinlikten alinan karot érneginin makroskobik gériiniimii b) Polarizan 151k mikroskobu
ol¢iimlerinde kuvars dolgulu lens ve bantlar tanimlanmistir ¢) Lepidoblastik biyotit ile granoblastik kuvars ve albit
mineralleri, ayrica alterasyon iiriinleri olan manyezit (Mgs), siderit (Sd) ve biyotit lamelleri arasinda geligmig
kaolinit (KIn) mineralleri gézlenmigtir XPL: Cift nikol, PPL: Tek nikol, Mgs: Manyezit, Sd: Siderit, Qz: Kuvars, Bt:
Biyotit, Ab: Albit, Zrn: Zirkon, Py: Pirit.



Jeoloji Mihendisligi Dergisi 49 (3) 2025 61

Arastirma Makalesi / Research Article

Figure 13. a) Macroscopic view of the core sample taken from 3000 m depth, (b) calcite-filled lens and quartz-filled
bands in polarized light microscope measurements, (c) optical microscope views of levels containing granoblastic
textured calcites and quartz, albite, muscovite and opaque mineral (pyrite). XPL: Double Nicol, PPL: Single Nicol,
Cal: Calcite, Qz: Quartz, Ms: Muscovite, Ab: Albite, Py: Pyrite.

Sekil 13. a) 3000 m derinlikten alinan karot 6rneginin makroskobik goriiniimii b) Polarizan stk mikroskobu (PLM)
incelemelerinde kalsit dolgulu lens ve kuvars dolgulu bantlar gézlenmistir ¢) Granoblastik dokulu kalsitlerin yani
swra kuvars, albit, muskovit ve opak mineral (pirit) i¢eren seviyelerin optik mikroskop gériintiileri. XPL: Cift nikol,
PPL: Teknikol, Cal: Kalsit, Qz: Kuvars, Ms: Muskovit, Ab: Albit, Py: Pirit.
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Figure 14. EDX SEM images of rock samples from 1900 m depth.
Sekil 14. 1900 m derinligindeki kaya drneklerinin EDX-SEM goriintiileri.

Table 5. Chemical formulas of minerals at 1900 m.

Cizelge 5. 1900 m derinliginde tamimlanan minerallerin kimyasal bilesimleri.

1 Sphene (Titanite) CaTiSiO;

2 Chloritized biotite K, (Si, Al ) (AL, Mg, Fe ) O, (OH),

3 Calcite CaCo,

4 Sphene (Titanite) CaTiSiO;

5 Phengitic muscovite (K,(Na,,Ca ) (Si, Al ) (AL, Mg, ) O, (OH),
6 Apatite Ca, (PO,),(OH) ,F .CI ,

7 Pyrite FeS,

8 Phengitic muscovite (K,(Na,,Ca ) (Siy Al ) (AL, Mg, ) O, (OH),
9 Sphene (Titanite) CaTiSiO;

10 Phengitic muscovite (K,(Na,,) (Si, Al ) (AL, Mg, ) O, (OH),

11 Phengitic muscovite (K,(Na, ) (Si, Al ,) (A, Mg, )O, (OH),

12 Phengitic muscovite (K,,) (Si, AL ) (AL ;Mg Fe ) O, (OH),

13 Calcite CaCoO,

14 Pyrite FeS,

15 Quartz Sio,

16 Phlogopite (K,,) (Si, AL ) (Al Mg, Fe ) O, (OH),

17 Phlogopite (Ko.oNao.z) (Si3.(lAI|.0) (AIH Mg|.4Feo.1) OIO(OH)Z
18 Tourmaline NaMg, Al, (BO,),SiO (OH),

19 Phengitic muscovite (K,,) (Si, Al ,) (Al Mg, _Fe ) O, (OH),

20 Calcite CaCO
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Figure 15. EDX SEM images of rock samples from 3000 m depth.
Sekil 15. 3000 m kaya orneklerinin EDX-SEM gériintiileri.

Table 6. Chemical formulas of minerals at 3000 m.
Cizelge 6.3000 m derinliginde tanimlanan minerallerin kimyasal bilegimleri.

1 Biotite

2 Kaolinite
3 Ferroan Magnesite
4 Ilmenite
5 Ilmenite
6 Biotite

7 Biotite

8 Kaolinite
9 Kaolinite
10 Biotite

11 Feldspar
12 Calcian magnesian siderite
13 Apatite
14 Kaolinite
15 Feldspar
16 Kaolinite
17 Biotite

18 Rutile

19 Biotite
20 Kaolinite
21 Ilmenite
22 Feldspar
23 Biotite

(KO,Q) (SilOAIl.O) (MgZ.lFeO.SAIO.Z) OIO (OH)Z
Si,ALO, (OH),

(Mg, Fe),CO,)

(Fe*'TiO,)

(Fe*'TiO,)

Ky, Nay) (Sis.oAll.o) (Mg, Fey Al ;) O, (OH),
(Ko.x) (Sis.oAILo) (MgZ.IFeO.()AIOA) 0, (OH)z
Si,ALO, (OH),

SizAIZO5 (OH) A

(K0.7) (Si3.(1AIl.0) (MgZ.ZFeO.3AI
Nal.OAII.OSi3.008
(Ca,Mg,Fe),CO,
CaS.O(PO4)3(OH)O.SFO.}CIO.S
Si,ALO,(OH),

Na0.9cal.0 AIl.lSi2.908
Si,ALLO,(OH),

(Ko,g) (Si3,OAIl.0) (Mg, Fe Al O (OH)Z
TiO,

(Ko.7) (Sis.oAll.o) (Mgz.sFeO.zAlo.s) 010 (OH)Z
Si,ALO,(OH),

Fe*'TiO,

Na, Al Si, O

1.0773.078
(K Nan 7) (Sl nAII n) (Mg7 7Fen F\AI“ ) Om (OH)7

) O,, (OH),

0.5

06
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The representative reaction for this process
is depicted in Equation (5) (Delerce et al., 2023).
These cations facilitate the mineralization of CO,
(g) into biotite, calcite, and kaolinite. In the first
mineral assemblage at a depth of 1900 m, the
quartz mineral content decreased from 19.4%
to 15.3%; magnesite mineral content remained
unchanged; kaolinite mineral content increased
from 13.2% to 15.7%; and biotite content rose
from 3.6% to 4.3%. Dolomite mineral content
decreased by half of its initial value, and
siderite content fell from 1.5% to 0.4% (Figure
16). In the second mineral assemblage at 3000
m depth, the calcite content increased from
66.6% to 79.1%; the quartz content decreased
from 20.3% to 13%; and the muscovite mineral
content decreased from 13.1% to 7.9% (Figure
17). Alteration involves the decomposition of
primary metamorphic rock and the precipitation
of secondary minerals. In the batch experiments,
the mineral assemblage remained constant
while the abundance of the minerals changed.
Equations (6) and (7) represent the carbonation
of siderite (Mendoza et al., 2019), while equation
(8) describes the reaction of pyrite with water
and oxygen to form sulfuric acid. Magnesite
carbonation is expressed in equations (9) and
(10). Metal cations in the minerals are exchanged
for H', resulting in the release of metal cations
(K*, Ca?*, Na*, etc.), and the content of smectite
and kaolinite may increase from the retained
ions (AI**, O*, Si*") (Mendoza et al., 2019). The
hydrolysis of calcium plagioclase feldspar and
potassium feldspar is illustrated in equations (11)

and (12), and equation (13) depicts the alteration
of albite into muscovite. During sampling and
handling, CO, may degas even with minimal
exposure, leading to localized increase in pH
within specific microenvironments. This change
could temporarily raise the calcite saturation
index, promoting its precipitation. Certain
mineral phases, especially secondary kaolinite,
may have formed during cooling or after the
experiment in the drying phase. These are
limitations of the experiments.

2H" + H,0 + (Ca, Mg, Fe, A)SiO, —

Ca*, Mg*, Fe*", AP + H,SiO, )
Fe,O,(s) +Fe(s) +4CO,(g) —

4FeCO, (s) (6)
Fe,0,(s) +Fe(s) +3CO,(g) —

3FeCO, (s) (7)
2FeS (s) +70,+2H,0 —

2Fe* + H SO, + 2H" (8)
Mg*(aq) + 2HCO, (aq) —

MgCO, (s) + CO, (g) + H,O 9)
Mg(OH), +2CO, — Mg(HCO,), (10)
KAISi,O.+ H" +4.5H,0 —

0.5 ALSi,0(OH), +K* +2HSiO,(aq)  (11)
CaAl Si,0+ H,CO, +0.50, —

ALSi,O(OH), + Ca* + CO.> (12)
3NaAlSi 0, + K* +2H" —

KALSi,0, (OH), +3Na" + 6SiO, (13)

3710
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Figure 16. XRD measurements of the core sample taken from 1900 m depth before (a) and after (b) batch experiments.

Sekil 16. 1900 m derinlikten alinan karot érneginin kesikli deneyleri oncesi (a) ve sonrast (b) XRD él¢iimleri.

Figure 17. XRD measurements of the core sample taken from 3000 m depth before (a) and after (b) batch experiments.

Sekil 17. 3000 m derinlikten alinan karot érneginin kesikli deneyleri oncesi (a) ve sonrasi (b) XRD 6l¢iimleri.
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A PHREEQC code was used to simulate
the batch experiment, considering rock surface
area, initial moles of minerals, kinetic reaction
rates, and activation energy of the minerals.
The number of moles and rock surface area for
each mineral were calculated using the image
processing method and XRD results (Tables 7
and 8). By tuning the kinetic rates and activation
energy of the minerals, ion concentrations (SiO,,
Ca?", AI**, CI, and Fe?") were adjusted to match
experimental results (Table 7). Concentrations of
major elements were aligned with those obtained
from experimental results (Figures 18-21). The
parameters were consistent with USGS data
(Table 9).

It is recognized that calibrating both kinetic
rates and activation energy parameters adds
flexibility, which, if not carefully constrained,
could weaken the model’s predictive accuracy.
To mitigate this risk, our calibration strategy
was informed by literature values, particularly
those reported by Palandri and Kharaka (2004),
which served as limits for both kinetic rates
and activation energies. The tuning process
was conducted within these published ranges,
prioritizing adjustments to only one parameter
(usually the kinetic rate) unless a good match
could not be achieved. In such cases, minimal
adjustments to the activation energy were made
to better align with experimental data while
maintaining physical plausibility.

Additionally, the calibration was validated
by reproducing multiple elemental concentration
trends (e.g., SiO,, Ca*’, Fe*"), not just a single
target variable, which helps reduce the risk of
parameter compensation and overfitting.

Table 7. Surface area and mole number of mineral
assemblages for the rock sample taken from a depth
of 1900 m.

Cizelge 7. 1900 m derinligindeki kaya orneginde
belirlenen mineral topluluklarinin yiizey alani ve mol
miktarlari.

Minerals Mole number Mineral surface

area (cm?)

Feldspar  0.226 1451.9
Quartz 0.581 804.8
Magnesite 0.518 1008.0
Kaolinite  0.092 547.6
Biotite 0.0149 149.3
Dolomite  0.029 124.5
Siderite 0.023 62.2

Table 8. Surface area and mole number of mineral
assemblages for rock sample taken from 3000 m
depth.

Cizelge 8. 3000 m derinlikten alinan kaya drnegine
ait mineral topluluklarinin yiizey alani ve mol sayisi.

Minerals Mole number Mineral surface

area (cm?)
Calcite 1.118 2578.5
Quartz 0.570 786.0
Muscovite  0.068 507.2

In the first batch experiment, a mineral
assemblage comprising rock powder obtained
from a core sample taken at a depth of 1900 m
was exposed to CO_-saturated brine for 3 weeks
at 95 °C and 10 bar. Due to the constraints
associated with sealing the experimental batch
tank, the pressure in the experiments was limited
to 10 bar. To accurately simulate reservoir
conditions, we utilized PHREEQC software. The
concentration of major elements was matched
with simulations by tuning the activation energy
and kinetic reaction rate of minerals.
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Table 9. Activation energy and kinetic rate constant to match PHREEQC model with experimental results and USGS

values.

Cizelge 9. PHREEQC modelinin deney sonuglari ve USGS degerleriyle uyumlandirilmast igin kullanilan aktivasyon

eneryjisi ve kinetik hiz sabiti.

Activation Energy (kJ mol™)

Kinetic Rate constants (mol m? s™)

PHREEQC USGS (Palandri & PHREEQC Model USGS (Palandri & Kharaka,

Model Kharaka, 2004) 2004)
Quartz 77 87.7 9101 1.023x101
Muscovite 22 22 1.404x10°1 2.81x101
Pyrite 57 56 8.81x10° 2.8x10°%
Albite 69 69 2.75%10710 2.754x1013
Kaolinite 22 38 6x10" 1.1x10"
Dolomite 36 52 6.45x10° 2.95x10*
Magnesite 20 23.5 4x1010 4.5x101°
Siderite 65 62.7 9x10°8 1.26x10°
Calcite 20 23.5 9x107 1.55x10°

AsseeninFigure 15a,antimony concentration
increased from 0.3 ppm to 1.1 ppm. Antimony,
a constituent of hydrothermally-formed mineral
pangenesis, is often found in the trivalent state
as stibnite (Sb,S.) (Krupp, 1988). Stibnite is the
most abundant mineral for antimony and serves
as the primary control over the concentration
of antimony in hydrothermal fluid (Olsen et
al., 2012). Antimony’s sulfur solubility is very
sensitive to temperature and pH changes (Erten
et al., 2021). In general, stibnite is more soluble
in acidic solutions than in basic solutions. This
is because the sulfide ion (S*) is more stable in
acidic solutions. In basic solutions, the sulfide
ion can react with hydroxide ions (OH) to form
insoluble hydroxides. The following reaction
shows the oxidation of stibnite in an acidic
solution:

Sb,S, + 3H,0 +30, — 2Sb (OH), + 3H,S  (14)

CO, dissolution in the geofluid decreases the
pH from 9.5 to 7.2. Thus, the reaction in Eq. (14)
shifted to the right and increased the antimony
concentration.

A" decreased from 0.43 ppm to 0.15 ppm
(Figure 18b). The source of AI** was the kaolinite
mineral in the rock sample. The precipitation of
kaolinite (increasing the mineral content from
13.1% to 15.7%) resulted in a decline in Al*
(Figure 16). Kaolinite is a clay mineral that
is relatively insoluble in water. However, its
solubility increases as pH decreases. This occurs
because the negative charges on the surface of
the kaolinite particles are more easily balanced
by hydrogen ions (H") in acidic solutions (Rao
et al., 2011). Kaolinite is also more reactive to
acid at lower pH values because acid can break
the bonds between the silicon and oxygen atoms
in the kaolinite structure. In the experiment, the
pH value falls within the alkaline range, which is
unfavorable for alkaline solubility.
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Table 10. Solubility of kaolinite with respect to pH
(Derived from Rao et al., 2011).
Cizelge 10. Kaolinit ¢éziiniirliigiintin pH ile iliskisi
(Rao vd., 2011 'den tiiretilmigtir).

pH Solubility Reactivity  Stability
Acidic (<4)  High High Low
Neutral (4-7) Low Low High

Alkaline (>7) Very low Very low High

Fe?* levels dropped from 0.1 ppm to stabilize
at 0.02 ppm (Figure 18c). The Fe?* source in this
experiment is attributed to the presence of siderite
and biotite minerals. XRD analysis indicated that
siderite was dissolving, while biotite precipitated
(Figure 16). The solubility of siderite (FeCO,)
in water diminishes as pH increases, as siderite
is a slightly acidic compound whose solubility
is enhanced under acidic conditions (Silva et al.
2002). Equation (15) illustrates the dissolution of
siderite in water:

FeCO, (s) + HO (1) + CO, (g)=
Fe** (aq) + HCO; (aq) (15)

The solubility of siderite is also affected by
the temperature and ionic strength of the solution
(Bénézeth et al., 2009). The solubility of siderite
decreases with rising temperature and ionic
strength.

Table 11. Solubility of siderite with respect to pH
(Silve et al., 2002).

Cizelge 11. Siderit ¢oziiniirliigiiniin pH ile iligkisi
(Silve vd., 2002).

pH Temperature Solubility
O (mg LY
5 25 100
6 25 50
7 25 10
8 25 0.1

Biotite is a mica mineral commonly found
in igneous, metamorphic, and sedimentary
rocks. It is a sheet silicate mineral, meaning its
structure consists of layers of silicon dioxide
(Si0,) sandwiched between layers of aluminum,
iron, magnesium, and potassium (Samadi et
al., 2021). Generally, biotite dissolves more
rapidly in acidic solutions than in basic ones.
This is because acidic solutions can more easily
break the bonds that hold the minerals together
(Bray et al., 2015). The solubility of biotite in
water decreases with increasing temperature,
as higher temperatures provide more energy
for water molecules to break the bonds holding
the biotite mineral together (Malmstrdom and
Banwart, 1997). In the experiment, the initial
temperature was 25 °C, which increased to 95 °C
and stabilized throughout the experiment. Thus,
biotite exhibited precipitation behavior, resulting
in a decrease in Fe?".

The concentration of Ca** showed a
declining trend during the experiment (Figure
18d). CaCO, is more soluble in water at lower
pH levels, indicating that it dissolves more
readily in acidic environments (Hart et al., 2013).
This occurs because the carbonate ion (CO,*) is
more stable in acidic conditions. Additionally,
the solubility of Ca* in water decreases as the
temperature rises (Straub, 1932), meaning that
less Ca will dissolve in warm water compared
to cold. In this experiment, dolomite served as
the source of Ca*". As illustrated in Figure 16,
the dolomite concentration dropped from 3.0%
to 1.9%. Several factors influence the solubility
of dolomite, including temperature, pH, and the
presence of other ions, with temperature being
the most impactful. Dolomite’s solubility in
water is influenced by pH; it increases with rising
pH levels, suggesting that more dolomite will
dissolve in basic solutions due to the carbonate
ion (CO.»), the primary element in dissolved
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dolomite, being more stable in such conditions. 7.2 (Figure 19d), which would typically suggest
However, increased temperature results in a an increase in Ca*" solubility. Nonetheless, the
decrease in dolomite solubility, as the amount system’s temperature elevated from 25 °C to 95
that dissolves in hot water is less than in cold °C, leading to a reduction in Ca*" solubility.

water. The pH in the experiment fell from 9.5 to
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Figure 18. Experimental and simulation results for rock samples taken from 1900 m, a) antimony, b) aluminum, c)
Fe?*, d) Ca**

Sekil 18. 1900 m derinlikten alinan kaya érneklerine ait deney ve simiilasyon sonuglari: a) antimon b) aliiminyum
c) Fe’* d) Ca’*
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Silica concentration decreased from 120 ppm
to 85 ppm (Figure 19a). The solubility of silica
in water is little affected by pH values between
1 and 9, but rises rapidly at pH levels above
9 (Krauskopf, 1956). Consequently, it is not
influenced by the pH of the water. The solubility
of silica is also impacted by temperature; it
increases with rising temperature (Krauskopf,
1956). This is because water molecules can more
casily break apart silica molecules at higher
temperatures. Additionally, the solubility of
Si0O, is influenced by the presence of other ions
in water. For example, the presence of Ca’" can
reduce the solubility of SiO,. This occurs because
Ca?" can form complexes with silica molecules,
making them less soluble in water (Szymanek et
al., 2021).

Mg?* concentration increased from 0.8 to
5 ppm (Figure 19b). The source of magnesium
was magnesite and dolomite minerals in the
experiment. The presence of magnesite at 1900
m depth was confirmed by consistent XRD
peaks and further validated through SEM-EDS
spot analyses. The core sample from this depth
was classified as a biotite-quartz-albite schist, a
typical lithology of the Menderes metamorphic
complex. Therefore, the magnesite detected does
not have primary igneous origin but is interpreted
as a post-metamorphic alteration product formed
during low-temperature (<200 °C) hydrothermal
processes related to geothermal fluid circulation.
This interpretation aligns with previous studies
of metamorphic rocks in the region, where
magnesite and siderite often occur as pore-filling
carbonates or thin alteration bands (Haklidir et al.,
2021; Karamanderesi & Helvaci, 2003; Bozkaya
et al., 2024). Magnesite content decreased from
24.3% to 24% and dolomite mineral content
decreased from 3.0% to 1.9% (Figure 16).

The Cl concentration remained constant,
stabilizing around 145 ppm (Figure 19¢). The

solubility of chloride ions in water is unaffected
by pH. Cl ions are negatively charged, while pH
measures the concentration of H" in a solution.
Solubility of Cl is influenced by temperature, but
not by pH (Musa & Hamoshi, 2012).

In the second batch experiment, a mineral
assemblage comprising rock powder obtained
from a core sample taken from a depth of 3000 m
was exposed to CO_-saturated brine for 3 weeks
at 95 °C and 10 bar. The mineral content of the
rock sample is shown in Figure 17.

Mg* concentration showed an increasing
trend (Figure 20a). The solubility of Mg*
increases with rising pH, indicating that more
Mg will dissolve in basic solutions. This occurs
because the hydroxide ion (OH"), which is the
primary form of Mg?" in water, is more stable in
basic solutions (Nishiki et al., 2023). As depicted
in Figure 20d, pH decreased from 9.5 to 7.1
with CO,, then increased slightly to 7.5. This
increased Mg** concentration.

Aluminum  concentration showed a
declining behavior (Figure 20b). The solubility of
aluminum hydroxide decreases with increasing
temperature and ionic strength (Feng et al.,
2008). The system’s temperature was increased
from 25 °C to 95 °C, and the lack of kaolinite
in the system caused a decrease in aluminum
concentration.

The solubility of calcium carbonate (CaCO,)
in water increases as the pH decreases, indicating
that more CaCO, will dissolve in acidic solutions
(Hart et al., 2013). This occurs because the
carbonate ion (CO,”) is more stable in acidic
environments. The solubility of calcium (Ca®") in
water decreases as the temperature rises (Straub,
1932). In the experiment, the Ca** concentration
increased significantly (Figure 20c). This is
attributed to the increasing acidity of the brine
(Figure 20d). Consequently, a decrease in the
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calcite mineral content of the assemblage was
expected by the end of the experiment. However,
XRD results indicate an increased trend (Figure
20). This behavior is likely due to the sudden
pressure drop in the system, which led to CaCO,
precipitation.

Silica concentration decreased from 105
to 67 ppm (Figure 21a). Consequently, it is
unaffected by the pH of water. The solubility of
silica is influenced by temperature. Specifically,
the solubility of silica increases with rising
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temperature (Krauskopf, 1956). This occurs
because water molecules can more easily break
apart silica molecules at higher temperatures.
Additionally, the solubility of silica is affected
by the presence of other ions in the water.
For example, the presence of Ca®* can reduce
the solubility of silica. This happens because
Ca? can form complexes with the silica
molecules, making them less soluble in water
(Szymanek et al., 2021). A significant increase
in Ca?" concentration probably decreased silica
solubility.
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Figure 19. Experimental and simulation results for rock samples taken from 1900 m, a) SiO,, b) Mg*, ¢) CI', d) pH.
Sekil 19. 1900 m derinlikten alinan kaya orneklerine ait deney ve simiilasyon sonuglari: a) SiO, b) Mg’ c¢) CI d) pH.
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The solubility of Fe?" in water is influenced
by the pH of the solution. Iron dissolves more
readily in acidic solutions compared to neutral
or alkaline solutions. This increased solubility
because the iron atoms in acidic
environments are more inclined to lose electrons,
resulting in the formation of positively-charged
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ions (Fe* or Fe*"). These ions are significantly
more soluble in water than their neutral or
negatively-charged counterparts (Liu & Millero,
2002). Lowering the pH from 9.5 to 7.1 raised
iron solubility from 0.165 to 0.205 ppm (Figure
18b).
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Figure 20. Experimental and simulation results for rock samples taken from 3000 m, a) magnesium, b) aluminum, c)
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Sekil 20. 3000 m derinlikten alinan kaya orneklerine ait deney ve simiilasyon sonuglari: a) magnesium b) aluminum

¢) Ca’* d) pH.
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Figure 21. Experimental and simulation results for rock samples taken from 3000 m, a) silica, b) iron.

Sekil 21. 3000 m derinlikten alinan kaya érneklerine ait deney ve simiilasyon sonuglari:a) silika b) demir

XRD results showed that rock samples
involved specific alterations, such as siderite,
magnesite, muscovite, kaolinite, dolomite,
quartz, biotite, and feldspar (albite).

In the CO,-saturated  geofluid-rock
interaction for the first mineral assemblage (1900
m), quartz, magnesite, dolomite, and siderite
minerals exhibited a dissolution trend, while
feldspar, kaolinite, and biotite demonstrated
precipitation behavior. In the batch experiment
with the second mineral assemblage (3000 m),
calcite displayed precipitation behavior. The
increasing acidity of the fluid favors calcite
dissolution, as confirmed by Figure 20c, which
indicates an increase in Ca®* concentration. The
rise in calcite content is likely associated with
the experimental procedure; as the interaction
is completed, the system is discharged to
collect minerals for rock analysis following the
experiment. During the discharge process, CO, is
released, leading to calcite precipitation. Quartz

and muscovite had dissolution trends. The pH
of the solution decreased from 9.5 to 7.2 due
to CO, dissolution in the brine. The decreasing
pH caused a decline in silica in both batch
experiments because solubility changes rapidly
when pH exceeds 9.

In the studied batch experiments, the
mineral assemblage remained the same while
the abundance of the minerals changed. The
study showed that the presence of cations such
as Ca?*, AI**, and Fe?* promoted the precipitation
of CO, as carbonates. The results of the batch
experiments matched those of the PHREEQC
results. The parameters adjusted for these
matches were activation energy and kinetic
reaction rates of the minerals. The tuning values
of the parameters were in accord with USGS data
for quartz, muscovite, pyrite, magnesite, siderite,
and calcite. Discrepancies were observed for
albite, kaolinite, and dolomite.
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In the fluid-rock interaction experiments, the
primary CO, trapping mechanism was identified
as solubility trapping rather than mineralization.
The results of solubility trapping can be found
in Aydin and Akin (2023). CO, was measured
using a gas flowmeter and alkalinity tests. The
maximum gas content was determined to be 0.45%
by weight under the experimental conditions.
Siderite, magnesite, and calcite are the main
minerals associated with CO, mineralization.
As the CaCO, content of minerals was analyzed,
8.87 g of CO, was mineralized. Meanwhile, 40.5
g of CO, was dissolved in the geothermal brine.

Solubility trapping, although beneficial
in the short- to medium-term due to its quick
kinetics and high capacity under reservoir
conditions, is essentially reversible. Pressure
drops can cause CO, to degas, posing potential
risks for remobilization and even leakage over
time. Reinjection of waste brine is an industrial
practice used to maintain the sustainability of
geothermal production and reservoir pressure.
Continuous re-injection can help mitigate
long-term reservoir pressure declines. There
are also specialized techniques for gas leakage
monitoring, such as distributed temperature
sensing (DTS), which utilizes fiber optics in the
wellbore to detect gas leaks (Merey & Aydin,
2025), and remote sensing technologies like
InSAR for monitoring ground subsidence and
tilting during gas injection. Akin et al. (2025)
observed soil CO, fluxes surrounding the faults
in Kizildere field before and after the demo-pilot
gas injection at the nearby well. No significant
variations were detected in shallow groundwater
composition or soil CO, fluxes throughout the
different phases of the injection.

It is important to note that the batch
experiments were conducted under relatively
lower pressure and temperature conditions

compared to in situ conditions due to laboratory
limitations. As a result, the kinetic rates and
mineral stability observed in this study may differ
from those under actual reservoir conditions,
where elevated temperature and pressure
significantly influence geochemical processes.
While the findings provide valuable insights
into water-rock interaction trends, they should
be interpreted as indicative rather than fully
representative of in situ behavior. Future studies
will aim to incorporate high-pressure and high-
temperature experiments to simulate reservoir
conditions more accurately.

Although core samples were taken from the
Kizildere geothermal reservoir, the geothermal
brine for the batch experiments was sourced
from the Alasehir field. This choice was
mainly due to operational convenience, as the
experimental setup was located in Alasehir,
allowing easy access to fresh geothermal brine
from a nearby injection well. Additionally,
previous hydrochemical analyses indicate that
the geothermal fluids of Kizildere and Alasehir
have similar Na-HCO,-type water chemistry
(Haklidir & Sengun, 2020). Thus, using Alasehir
brine was appropriate for simulating water-rock
interactions under representative conditions.
However, we recognize that using brine directly
from Kizildere would have provided a more site-
specific understanding of fluid-rock interactions.
This limitation is acknowledged, and future
studies will include parallel experiments with
brine from the Kizildere reservoir to enable more
detailed comparisons.

CONCLUSION

This study offers a comprehensive
understanding of the geochemical changes
and mineral reaction kinetics during CO,
sequestration in Paleozoic metamorphic rocks,
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utilizing a detailed experimental and simulation
approach.

Our investigations underscore the efficiency
and stability of CO, sequestration through
solubility trapping mechanisms compared to
mineral trapping under the studied conditions.
Importantly, the high cation concentrations
present in the metamorphic rocks of the
Kizildere geothermal reservoir positively
contribute to the CO, trapping potential. These
geochemical insights are critical for optimizing
CO, sequestration strategies in similar geological
settings worldwide.

Crucially, batch experiments conducted
at 95 °C and 10 bar revealed that a substantial
portion of CO, (0.45% by weight, corresponding
to 40.5 grams in 9 liters of brine) was trapped
as dissolved gas, highlighting the dominance of
solubility trapping over mineral trapping, where
only 8.87 grams of CO, were mineralized. This
predominance of solubility trapping emphasizes
the importance of solution geochemistry in
optimizing CO, sequestration strategies.

The experiments also indicated potential
challenges associated with SiO, precipitation,
notably as the pH decreased from 9.5 to 7.2,
conditions were unfavorable for SiO, dissolution.
Therefore, it is critical to maintain the injection
temperature above the silica saturation
temperature to mitigate SiO, precipitation.

Furthermore, a comparison between various
rock depths indicates that the reservoir rock at a
depth of 3000 m may be more conducive to CO,
injection. This phenomenon can be attributed to
the enhanced injectivity potential resulting from
the interactions between CO -saturated brine and
rock at this specific depth.

Future research should aim to broaden the
experimental parameters to encompass different

Arastirma Makalesi / Research Article

pressures and temperatures; thereby, more
accurately simulating the natural conditions
of geothermal reservoirs. Moreover, extended
reaction studies are essential to comprehend
the sustainability and long-term ramifications
of mineral alterations on the efficacy of CO,
trapping. Such insights will be critical in refining
our understanding of geological CO, storage
mechanisms and improving the reliability of
these methods in mitigating atmospheric CO,
levels; hence, contributing to global climate
change mitigation strategies.

Nomenclature

k, is the specific rate constant in mol/mol*/sec
at 25 °C,

k, is the specific rate constant at a specified
temperature in Kelvin (T,),

=

is the gas constant, 8.3145 J/mole,

E  is the activation energy for each mineral, J/
mole,

SR is the saturation ratio (ion activity/
equilibrium constant) with transition-state
theory,

m_ 1s the initial moles of the kinetic reactant,
A istheinitial surface area of mineral in meter?,

V' 1is the solution volume in contact with A, in
liters; concentration is in mg/L.
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ABSTRACT

Predicting water consumption is crucial for the sustainable management of water resources and for solving the
world’s water problems. Water is the subject of numerous studies as it is essential for the survival of all living beings.
Artificial intelligence, machine learning and conventional statistical methods have been used in these studies. This
article provides a comprehensive overview of the research about Al applications for water consumption predictions.
The study was conducted using articles published between 2019 and 2024, retrieved from academic databases such
as SpringerLink, IEEE Xplore and Scopus. The analyzed literature was categorized based on water studies in relation
to the algorithms used to predict water consumption. The study also investigated the advantages, disadvantages and
difficulties of artificial intelligence methods used in water consumption estimation studies. The results show that
the performance of Long Short-Term Memory models is better than other methods. Nevertheless, data quality and
availability are limiting factors. This study examines recent advances in predicting water consumption using Al-
based methods and identifies potential areas for further research in this field.

Keywords: Artificial intelligence, machine learning, water demand management, water forecasting

0z

Su tiiketiminin tahmin edilmesi, su kaynaklarmmin siirdiiviilebilir bir sekilde yonetilmesi ve diinya genelindeki
su sorunlarinin ¢oziilmesi agisindan hayati 6neme sahiptir. Su, tiim canlilarin yasami igin vazgec¢ilmez oldugundan,
uzun stiredir bir¢ok calismanin odaginda yer almisti. Bu ¢alismalarda yapay zekd, makine ogrenmesi ve
geleneksel istatistiksel yontemler kullanilmistir. Bu makale, su tiiketimi tahmininde yapay zeka uygulamalarina dair
mevcut arastirmalart kapsamli bir sekilde incelemektedir. Calisma, 2019 ile 2024 yillari arasinda yayimlanmig
ve SpringerLink, IEEE Xplore ve Scopus gibi akademik veri tabanlarindan elde edilmis makaleler iizerinden
yiiriitiilmiistiiv. Incelenen literatiir, su tiiketimini tahmin etmek icin kullanilan algoritmalara gére simflandirilmistir.
Ayrica, su tiketimi tahmin ¢alismalarinda kullanilan yapay zeka yontemlerinin avantajlari, dezavantajlari ve
karsilasilan zorluklar da degerlendirilmistir. Elde edilen sonuc¢lar, Uzun Kisa Siireli Bellek (LSTM) modellerinin
performansmin diger yontemlere kiyasla daha iyi oldugunu ortaya koymaktadir. Bununla birlikte, veri kalitesi ve
erigilebilirligi sumirlayict faktorler arasinda yer almaktadir. Bu ¢alisma, yapay zeka tabanli yontemlerle su tiiketimi
tahminine yonelik son gelismeleri incelemekte ve bu alandaki gelecekteki arastirmalar icin potansiyel yénleri
vurgulamaktadir.

Anahtar Kelimeler: Yapay zeka, makine ogrenmesi, su talebi yonetimi, su tiiketimi tahmini.

Sorumlu yazar / Corresponding author: gulsum.asiksoy@neu.edu.tr http://www.jmd.jmo.org.tr

http://dergipark.gov.tr/jmd


https://orcid.org/0000-0002-4184-8978
https://orcid.org/0000-0001-5793-4937

82 Avrtificial Intelligence in Water Consumption Forecasting: A Systematic Review

Asiksoy, Gokcekus

INTRODUCTION

Water  consumption  has  increased
significantly with the growing world population
and advancing technology (Piasecki et al., 2018).
Water resources are critical elements for the
economic development of a country or region.
As worldwide population growth accelerates
in parallel with economic globalization, water
scarcity has become a significant obstacle to
socio-economic development in many countries
(Chen et al., 2021). Improving the efficiency
of water management, creating a holistic
framework that integrates the social, economic
and environmental dimensions in harmony with
the natural water cycle, conserving water as
a strategic resource, and effectively planning
and utilizing resources are crucial steps in
sustainable development policies. Raising
consumer awareness of water stewardship is also
an essential part of this process (Kavurucu et al.,
2022)

Water is a finite and critical natural resource
that significantly influences economic and social
development. Modeling and forecasting about the
use of this scarce resource is crucial to effectively
meet current and future demand (Dong et al.,
2013). Accurately predicting trends in water
use will enable the development of strategies
that align resource management processes with
sustainability goals and support immediate and
long-term needs (Willmott, & Matsuura, 2005).

Predicting water use is important for
managing resources, averting water-related
crises, and ensuring the equitable distribution of
available resources. For managers, these water
use prediction models compensate for the time
invested in developing strategies, planning for
the future, and managing resources efficiently
(Rustam et al., 2022). These models also help
to assess the impact on water use patterns of

climatic changes, population growth, the scale of
economic activities and the expansion of urban
settlements (Rustam et al., 2022; Yu et al., 2019).

To date, conventional methods for modeling
water consumption patterns have used statistical
analysis (Bejarano et al., 2019). Political,
economic, and sociological factors have
traditionally been modeled using linear trends. In
many cases, the inclusion of water consumption
is only sometimes linear or modular. This has
created a need to use more advanced approaches
(Ribeiro et al., 2021). Recently, there has been
growing interest in artificial intelligence (Al)
and other machine learning-based technologies
as new tools to improve water consumption
forecasting. Advantages of these methods lie
in their ability to process large amounts of
data, recognize non-linear dependencies, and
respond flexibly to the demands of the changing
environment (Pourmousavi et al., 2022).

This article provides a systematic review
of the literature about the use of Al applications
in predicting water consumption. By analyzing
the performance of different algorithms,
characteristics of data types, and model
limitations based on literature reports from
related fields, this study exposes the current state
of affairs in this area and identifies where there
may be gaps for further investigation. Ultimately,
the study aims to present an overarching view
that is useful for both academia and practice.

METHODOLOGY

The main objective of this study is to
systematically evaluate the artificial intelligence
methods used in predicting water consumption,
discuss the challenges encountered and highlight
the opportunities for future research. To
ensure transparency and reliability, a rigorous



Jeoloji Muhendisligi Dergisi 49 (3) 2025

83

methodology was applied based on the Preferred
Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines (Moher et
al., 2009).

Databases and Screening Process

In this study, three academic databases
were searched to find studies that used
artificial intelligence methods to estimate water
consumption: SpringerLink, Scopus, and IEEE
Xplore.

During the search process, keywords such
as “artificial intelligence”, “machine learning”,
“deep learning”, “water consumption”, “water
usage”, “water demand forecasting”, and “water
demand prediction” were used to find studies
and examine the role of artificial intelligence

techniques in water consumption forecasting.

The search strategy was developed using
a combination of keywords related to artificial
intelligence and water demand forecasting.
Boolean operators and wildcard characters were
used to expand the search scope and capture
all relevant literature. The Boolean search
expression applied was as follows:

(“Artificial Intelligence” OR “Machine
Learning” OR “Deep Learning”) AND
(“Water Consumption” OR “Water Usage” OR
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“Water Demand”) AND (“Forecasting” OR
“Prediction”).

This approach ensured the inclusion of
studies that used various terminology to describe
Al-based water consumption prediction models.
Keywords were searched in the title, abstract,
and keyword fields to maximize retrieval of
relevant studies.

Inclusion and Exclusion Criteria

Inclusion and exclusion criteria are
summarized in Table 1.

The inclusion criteria for our study focused
on selecting research that utilized artificial
intelligence techniques for forecasting water
consumption. Studies incorporating real-world
and simulated water consumption data were
also considered for analysis. The studies needed
to be published between 2019 and 2024 and
written in English, as these were key selection
criteria. Studies using statistical methods other
than artificial intelligence techniques for water
consumption forecasting research were not
included. In addition, duplicate studies, book
chapters and conference abstracts and papers
whose full texts could not be accessed were
excluded. These criteria were applied to maintain
focus and methodological rigor in the study.

Table 1. Inclusion and exclusion criteria for systematic review.

Cizelge. Sistematik derleme icin dahil etme ve hari¢ tutma kriterleri.

Inclusion Criteria

Exclusion Criteria

Studies using artificial intelligence techniques for water

consumption forecasting.

Studies using real-world water consumption data as
well as simulated data.

Studies published between 2014 and 2024.

Studies written in English.

Studies using statistical methods other than Al-based

prediction techniques.
Duplicate studies or those with inaccessible full text.

Studies with inaccessible full text.

Book chapters, conference abstracts.
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Figure 1. PRISMA flow diagram for selection process (n represents the number of studies).
Sekil 1. Calisma se¢me siirecine ait PRISMA Akis Semast (n, ¢calisma sayisini temsil etmektedir).

The process for selecting relevant
publications is illustrated in detail in the
PRISMA flow chart in Figure 1. The initial
search yielded 85 articles. After removing 32
duplicates, 53 studies remained. Of these, 8 were
excluded for using traditional statistical methods
and 3 for not being written in English. Another
10 studies were excluded due to lack of full-text
access. Finally, 32 studies were included in the
systematic analysis.

Data Reliability and Bias Assessment

For the reliability of the study, the articles
were evaluated individually by two independent
researchers, and then a consensus was reached
on whether each study should be included. In
addition, criteria such as the impact factors of
the journals in which the articles were published,
the number of citations of the studies, and the
potential for direct application of the studies in
the environmental and climatic context were

analyzed in detail. Thus, it was ensured that the
articles included in the systematic review were
only those that met high scientific standards and
were relevant to the study’s objectives.

Table 2 provides a summary of the 32 studies
included in this systematic review. The studies
are classified according to the region in which
they were conducted, the Al methods used, the
dataset characteristics, the performance metrics,
and the results obtained.

RESULTS

This systematic review examined 32 studies
about predicting water consumption using
artificial intelligence (AI) techniques. This review
comprehensively analyzes the capabilities,
challenges, and practical applications of Al in
predicting water consumption by integrating
insights from recent research, data from Excel
datasets, and critical references.
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Table 2. Reviewed studies about artificial intelligence based water consumption forecasting.

Cizelge 2. Yapay zeka tabanli su tiiketimi tahminine iliskin incelenen ¢alismalar.

References Region Al Methods Dataset Performance Results
Metrics
El Hanjriet Morocco LSTM, Residential and ~ RMSE Achieved RMSE 5.60 m? and
al. (2023) ARIMA institutional 89% correlation, demonstrating
water usage data strong predictive performance.
Cao et al. China LSTNet, Hourly water RMSE, ASTGCN model reached
(2023) AutoStG, consumption (I, MAE, RSE  RMSE 566.4 m*>, MAE 377.7
ASTGCN 3,6, 12, and 24 m?, and 96.4% accuracy.
hours)
Monjardin et Philippines ANN Socioeconomic, R-value ANN achieved a strong
al. (2020) rainfall, correlation of R=0.97013
temperature. between actual and predicted
water usage.
(Rustamet - RF, DT, ET, Kaggle and F1,RMSE,  Delivered 96% accuracy for
al. 2022) LR, SVM, GitHub datasets MAE, MSE, water quality prediction.
ADA, CNN, for water R2
GRU consumption
Huang et al. China SAE, BPNN Hourly water MAPE, BPNN achieved MAPE of
(2023) usage data RMSE 2.31% and RMSE of 320 m*/
hour, indicating stable short-
term prediction.
Boudhaoui  France ML, LSTM, Hourly water RMSE LSTM predicted next hour
& Wira BPNN consumption data consumption with minimal
(2021) error, showing strong long-term
dependency learning.
Farah, etal. France ANN Hourly data from RMSE, R? High correlation (R? = 0.902)
(2019) AMR meters and accurate predictions for
restaurant water consumption
patterns.
Tzanes et al. Tilos Island Fuzzy Simulated water MAE, RMSE Clustering reduced MAE by
(2023) Clustering usage clusters 29%, improving short-term
Algorithm water usage predictions.
Cao et al. China SSA-CNN- Raw water MAE, Achieved 94.73% accuracy
(2024) BigRU consumption data RMSE, R? for urban water demand
predictions.
Liu et al. China STL-ADA- Daily water MAE, Strong trend and seasonal
(2023) LSTM demand data for MAPE, MSE, forecasting for water facilities,
two facilities RMSE, R?, but performance varied by data
AlIC type.
Kim et al. South Korea DNN, LSTM Daily water CC, NRMSE, LSTM achieved 0.95
(2023) demand data F1 correlation and NRMSE of
from Gurye 8.38, demonstrating excellent
station performance.
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Table 2. Devami
Cizelge 2. Continued.

References Region Al Methods Dataset Performance Results
Metrics
Yan et al. China Spatial Spatial clustering MAE, RMSE Hybrid CNN-bilSTM improved
(2022) Clustering, and water usage deterministic and probabilistic
MLP data predictions by up to 26.7%.
Wang etal.  China ESN Residential and - SN predicted water demand for
(2023) agricultural water 2025, with estimates varying by
demand data economic and price scenarios.
Zheng et al., China NARX Neural = Smart meter data MAE, RS-NARX outperformed
(2022) Network MAPE, standard NARX models,
RMSE providing better accuracy and
stability.
Gutiérrez et  Mexico AHN Water flow sensor RMSE Achieved a low RMSE of
al., (2020) data 2.49 liters/hour, demonstrating
reliable predictions.
Oyebode South Africa DE with Weather, Pearson Feature selection techniques
(2019) Feedforward socioeconomic,  correlation,  improved prediction accuracy
Neural and water usage Information  over the baseline.
Networks data gain
Ribeiro et al. Brazil SVR, Ridge Water usage data RMSE, Effective multi-step forecasting
(2021) Regression, from two cities in MAE, MAPE using seasonal-trend
Gaussian Proc. Parana decomposition and ML models.
Bejarano et USA Sparse Building-level RMSE, MAE SwAP system improved RMSE
al. (2019) Gaussian CRFs, water usage data and MAE by 50% and 44%,
LSTM, RNN respectively, over baselines.
Oyebode South Africa DE, CG-SVM, Real-world data R?*, MAPE,  Evolutionary computing
& Ighravw ES, MLR from Ekurhuleni RMSE techniques effectively enhanced
(2019) City predictive performance for
urban water demand.
Garcia-Soto  Spain KNN, RF, 10-minute MAE, Deep learning model
et al. (2024) SARIMA interval time MAPE, outperformed other techniques
series data from  RMSE, R? like RF, KNN, and SARIMA in
Murcia City prediction accuracy.
Gorenekli Turkiye ANN, RF, Historical data R?, MSE, GBM achieved the highest
& Giilbag SVM, GBM for 5000 water ~ RMSE, MAE performance with R? = 0.881.
(2024) subscribers
Pourmousavi Iran MLR, SVR, Annual MAE, MLR achieved 96% accuracy
et al. (2022) RF Regression residential water RMSE, MSE, with <11% error; SVR achieved
consumptionin  R? 95% accuracy with <13% error

Isfahan
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Table 2. Devami
Cizelge 2. Continued.
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References Region Al Methods Dataset Performance Results
Metrics

Shirkoohi et Canada ANN, GA, Water RRMSE, High accuracy for residential

al. (2021) ARIMA consumption data Nash- water consumption forecasting

from two cities Sutcliffe with <13% error rates.
-5 yearsand 23 efficiency
months (E), MAPE
Sajjanshetty Philippines ANN Income, rainfall, R-value, ANN achieved high R-value
etal. (2023) temperature, RMSE 0f 0.97013 and low RMSE of
climate data 2.3463, effectively predicting
Metro Manila water demand.
Al-Ghamdi, Saudi ANN with PSO Historical water ~RMSE Hybrid ANN-PSO model
etal. (2022) Arabia demand and achieved high daily water
climate data demand forecasting accuracy by
(2004-2018) optimizing hyperparameters.
Du et al. China Markov- Daily water Relative Markov-modified ARIMA
(2020) modified consumption data Prediction corrected prediction errors and
ARIMA from monitoring Error (RE),  improved future forecasts over
points R2, RMSE standard ARIMA.

Boudhaouia France PR, NAR, SVR, Internet-based RMSE NAR model achieved precise

& Wira, MLP, LSTM platform daily consumption predictions

(2022) providing daily for residential (5 liters) and

water usage data industrial facilities (23 liters).

Bhushan India LSTM, ARIMA Sensor data MAPE LSTM achieved ~60%

(2022) accuracy, outperforming
ARIMA’s 49%, demonstrating
effectiveness with limited
sensor data.

Gao et al. China UWM-ID Water usage, MAE, RMSE UWM-ID outperformed RF,

(2020) weather, MLP, and LSTM with 40%,

economic data, 33%, and 20% improvements,
and water prices respectively, across various test
scenarios.

Zubaidi - Slime mould Monthly MAE, The results highlighted the

(2020) algorithm urban water MARE, importance of data pre-

(SMA-ANN)  consumption and MSE, R? processing to prepare the
climate data stochastic pattern of dependent
and independent variables and
to select the best scenario of
independent variables.

Said et al. Malaysia DLNN-MLP, Historical data RMSE DLNN-LSTM (RMSE:0.051)

(2021) DLNN-CNN,  based on the can make decent predictions

DLNN-LSTM  SIBU Division in for water consumption time
Sarawak series despite being inferior to

SARIMA (RMSE:0.183).

Journal of Geological Engineering 49 (3) 2025



88 Avrtificial Intelligence in Water Consumption Forecasting: A Systematic Review

Asiksoy, Gokcekus

Artificial  Intelligence  Techniques and
Algorithms in Studies

The most commonly wused artificial
intelligence models reviewed in this study were
identified as Long Short-Term Memory (LSTM)
models and Artificial Neural Networks (ANN),
respectively.

Long Short-Term Memory (LSTM) Models

The studies analyzed in this review displayed
the exceptional capabilities of LSTM models,
mainly when applied to datasets with strong
temporal dependencies. LSTM was developed
by Hochreiter and Schmidhuber as a specialized
type of recurrent neural network architecture
(1997). The LSTM algorithm is highly effective
in automatically extracting features from time
series data and learning complex nonlinear
relationships (Yu et al.,, 2019). Traditional
recurrent neural networks (RNNs) produce
effective results when working with data from
the recent past. In contrast, LSTM models
achieve more impactful outcomes with longer
term data, such as months or years. In other
words, LSTM models excel in utilizing large
and complex datasets to deliver more accurate
results. For instance, in the study by Kim et
al. (2023) an LSTM model applied to water
consumption data collected from different time
intervals demonstrated exceptional performance,
achieving low root mean square error (RMSE)
values and high accuracy rate of 95%.

This study demonstrates that LSTM models
were effectively utilized in both standalone
(El Hanjri et al., 2023) and hybrid approaches
(Boudhaouia & Wira, 2021; Kim et al., 2023; Liu
etal.,2023). Standalone LSTM models learn from
historical data to provide reliable predictions,
while hybrid models combine LSTM with other

algorithms to enhance accuracy (Boudhaouia &
Wira, 2021). For instance, integrating LSTM with
Particle Swarm Optimization (PSO) significantly
reduced prediction error rates (Al-Ghamdi et al.,
2022). However, it was also observed that LSTM
models require substantial computational power
to process large datasets and involve challenges
related to generalization in certain scenarios
(Bhushan, 2022).

Artificial Neural Networks (ANNs)

ANNS s excel at identifying complex patterns
and relationships within data, making them
highly effective for tasks where traditional,
non-Al models may struggle (Monjardin et al.,
2020). Among these networks, methods such as
Convolutional Neural Networks (CNN) (Cao et
al.,2023), Feedforward Neural Networks (FFNN)
(Oyebode, 2019), and Backpropagation Neural
Networks (BPNN) (Huang et al., 2023) have
been successfully implemented as standalone
models for predicting water consumption.

Multilayer Perceptrons (MLP) were applied
to predict urban water consumption based on
meteorological data (Gao et al., 2020) and spatial
clustering and water usage data (Yan et al., 2022).

In the studies included in this article,
ANN models achieved high accuracy levels in
predicting water consumption for different user
groups. Specifically, when environmental factors
such as rainfall, humidity, and evaporation are
integrated into the models, these models produce
more precise prediction results (Sajjanshetty et
al., 2023).

Hybrid models

This systematic review examined studies
utilizing individual and hybrid models of two or
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more Al applications. For instance, Al-Gamdi et
al. (2022) applied the hybrid ANN-PSO model,
while Zubaidi et al. (2020) developed and
utilized a Slime Mold Algorithm (SMA)-ANN.
Boudhaouia and Wira’s (2022) study explored
how ANN models can be combined with the
SARIMA model to enhance water consumption
predictions. The SARIMA and MLP hybrid
models improved prediction accuracy by 4.6%
compared to SARIMA alone, illustrating the
enhanced performance of hybrid approaches.

Rustam et al. (2022) employed a novel
machine learning approach to predict water
quality and water consumption using various
models, including deep learning models such
as Random Forest (RF), Decision Tree (DT),
Extra Trees (ET), Logistic Regression (LR),
Support Vector Machine (SVM), and AdaBoost
(ADA). As a result of the study, they achieved
an accuracy of 0.96 in water quality prediction,
outperforming existing studies in this field.

Said et al. (2021) found that integrating
deep learning neural networks (DLNN) with
MLP, CNN or LSTM models produced more
accurate  water consumption  predictions
compared to using these models individually.
Furthermore, clustering algorithms and decision
trees, when integrated with ANNs and SVM,
were shown to enhance the accuracy of water
demand predictions (Gorenekli & Giilbag, 2024;
Oyebode & Ighravwe, 2019). Piasecki et al.
(2018) compared the predictive performance of
ANN and Multiple Linear Regression (MLR)
models for estimating daily water consumption
based on previous water usage and humidity
records. The findings revealed that the ANN
approach slightly outperformed the MLR model,
achieving lower mean absolute percentage error
(MAPE) value when an additional explanatory
variable (humidity) was included in the ANN
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model. In summary, hybrid approaches can
overcome the limitations of individual models,
leverage the strengths of diverse methodologies,
and provide deeper insights into the relationships
between variables.

Performance Indexes

Performance indexes are statistical tools
necessary to determine the predictive capability
of an artificial intelligence model. They identify
the error between the actual (measured) values
and the values predicted by the model. In this way,
they show how close the model’s predictions are
to the actual values. The indexes most commonly
used in the studies included within the scope of
this work are RMSE, MAPE, and R?, respectively
(Cao et al., 2024; Farah et al., 2019; Huang et al.,
2023, Rustam et al., 2022).

RMSE is used to minimize the difference
between actual values and predicted values.
A low RMSE value indicates that the model’s
performance is excellent. MAPE, on the other
hand, identifies the difference between actual and
predicted values and expresses it as a percentage.
The smaller the MAPE value, the better the
model’s accuracy (Willmott & Matsuura, 2005).
The R? index measures the fit of a model to the
data. It determines the relationship between
the inputs (independent variables) and outputs
(dependent variables). A high R? value indicates
the model’s accuracy and compatibility with the
data (Willmott, 1981).

Pros, cons, and challenges of AI models

Al models can make accurate and reliable
predictions for water consumption only by
analyzing large datasets (Kim et al., 2013). These
models are capable of identifying hidden patterns
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and trends in water consumption data. Moreover,
Al 'models can be continuously updated with new
data, enabling them to improve their performance
over time (Huang et al., 2023).

In cases of missing data or uncertainty,
hybrid and fuzzy models are highly effective
tools for water consumption prediction (Yan
et al.,, 2022). Thanks to their flexibility, fuzzy
models can produce consistent predictions even
when there are slight changes in input values.
Additionally, they generate quick results with
minimal processing time (Tzanes et al., 2023).

However, some models, such as ANN and
DLNN, require large training and validation data.
Additionally, these models may struggle with
generalization, limiting their performance (Gao
et al., 2020). While hybrid models like BSA-
ANN and FFBP-ANN can improve predictions,
they often have relatively slow processing
times (Farah et al., 2019; Zubaidi et al., 2020).
Although BPNN can accurately predict water
consumption, it lacks generalization capability
(Huang et al., 2023). Similarly, RF can become
slow and less effective when a large number of
trees are involved (Pourmousavi et al., 2022).

In summary several key considerations
must be addressed to achieve highly accurate
results with Al models for water consumption
assessments. For example, researchers need
to provide transparent information about the
variables used in the models, the quality of the
data, and the training process. Such openness will
not only enhance the reliability of the studies but
also reduce the likelihood of redundant research
efforts.

DISCUSSION AND CONCLUSION

This systematic review highlights the role
of Al in predicting water consumption and

synthesizes recent studies from a methodological
perspective. Unlike previous reviews, it identifies
model-specific limitations, highlights gaps in
application contexts, and integrates insights from
hybrid modelling approaches while emphasizing
the importance of developing low-cost and
generalizable Al solutions.

Among the reviewed techniques, LSTM
models achieved successful results in scenarios
requiring time series analysis. This is because
they accurately model long-term trends (such
as annual increases and decreases) and seasonal
fluctuations.

Indeed, this situation was clearly seen in
case studies in the literature. For example, Kim
et al. (2023) achieved an accuracy rate of up to
95% with an LSTM model trained with water
consumption data collected at different time
intervals. Similarly, Gao et al. (2020) reported
that even under limited sensor data conditions,
the LSTM model significantly outperformed the
ARIMA model, which remained at 49% accuracy,
with a prediction accuracy of approximately
60%.

The fact that LSTM provides such high
accuracy is considered an important scientific
finding.

These reliable predictions can be integrated
into decision support systems in the field of
water management, allowing resource planning
to be optimized and proactive measures to be
taken against demand fluctuations. In this way,
the strategic steps required for the sustainable
management of water supply-demand balance
can be supported with more accurate data.

However, despite high accuracy rates for
metrics such as RMSE and MAPE, these models
face significant challenges due to their reliance
on large data sets and extensive computational
resources.
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LSTM models typically require large
amounts of data to make accurate predictions,
which can negatively impact the performance of
the models if sufficient and high-quality data is
not available (El Hanjri et al., 2023). In addition,
their complex algorithms require significant
computing power (Boudhaouia & Wira, 2021).
Working with large or complex datasets often
requires robust hardware for training and
operation. This can be a barrier to the widespread
adoption of LSTM models.

Hybrid models are emerging as a highly
effective and promising solution to overcome
the limitations of single methods (Oyebode,
2019). Their ability to achieve high accuracy
and adaptability results from combining the
strengths of different AI models (Faiz & Daniel,
2023). However, hybrid models also have certain
disadvantages. Problems such as slow processing
times and increased complexity highlight the
need to optimize hybrid models (Yan et al.,
2022).

One of the key findings of this study is
the critical importance of data quality and
accessibility. When faced with incomplete
or biased data, many models need help with
generalization. Furthermore, most complex Al
models are perceived as “black boxes”, which
makes their adoption by water management
decision makers difficult (Wei et al., 2024).

LIMITATIONS AND FUTURE STUDIES

This systematic review has some limitations.
First, the studies reviewed are limited to those
published between 2019 and 2024. Studies
about Al-based water consumption estimation
published outside these years are not included
in this review. Secondly, the data used in
the individual studies comes from different
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regions or contexts. These differences make it
difficult to directly compare the results of the
studies. Furthermore the articles included in
this systematic review used different evaluation
techniques, such as water consumption or
water costs, to measure the performance of the
Al models. This diversity makes it difficult to
determine which technique is most effective.
Fourthly, all studies included in the review were
written in English. Papers in other languages
were not included in the research. Finally, this
review does not include a meta-analysis due to
the high heterogeneity of datasets, performance
metrics, and study designs among the selected
articles.

Future research should address several key
aspects to bridge the gap in Al-based water use
prediction studies and improve the studies in
this field. The most important of these is the
quality of the data to be used in the studies and
the accessibility of the data. Good quality and
sufficient data improve the training and output
performance of the Al model. In addition, more
work can be done on the integration of new Al
algorithms. The development of interdisciplinary
collaborations, e.g. between oceanographers,
Al experts and legislators, will help to develop
new models that will meet needs in the real
world. Furthermore, more research on models
that require low computational costs, i.e. less
computing power and data, will help Al to be
used effectively in areas such as sustainable
water management. Although this review
included studies from diverse application
domains (e.g., residential, industrial, and urban
settings), a detailed sub-analysis by domain
was not conducted. Future studies may benefit
from categorizing research based on application
context to uncover domain-specific trends and
challenges.
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ABSTRACT

Water is essential for life. It plays a critical role in sustaining both natural ecosystems and urban environments.
However, the sustainability of this vital resource is increasingly at risk due to growing pressures. The Izmir Bay
sub-basin, located in the semiarid western region of Tiirkiye, holds significant economic, ecological, and social
importance. However, the region’s water resources are facing significant challenges due to rapid urbanization,
population growth, and the impacts of climate change, with vulnerability expected to increase in the future. This
study employs the Water Evaluation and Planning (WEAP) model to evaluate water potential, address domestic
and agricultural water demands, and explore management strategies for sustainability of the region. The research
first examines available water resources that supply water to eleven districts in the former metropolitan area of
Izmir province (Balgova, Bayrakli, Bornova, Buca, Cigli, Gaziemir, Giizelbahge, Karabaglar, Konak, Karsiyaka, and
Narlidere) within the sub-basin. Population projections for the region up to 2050 were also estimated to understand
water demand. Additionally, favorable and unfavorable scenarios were developed based on projected changes in
temperature, precipitation, and flow rates under the RCP4.5 scenario. These projections utilized MPI-ESM-MR and
HadGEM2-ES, both of which are state-of-the-art global climate models. Three scenarios —reference, optimistic,
and pessimistic— representing varying climatic and hydrological conditions were analyzed using the WEAP model.
Findings indicate a sharp rise in water demand, reaching 318.25 hm? by 2050 in the reference scenario, while the
pessimistic scenario forecasts the highest demand at 381.59 hm?. Unmet demand could rise dramatically under
pessimistic conditions, reaching 160.9 hm? by 2050. This emphasizes the urgent need for mitigation strategies. The
optimistic scenario demonstrates that proactive policies and climate resilience measures can prevent shortages and
provide water balance. Without strategic interventions, Izmir Bay’s water security will remain at risk. Forward-
looking policies and effective management are essential to ensure equitable and sustainable water distribution in the
face of growing demand and climate change pressures.
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0z

Su, hem dogal ekosistemlerin hem de kentsel yasamin siirdiiriilebilirligi icin hayati bir rol oynamaktadir.
Ancak, artan baskilar nedeniyle bu dnemli kaynagin siirdiiriilebilirligi giderek daha fazla risk altina girmektedir.
Tiirkiye nin yart kurak bati bolgesinde yer alan Izmir Korfezi alt havzasi, ekonomik, ekolojik ve sosyal acidan
biiyiik bir 6neme sahiptir. Ancak, hizli kentlesme, niifus artisi ve iklim degisikliginin etkileri nedeniyle su kaynaklar:
ciddi tehditlerle karsi karsiyadir ve bu kirilganligin gelecekte artmasi beklenmektedir. Bu calisma, Izmir Korfezi alt
havzasinda su potansiyelini degerlendirmek, kentsel ve tarimsal su taleplerini analiz etmek ve siirdiiriilebilir yonetim
stratejileri gelistirmek amaciyla Su Degerlendirme ve Planlama (WEAP) modelini kullanmaktadir. Arastirma, alt
havzada yer alan ve eski Izmir metropol alamina déhil olan on bir il¢eye (Bal¢ova, Bayrakli, Bornova, Buca, Cigl,
Gaziemir, Giizelbahge, Karabaglar, Konak, Karsiyaka ve Narlidere) su saglayan mevcut kaynaklart incelemektedir.
Ayrica, bolge icin 2050 yilina kadar su talebini anlamak adina niifus projeksiyonlart olusturulmustur. Calismada,
RCP4.5 iklim senaryosu kapsaminda MPI-ESM-MR ve HadGEM2-ES kiiresel iklim modelleri kullanilarak olumlu
ve olumsuz senaryolar gelistirilmistir. Referans, Lyimser ve Kétiimser olmak iizere ii¢ senaryo, WEAP modeli ile
analiz edilmistir. Sonuglar, su talebinin 2050 yilina kadar referans senaryoda 318.25 hm?’e, kotiimser senaryoda ise
381.59 hm? e ulasacagini gostermektedir. Olumsuz kosullarda, karsilanamayan su talebinin 160.9 hm?’e ¢ikabilecegi
ongoriilmektedir. Bu durum, acil 6nlem alinmasi gerektigini vurgulamaktadir. Iyimser senaryo, proaktif politikalarin
ve iklim direncini artiran onlemlerin su kithgini énleyebilecegini ve su dengesi saglayabilecegini gostermektedir.
Stratejik miidahaleler olmadan, Izmir Kérfezi’'nin su giivenligi tehdit altinda kalmaya devam edecektir. Artan talep
ve iklim degisikligi baskilart karsisinda, uzun vadeli su siirdiiriilebilirligi icin ileriye déniik politikalar ve etkin su
yonetimi biiyiik onem tasimaktadir.

Anahtar kelimeler: iklim degisikligi senaryolari, Izmir Korfezi alt havzasi, WEAP modeli, su kaynaklar yonetimi

INTRODUCTION undergoes these ongoing increases in population,
industrialization, and urban development, the

Water resources are essential for sustaining . . . )
unavoidable consequence is a heightened risk of

life, economic development, and ecological

balance. In the 21st century, the world is facing water scarcity and deficiencies in the resilience of

some major challenges such as rapid population
expansion, unrestrained urban sprawl, and the
ever-increasing impacts of climate change.
These pressures are threatening the availability
and sustainability of water resources worldwide.

Water has always been the paramount element
in human endeavors within urban environments.
The world is predominantly becoming a more
urbanized environment, characterized by human
settlements and dominant economic activities.
According to the United Nations (UN), more
than half of the world’s population resides in
urban areas today, and this number is expected
to increase by 68% to reach 2.5 billion people
by the year 2050 (UN, 2019). As the world

water systems. However, the challenges of water
scarcity and managing urban water effectively
have become an increasingly challenging and
complex undertaking (Negahban-Azar & Mosleh,
2021). Therefore, a shift from conventional
supply-driven water management approaches
to more sustainable and integrated strategies is
required (Yilmaz & Harmancioglu, 2010). To
ensure long-term water security, it is necessary
to assess the impacts of climate change and
socio-economic factors on water resources, to be
able to take necessary measures and implement
effective management strategies.

The Izmir Bay sub-basin, a highly significant
region for Izmir, is especially vulnerable to these



Jeoloji Muhendisligi Dergisi 49 (3) 2025

97

pressures. Expanding urban areas, industrial
growth, and agricultural activities are causing
increasing demand for water, while the region’s
supply remains heavily dependent on climatic
conditions and seasonal variations. Currently,
major dams supplying drinking and domestic
water to Izmir, such as Balcova, Tahtali and
Gordes Dams, are experiencing historically low
water levels due to prolonged droughts. This
decline in water availability is a manifestation
of growing climate change effects and raises
concerns about the region’s future water security.
With the alterations in climatic and hydrological
patterns, water shortages may tend to worsen.
This has led to the need to analyze the region’s
water resources related to these impacts.

To address these challenges, researchers
increasingly rely on hydrological models to
analyze and predict the potential effects of
climate change and land use change on water
systems. Although modeling involves inherent
uncertainties, it serves as a valuable tool for
simulating, assessing, and understanding
complex hydrological processes and future water
availability (Hussain, 2023).

One of the most widely used tools for
integrated water resources management was
developed by the Stockholm Environment
Institute (SEI) in 1989, the Water Evaluation and
Planning (WEAP) system. The WEAP system
enables researchers to model water resources,
simulate various future scenarios, and assess the
impacts of climate change and socio-economic
factors on water availability (Yates et al., 2005).
Its ability to represent both the physical and
spatial characteristics of water resources makes
it a valuable tool for assessing several scenarios
based on “what if?”” questions, such as “What if
population growth and economic development
patterns change? What if reservoir operating

Arastirma Makalesi / Research Article

rules are altered? What if groundwater is more
fully exploited?” (SEI, 2015). From small
watersheds to large river basins, the WEAP
model has been successfully applied at various
scales to support decision-making and policy
development in the context of water resources
management (Hussain, 2023).

Several studies proved the effectiveness and
credibility of WEAP in assessing water resources
and addressing water management challenges.
Mourad and Alshihabi (2016) assessed current
and future water supply and demand in Syria until
2050, under various scenarios, including climate
change, regional cooperation, and conflict with
the WEAP model. According to their findings,
climate change and regional tensions could
worsen water scarcity, while cooperation and
advanced technologies could help close the
supply-demand gap. Also, the urgent need for
additional water supplies was emphasized. Mounir
et al. (2011) optimized water allocation among
competing sectors, such as agriculture, industry,
and domestic use, in the Niger River basin, by
employing WEAP. Their study demonstrated the
challenges of water management in a region with
diverse ecosystems and increasing industrial
growth. They also emphasized the importance
of integrated resource planning. Comair et al.
(2012) analyzed the vulnerability of groundwater
resources under changing climate patterns and
increasing water demand by applying WEAP to
the Jordan River basin. Their findings indicate
that all aquifers supplying water to Amman are
at risk of depletion, and the need for sustainable
management strategies was stressed. Hamlat et
al. (2013) used WEAP to evaluate water resource
management scenarios in western Algeria, a
region affected by prolonged droughts and
declining water quality. The results revealed that
neither domestic nor agricultural water demands
were fully met, and the necessity of improved

Journal of Geological Engineering 49 (3) 2025



98 Sustainable Water Management in the izmir Bay Sub-Basin: An Evaluation of Water Resources with the WEAP Model

Durmus, Elgi

allocation policies and demand management
strategies to mitigate future shortages was
reinforced.

In Europe, Blanco-Gutiérrez et al. (2011)
used WEAP in the Middle Guadiana basin,
Spain, to simulate large-scale irrigation systems
under normal and drought conditions by
integrating hydrological and economic models.
Their findings highlighted the value of scenario-
based planning for optimizing water allocation
and policy evaluation.

In Tirkiye, the WEAP model has been
applied to analyze regional water resource
challenges under changing climatic and socio-
economic conditions. For example, Yilmaz
and Harmancioglu (2010) evaluated different
hydrological scenarios to determine the effects of
climate variability on agricultural water demand
in the Gediz River basin by using WEAP. The
region’s vulnerability to drought and the need
for adaptive water management policies were
demonstrated in their findings. More recently,
Karahan and El¢i (2023) conducted a basin-based
WEAP analysis in the Tahtali-Seferihisar sub-
basin. Their study examined multiple pressures
on water resources and different future scenarios
to predict water supply-demand balances until
2050. Their results indicated significant unmet
demand even under optimistic conditions, and the
necessity of long-term planning and sustainable
resource allocation was reinforced.

Although previous studies examined
water resources in nearby basins (Yilmaz &
Harmancioglu, 2010; Karahan & Elg¢i, 2023),
a comprehensive water budget analysis has
not been conducted for the Izmir Bay sub-
basin. Understanding the current and future
state of water resources in this sub-basin will
contribute to sustainable management and policy
development. Therefore, this study aims to fill

this gap by evaluating the water potential in the
Izmir Bay sub-basin using the WEAP model.
Three distinct —reference, optimistic and
pessimistic— scenarios under different climatic
conditions were developed, and water availability
in the sub-basin by the year 2050 was estimated.
By simulating these scenarios, this study aims
to provide insights into the potential impacts of
climate change and population dynamics on the
future availability of water resources in the Izmir
Bay sub-basin. It also aims to provide adaptive
policy recommendations for the sustainable
management of water in the region.

STUDY AREA

[zmir is a metropolitan city located on the
western coast of Tirkiye, situated between
37°45’ and 39°15’ north latitudes and 26°15° and
28°20’ east longitudes, covering an area of 12,012
km? (Republic of Tiirkiye Izmir Governorship,
2024). It has a semiarid Mediterranean climate,
characterized by dry and hot summers and mild,
rainy winters. As of 2024, it is the third-largest
city in Tiirkiye with a population of 4,493,242
people (Turkish Statistical Institute, 2024).

According to the last available report of the
General Directorate of [zmir Water and Sewerage
Administration (IZSU), approximately 307
hm?® of water was supplied to Izmir province in
total in 2023. Of this total, 61.22% was derived
from groundwater resources, while 38.78% was
obtained from surface water resources (IZSU,
2023).

The study area is located within the izmir
Bay sub-basin, one of the five sub-basins of the
Kiiciik Menderes hydrological basin, as shown
in Figure 1. The study area represents the inner
part of the Bay region and covers eleven central
districts of Izmir—Balgova, Bayrakli, Bornova,
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Buca, Cigli, Gaziemir, Giizelbahge, Karabaglar,
Konak, Karsiyaka, and Narlidere—making it
the most densely populated sub-basin. It covers
11.73% of the Kii¢lik Menderes basin with an
area of approximately 817 km? As reported by
the Republic of Tiirkiye Ministry of Forestry
and Water Affairs (MFWA), the annual average
precipitation estimated by the Thiessen polygon
method is 670 mm. The annual average surface
water potential is 126 hm’/year (MFWA,
2016a). There are also many streams within the
boundaries of the sub-basin, shown in Figure 2.
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In the groundwater recharge assessment
for the Izmir Bay sub-basin, the annual average
recharge was estimated at 70.5 hm?/year, of
which only 52.5 hm?/year is considered the safe
groundwater recharge limit (MFWA, 2016a).
According to the Kiiciik Menderes Basin Master
Plan Final Report, 70 wells were drilled by the
State Hydraulic Works within the sub-basin, while
an additional 865 wells have been constructed
by local users. Notably, groundwater resources
are being heavily overexploited, significantly
exceeding the sustainable recharge limit, with
total annual groundwater consumption reported
as 171.5 hm?/year (MFWA, 2016a).

Figure 1. Izmir Bay sub-basin and other sub-basins and stream networks located in the Kii¢iik Menderes basin.

Sekil 1. Kiigiik Menderes Havzasi 'nda yer alan Izmir Korfezi alt havzasi ve akarsu aglart ile diger alt havzalarr.
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Figure 2. Streams discharging into the inner part of the Izmir Bay sub-basin.

Sekil 2. Izmir Korfezi alt havzasimn i¢ kismina desarj olan dereler.

WEAP MODEL AND INPUT DATA

The WEAP model is a comprehensive,
scenario-based tool developed by the SEI
for water resource assessment, planning and
management. It provides a holistic approach
to water allocation and sustainability analysis
by integrating hydrological processes, water
demand, infrastructure  operations, and
environmental considerations (SEI, 2015).
WEAP’s user-friendly interface and capabilities
allow for effective quick interpretation and
visualization of results (Karahan & El¢i, 2023).

WEAP enables users to model both current
and future water conditions in a specific region
based on key assumptions (Lévite et al., 2003).
The model facilitates the exploration of various
supply and demand strategies to achieve a
balance between environmental sustainability

and development needs (Mourad & Alshibabi,
2016). It provides a holistic analysis of water
systems by incorporating various hydrological,
climatic and socio-economic aspects, such
as water demand, supply, streamflow, and
groundwater (SEIL, 2015). It rapidly generates
predictions through scenario-based simulations
and presents results across different temporal
scales and spatial resolutions. The model helps to
evaluate the pressures on existing water systems
by integrating external factors such as population
growth, climate change, urbanization and policy
interventions. By assessing water budget from
multiple perspectives and identifying critical
areas, WEAP provides researchers, planners,
managers and stakeholders with a valuable
tool for improving water resource management
(Karahan & Elgi, 2023).
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Thus, the WEAP model was selected as
the most suitable tool for this study due to its
flexibility and capability to simulate water supply
and demand under various diverse scenarios, as
also emphasized by previous studies within the
field.

Application of the WEAP Model

There are numerous surface and groundwater
resources that supply drinking water to the [zmir
Bay sub-basin, some located within the basin
and some transferred to the basin from other
basins. The reservoirs and groundwater wells
taken into account in the WEAP model were
identified based on data from both IZSU and
the Kii¢iik Menderes Basin (KMB) Master Plan
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Final Report (2016). Accordingly, the primary
surface water resources supplying drinking
water to the region include the Tahtali, Balgova
(Cengiz Saran), Urkmez, Kutlu Aktas (Alacat),
Giizelhisar and Go6rdes dams, shown in Table 1,
with Balgova Dam being the only one located
within the sub-basin. In terms of groundwater
resources, drinking water is extracted from
Halkapinar, Pmarbasi, Buca, and Sarni¢ deep-
wells within the sub-basin. Additionally, water is
also transferred from the Menemen, Cavuskoy,
Goksu, and Sarikiz resources in the Gediz
Basin to the Kiigiik Menderes basin to support
the drinking water supply for Izmir’s central
districts, shown in Table 2.

Table 1. Dams and supply amounts from each dam for central districts in the Izmir Bay sub-basin.

Cizelge 1. Lzmir Korfezi alt havzasi merkez ilcelerine icme suyu saglayan barajlar ve temin edilen i¢me suyu

miktarlari.
Facility Name Transfer Basin Purpose of Transfer Amount of supply for drinking
water (hm?3/year)

Tahtali Dam Kiiciikk Menderes Drinking water 75.43

Gordes Dam Gediz Drinking water + irrigation 44.15

Balgova Dam Kiiciik Menderes Drinking water 5.50

Urkmez Dam Kiigtik Menderes Drinking water + irrigation 1.22

Gtizelhisar Dam  Kuzey Ege Drinking water + irrigation +industry ~ 9.46

Alagati Dam Kii¢iikk Menderes Drinking water 2.75

Table 2. Drinking water supply amounts from wells for central districts in the Izmir Bay sub-basin.

Cizelge 2. Izmir Korfezi alt havzasindaki merkez ilceler icin kuyulardan temin edilen icme suyu miktarlar.

Wells Basin Amount of supply for drinking water (hm?/year)
Sarikiz Gediz 45

Goksu Gediz 63

Menemen and Cavuskdy Gediz 25

Halkapinar Kiiciik Menderes 45

Pinarbasi Kii¢lik Menderes 2

Buca and Sarnig Kii¢lik Menderes 1
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In WEAP’s interface, the schematic view of
the calibration model illustrates the study area’s
water system components, as shown in Figure
3. In this layout, demand sites —where water
is used for domestic, agricultural, or industrial
purposes— are depicted in red, surface water
resources are represented by green triangles,
and groundwater wells by green squares.
Transmission links, shown as green arrows,
illustrate the direction and routing of water flow
between supply sources and demand sites (SEI,
2015).

For the hydrological and physical
characteristics of the reservoirs, data about
available flow, initial storage, storage capacity, net
evaporation, and volume-elevation relationships
were incorporated into the “current accounts”
section of the calibration model. Similarly, for
groundwater resources, parameters such as

storage capacity, initial storage, natural recharge,
and monthly variation values were also included.

In WEAP system, the “current accounts”
tool serves as the foundation for developing
future scenarios (Yates et al., 2005). These
scenarios project potential changes in the system
for years beyond the current accounts year.
The default scenario, known as the “reference
scenario,” extends the current account data
throughout the entire simulation period and acts
as a baseline for comparison with other scenarios
where modifications are introduced (Hamlat et
al., 2013). In this study, the existing conditions
from 2005 were projected forward to the period
2006-2050 without implementing any significant
alterations in this scenario. For the Gordes Dam,
which started providing drinking water for Izmir
in 2019, the activation year was set to that year.

Figure 3. A screenshot of the schematic view of the calibration model from the WEAP interface. The dark blue
borders represent the Kiicliik Menderes basin in which the study area is located, and the light blue lines represent

streams within the study area.

Sekil 3. WEAP'in arayiiziinden kalibrasyon modelinin sematik gériiniimiiniin ekran gériintiisii. Koyu mavi sumirlar
calisma alanminin iginde bulundugu Kiiciik Menderes havzasini, agitk mavi gizgiler ise ¢alisma alant i¢indeki akarsular

temsil etmektedir.
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Estimation of projected population and
domestic water use

In the WEAP model, in addition to the above-
mentioned surface and groundwater information
used in the current conditions to calculate the
water budget in the sub-basin, population growth
projections were also incorporated, which is
an important factor affecting the future water
demand.

To achieve this, official population records
in the central region of Izmir for previous years
were obtained from Turkish Statistical Institute,
and based on this, three different methods were
used to calculate the population projection to
the year 2050: arithmetic extrapolation method,
geometric extrapolation method and Turkish
Bank of Provinces method. Among these, the
Turkish bank of provinces method was preferred
as it projects the largest long-term population
and the result was used for all three scenarios in
the WEAP simulation.

The Turkish Bank of Provinces method is
an alternative method which is widely used for
population projections in Tirkiye. The projected
population Pn for a future year is calculated
using Equation 1:

P, =P, (1+ K/100)(2"t) (1

where P is projected population for the
target year, P, is population recorded in the most
recent census year, and K is the average annual
growth rate (%). 7, is the target year (e.g., 2050),
while is the most recent census year. The growth
rate K is determined by Equation 2:
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K= ((PZ/PI)(I/(tz—tl)) — 1)100 (2)

where P, is the population recorded in the
most recent census year and P, is the population
recorded in the earlier census year. 7, and 7, are
as defined above. The value of K is adjusted
according to the following criteria:

3, if K >3
K= 1, ifK<1
K, if1<K<3

According to this method, the population
of the Izmir Bay region is projected to reach
approximately 3,992,817 people by 2050, and
this estimate was used across all three WEAP
scenarios.

Also, to estimate the average per capita
water consumption in the study area, available
data for daily per capita water consumption in
Izmir were obtained from the official website
of the Turkish Statistical Institute (TurkStat,
2024), given in Table 3, and used as input for the
reference scenario.

Estimation of irrigation water needs

In the Mediterranean climate zone, it is
expected that the effects of climate change will
be strongly felt, and the irrigation water needs
of crops grown in the region will inevitably
be affected by alterations in precipitation and
temperature values (Serbes et al., 2018).

Table 3. Daily water consumption per person in izmir (1/day) (TurkStat, 2024).

Cizelge 3. Izmir de kisi bast giinliik su tiiketim degeri (I/giin).

2012 2014 2016 2018 2020 2022

Daily water consumption per person in Izmir (I/day)

223 180 173 208 221 210

Journal of Geological Engineering 49 (3) 2025
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In the study, the corresponding irrigation
water demand based on agricultural irrigation
areas and crop patterns in the Izmir Bay sub-basin
represents an important factor when estimating
the water budget. Therefore, in order to calculate
the irrigation water needs in the region, irrigation
areas and crop patterns in the Izmir Bay sub-
basin were determined based on the KMB Master
Plan Final Report. Agricultural crops grown in
the sub-basin include cereals, citrus, corn, fruit,
greenhouse crops, olive, ornamental plants,
tomato, vegetables and vineyard, which were
determined by identifying the agricultural areas
in the central districts included in the sub-basin.
Accordingly, there are five public irrigation
(PI) systems and three special provincial
administration (SPAI) irrigation systems that
are located in the Izmir Bay region, which are
presented in Table 4.

Potential crop evapotranspiration, which
is essential for calculating net irrigation water
requirements, was estimated using the Blaney-
Criddle method (Acatay, 1996; Blaney & Criddle,
1950). This method was chosen due to its ability

to perform calculations with minimal input data
(Serbes et al., 2018). The relevant equations are
given below in Equations 3-6:

U (mm/month) = fk (3)
f = (1.8T + 32)p/100 )
k(mm/month) = k.k.(25.4) (5)
k, = 0.0173(1.8T + 32) — 0.314 (6)

where U is the potential crop
evapotranspiration, expressed in millimeters per
month; f is the monthly water use factor, £ is
the monthly water use coefficient. T is the mean
monthly air temperature in degrees Celsius,
and p is the annual percentage of daytime
hours occurring in a given month. K, is the
climate factor, while K _ is the crop development
coefficient (Serbes et al., 2018). The constant
25.4 in the equation is due to the conversion
between inches and millimeters. The coefficients
1.8 and 32 are due to the conversion between
Fahrenheit and Centigrade temperature units
(Kog¢ & Giiner, 2005).

Table 4. Spatial distribution of irrigation and crop types in the Izmir Bay sub-basin (ha).

Cizelge 4. Izmir Korfezi alt havzasindaki sulamalarin ve iiriin tiirlerinin mekansal dagilimi (ha).

Irrigation’s Name  Area Crop type

Cereals Citrus Corn  Fruit

Greenhouse Olive  Tomato Vegetable Vineyards

Public Irrigation

(PI)

Kaynak¢a GW 693 69.3 - -
Kaynak¢a SW 156.89  15.7 - -
Giizelbahge 19943 - 39.9 -
Balgova 125 - 10.87 -
Yelki 279.92 - 140 -
Special Provincial

Administration

Irrigation (SPAI)

Catalca Sandidere  128.14  12.8 10.25 7.7
Yenikdy 280 22.4 - - -
Balabandere

Bademler 9 Eyliil ~ 133.26 - 40 - 46.6

- 103.95 103.95 110.9 -

- 1412 - 15.7 -
459 838 - 29.9 -

5 - - - -

56 - - 84 -

1.3 1025 - 63.35 205
2.8 24 - 30.8 201.6
6.65 - 2665 426 -
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The values for each crop were entered
into the WEAP program after calculating
their monthly variation in irrigation areas.
Accordingly, the agricultural crop patterns in
the report were assumed and estimated crop
water need calculations were used in the WEAP
model under the current conditions. Each of
the irrigation areas was taken into account as a
demand site, and the priority of each demand site
was equally set to 1, which is the highest priority.

SIMULATIONS OF THE SCENARIOS

In the study, temperature, precipitation,
streamflow rate, and water consumption rate
were selected as key climatic, hydrological, and
demand-related parameters for the simulated
scenarios in the WEAP model. In the reference
scenario, the average temperature, precipitation,
and streamflow rate values measured for the
Izmir central region, as documented in the KMB
Master Plan Final Report (MFWA, 2016a), were
utilized. Also, to determine the average per
capita water consumption value in the sub-basin,
the average daily per capita water consumption
data for the previously available years were
obtained from TurkStat, and used as a basis in
the reference scenario. The reference scenario
provides a baseline for the other scenarios.

In order to construct optimistic and
pessimistic scenarios, climate projection data
provided in the Impact of Climate Change on
Water Resources Project — Appendix for the
Kiiciik Menderes Basin (MFWA, 2016b) were
taken as the primary reference. This report
includes long-term projections for key climatic
and hydrological variables such as temperature,
total precipitation, and streamflow under different
climate change models. In the optimistic scenario,
the simulation was based on the most favorable
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projections, such as moderate temperature rise,
and increases in total precipitation. Conversely,
the pessimistic scenario incorporated the
most adverse projections, which reflect
significant decreases in streamflow, pronounced
temperature increases, and substantial decreases
in total precipitation. These assumptions were
incorporated into the simulations in the WEAP
model to assess the future water availability in
the sub-basin under contrasting climate change
impacts.

According to this, for the optimistic scenario,
the MPI-ESM-MR model projection, which
predicts the lowest temperature increase, was
selected among the available models regarding
the projection of temperature. The analysis of the
MPI-ESM-MR model for the RCP4.5 scenario
in the Kiiciik Menderes Basin indicates that the
annual average temperature is expected to rise by
approximately 1.5 °C during the projection period
relative to the reference period. Conversely, in
the pessimistic scenario, the HADGEM2-ES
model projection was chosen, which forecasts the
highest temperature increase. The HADGEM?2-
ES model results for the RCP4.5 scenario
suggest that the annual average temperature will
increase by approximately 2.8 °C compared to
the reference period (MFWA, 2016b).

As for the projection of precipitation,
the precipitation projections in the report
were analyzed, and the most optimistic and
pessimistic model outcomes were utilized for
scenario development. In the optimistic scenario,
the HADGEMZ2-ES model projection was
adopted, which predicts a 10% increase in total
precipitation, as it presents a more favorable
outcome compared to other model results. In the
pessimistic scenario, a 25% overall decrease in
precipitation was assumed based on the collective
analysis of all model results (MFWA, 2016b).

Journal of Geological Engineering 49 (3) 2025
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Regarding the projection of flow rates, for
the optimistic scenario, it was assumed that
streamflows would remain at the same levels as
those in the reference scenario, which implies
no reduction in streamflow. In contrast, the
pessimistic scenario was developed based on
projections from the MPI-ESM-MR model,
which estimates the most severe reductions in
streamflow rates. According to this projection,
a 20% decrease in streamflow is expected by
2040, followed by a more substantial decrease of
approximately 60% in subsequent years (MFWA,
2016Db).

Along with these, trends in water
consumption were also incorporated into the
scenario development. In the optimistic scenario,
a20%reduction in the average water consumption
rate was assumed compared to the reference
scenario, based on the premise that increased
public awareness and the implementation of
effective water management practices would

Table 5. Description of the scenarios simulated in WEAP.
Cizelge 5. WEAP te simiile edilen senaryolarin agiklamast.

enhance water use efficiency. Conversely, in the
pessimistic scenario, a 20% increase in average
water consumption was assumed, reflecting the
possibility of insufficient awareness and poor
management strategies, which could exacerbate
future water scarcity challenges.

Descriptions of the scenarios simulated in
WEAP are summarized in Table 5.

RESULTS AND DISCUSSION

The analysis of future water availability
in the izmir Bay sub-basin reveals significant
variations across different scenarios. In 2005,
the drinking water potential was estimated at
212.65 hm?®. By 2050, the reference scenario
projected an increase in demand to 318.25 hm?.
The demand for drinking water is expected to
rise more moderately, reaching 254.52 hm? under
the optimistic scenario; however, the pessimistic
scenario forecasts the highest demand at 381.59
hm?. All results are shown in Table 6.

Scenarios Description
Reference Scenario *  Average temperature values were used
*  Average precipitation values were used
e Average streamflow rate values were used
*  Average daily water consumption per capita information was used based on TurkStat
reports
Optimistic Scenario *  Average temperature values were increased by 1.5 °C based on RCP4.5, MPI-ESM-

MR model results

*  Average precipitation values were increased by 10% based on RCP4.5, HadGEM2-

ES model results

*  Average streamflow rate values remained the same
*  Average daily water consumption per capita was reduced by 20%

Pessimistic Scenario .
ES model results

Average temperature values were increased by 2.8 °C based on RCP4.5, HadGEM2-

*  Average precipitation values were reduced by 25% based on RCP4.5, estimation of

all model results

e Average streamflow rate values were reduced by 20% until 2040 and by 60% between
2040-2050 based on RCP4.5, MPI-ESM-MR model results
e Average daily water consumption per capita was increased by 20%
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Regarding delivered supply, the reference
scenario results indicate sufficient supply until
2030, after which a shortage begins, and reaches
a deficit of 32.4 hm? by 2050. Under optimistic
conditions, supply is expected to meet demand,
as shown in Tables 6 and 7. However, in the
pessimistic scenario results, delivered supply
will not be able to meet demand, and shortages
will rise more significantly by 2025 to 2050.

Accordingly, the pessimistic scenario results
reveal a dramatic increase in unmet demand,
growing from 76.4 hm?® in 2025 to 160.9 hm? in
2050. The reference scenario results also indicate
a steady increase in unmet demand at a slower
rate, as shown in the Figure 5. This demonstrates
that the region will face water stress, even under
current assumptions. However, the optimistic
scenario presents the best stable outlook, with
water demand and supply remaining balanced.

In terms of irrigation water demand, the
annual consumption is projected to increase from
69.45 hm? in the reference scenario, to 75.35
hm? under the optimistic scenario and 80.62 hm?
under the pessimistic scenario. Additionally,
unmet irrigation water demand, which was 9.12
hm? at the beginning of the simulation period,
is expected to rise to 10.29 hm? in the reference
scenario, 11.15 hm? in the optimistic scenario,
and 14.15 hm? in the pessimistic scenario. These
findings suggest that rising temperatures and
shifts in precipitation patterns will lead to a
consistent increase in irrigation water demand
and result in supply shortages across all future
scenarios.
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It should be added that the data used in
the simulation model, such as planned water
allocation values taken from official and
institutional reports, suggest specific supply
levels; however, real-world constraints such as
prolonged droughts and inadequate infrastructure
maintenance of facilities often result in lower
actual allocations than simulated values.
Also, while several planned water sources are
mentioned in official reports for the Izmir Bay
region, they were excluded from the simulations
due to unimplemented status and lack of reliable
data. To reduce inconsistencies and uncertainty
stemming from varying assumptions across
sources, only current and operational data
from selected official resources were used.
Nevertheless, the study still involves some
uncertainties due to differences in data accuracy
and consistency across multiple sources. It is
important for institutions to share coordinated, up-
to-date, and consistent data, allowing researchers
access in order to make better evaluations and to
improve the accuracy of future predictions.

CONCLUSION AND RECOMMENDATIONS

The demand for water is rising in the
modern era due to factors like changing societal
and economic needs, and rapid population
expansion. Accordingly, water resources are
severely strained as a result of excessive water
use and pollution caused by urban, agricultural,
and industrial activities. These factors, together
with the threatening impacts of climate change,
have led to a significant increase in water scarcity
and inequitable access to water.

Table 6. Annual water demand for drinking water in the izmir Bay sub-basin (hm?).

Cizelge 6. Izmir Kérfezi alt havzasinda icme suyu icin yillik talep (hm’).

Scenario 2025 2030 2035 2040 2045 2050

Reference 254.4 266 278.2 291 304.3 318.25
Pessimistic 305 319 333.6 348.9 364.9 381.59
Optimistic 203.44 212.76 222.51 232.7 243.37 254.52
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Table 7. Annual delivered supply for drinking water in the Izmir Bay sub-basin (hm?).

Cizelge 7. Izmir Korfezi Alt havzasinda icme suyu icin yillik temin edilen arz (hm?).

Scenario 2025 2030 2035 2040 2045 2050
Reference 254.38 263.88 2715 277.64 281.97 285.85
Pessimistic 228.63 232.63 236.81 238.2 243.26 220.7
Optimistic 203.44 212.76 222.51 2327 243.37 254.52
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Figure 4. Annual unmet demand (hm?) for drinking water in the izmir Bay sub-basin under pessimistic, reference and
optimistic scenarios throughout the simulation years. The red, grey, and blue lines represent the pessimistic, reference,

and optimistic scenario results, respectively.

Sekil 4. Simiilasyon yillart boyunca kétiimser, referans ve iyimser senaryolar altinda Izmir Kérfezi alt havzasinda
viullik karsilanamayan i¢me suyu talebi (hm?). Kurmizi, gri ve mavi ¢izgiler swrasiyla kétiimser, referans ve iyimser

senaryo sonuglarini temsil etmektedir.

The izmir Bay sub-basin, characterized by
a semi-arid climate and increasing vulnerability
to water scarcity, was assessed using the WEAP
model to evaluate its current and projected water
potential through the year 2050. Scenario-based
simulations reveal that both population growth
and the impacts of climate change will drive
an increase in domestic and irrigation water
demand, thereby exacerbating water deficits
throughout the sub-basin. Even under the
reference scenario, total water demand for Izmir

Bay sub-basin is projected to reach 318.25 hm?
by 2050, indicating an intensification of existing
challenges in the near future. In the pessimistic
scenario, demand is expected to rise further to
381.59 hm?, with unmet demand reaching 160.9
hm?, highlighting the severity of future supply-
demand imbalances if no action is taken.

In terms of irrigation water demand, the
optimistic scenario shows an 8.5% increase
compared to the reference scenario, while the
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pessimistic scenario indicates a 16.1% rise.
Unmet irrigation water demand is also projected
to grow by 12.8% in the reference scenario,
22.2% in the optimistic scenario, and 55.1% in
the pessimistic scenario by 2050. These results
suggest that the rise in temperatures and changes
in precipitation will increase irrigation water
demand under all projected conditions.

While alterations in temperature and
precipitation patterns are already affecting
water availability, several recommendations
can be considered to enhance the resilience and
sustainability of water resources and to deal
with long-term consequences of climate change.
Future sustainable irrigation systems must use
water resources more wisely. Implementing
water-efficient agricultural practices, such as
drip irrigation, drought-resistant crop selection,
and water reuse strategies, will significantly
reduce irrigation water demand. Also, improving
the efficiency of existing water resources through
maintenance and repair of the existing facilities,
and minimization of leakages in urban water
distribution systems, are necessary to ensure
long-term sustainability. Along with these,
protection of natural resources from pollution,
controlling and preventing the excessive and
illegal use of groundwater, as well as creating
new alternative resources, are essential for
environmental sustainability.

Moreover, a key challenge in water resource
management is the lack of effective regulatory
measures, in terms of reducing water use and
acting responsibly. Raising public awareness
through educational support and sanctions about
water conservation are essential for improving
responsible water use. For instance, participatory
workshops involving local communities, key
stakeholders, and farmers could facilitate the
adoption of climate-resilient strategies and
sustainable ~ water ~management practices.
Integrating local knowledge into policy
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frameworks is also useful for addressing both
short and long-term climate impacts.

Overall, sustainable water management
necessitates proactive strategies and effective
governance. The formulation of policies aimed at
improving water efficiency and minimizing losses
requires coordinated efforts between local and
central governmental bodies who are responsible
for the regulation, management, and supervision
of water resources. However, the lack of this
integration between authorities, organizations,
and policies may cause further complexity and
drawbacks. To address these challenges, more
comprehensive and collaborative approaches
must be implemented. Additionally, climate
adaptation strategies must be incorporated into
all levels of legal and legislative frameworks to
ensure long-term resilience and sustainability.

Ultimately, achieving equitable, adequate
and sustainable water distribution significantly
depends on well-coordinated management and
planning. The optimistic scenario results in supply
and demand remaining balanced, indicating the
potential for maintaining a stable water supply
through well-managed interventions. Therefore,
it is necessary for policymakers to implement
comprehensive strategies that prioritize water
efficiency, conservation of resources, and
adaptive management to safeguard the region’s
water in the face of growing population and
climate change effects.
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YAYIN AMACLARI VE KURALLARI, YAYINA KABUL ILKELERI

AMAC ve KAPSAM:
JEOLOJI MUHENDISLIGI DERGISI

+ Insan ile Yerkiire arasindaki etkilesimlere iliskin bilgi ve
deneyimleri dogal ¢evreyi de goézeterek daha giivenli ve
saglikli bir yasam ortam: saglamak amaci ile insanhigin
hizmetine sunmayi1 hedefleyen Jeoloji Miihendisligi
mesleginin, giinliikk yasamdaki yerini ve 6nemini daha etkin
bir sekilde yansitmak,

* Bu alanda wulusal ve uluslararast gelismeleri Jeoloji
Miihendislerinin bilgisine sunmak,

* Konu ile dogrudan veya dolayli etkinliklerde bulunan bilim
insanlari, arastirmacilar, mithendisler ve diger uygulayicilar
arasindaki bilgi ve deneyim paylagimin gii¢lendirecek ve
hizlandiracak, kolay erisilebilen, genis katilimli bir tartigma
ortami saglamak ve bunlar1 yayma olanag: yaratmak,

*  Uluslararasi Siirdiirtilebilir Kalkinma Hedefleri
dogrultusunda, dogal kaynaklarm  etkili  yOnetimi,
mithendislik yapilari, mekansal planlamalar, insan ve
dogay1 yerylizii dinamiklerini gézeterek, jeolojik tehlikeler
g6z oOniinde bulundurularak direngli ortamlarin tasarimina
katkida bulunmak ve Jeoloji Miihendisligine iliskin diger
sorunlarin daha etkin bir sekilde ¢6ziime kavusturulmasi ve
gelistirilmesini saglamak,

* Disiplinler arasi arastirmalarin ve birlikte ¢alisabilirlik
ilkelerinin gelistirilmesine katkida bulunma,

amaglarina sahiptir.

JEOLOJi MUHENDISLiGi DERGISI, mithendislik jeolojisi,
jeoteknik, su kaynaklari yonetimi ve hidrojeoloji, ¢evre jeolojisi
ve atik yonetimi, jeotermal, sondaj teknigi ve uygulamalari,
dogal olasi tehlikeler, doga kaynakl: afetler ve afet yonetimi gibi
uygulamali jeoloji mithendisligi hizmetleri konularinin yani sira,
uygulamaya yonelik yerbilim verilerinin de iginde bulundugu
ingaat, maden, jeofizik, petrol, cevre ve sehir bolge planlama gibi
disiplinler arasi ulusal ve uluslararasi arastirmalarin yayimlandigi
bir dergidir.

Bu kapsamda;
*  Miihendislik yapilari i¢in uygun yer se¢imi arastirmalar1 ve
arazi kullanim planlamalari,

» Jeoteknik saha arastirmalari, sondaj calismalari, arazi ve
laboratuvar deneyleri,

+ Jeoteknik caligmalarda kullanilan jeofizik yontemler,
» Kaya ve zeminlerin jeomekanik 6zellikleri,
*  Sev duraylilig1 degerlendirmeleri ve izleme teknikleri,

+ Insan ve dogay1 olumsuz etkileyen dinamik jeolojik siireglere
direngli mekansal planlama ¢alismalari,

»  Cografi Bilgi Sistemleri ve Uzaktan Algilama teknolojilerinin
jeoloji mithendisligi alaninda uygulamalari,

* Dogal olast tehlike ve risk (Deprem, sivilasma, heyelan,
obruk, tibbi jeoloji, taskin, ¢18 vb.) degerlendirmeleri,

*  Doga kaynakl afetler ve afet yonetimi ¢aligmalari,

*  Cevre jeolojisi aragtirmalari, atik yonetimi ve yer segimi
caligmalari,

*  Yiizey ve yeralti su kaynaklarinin yonetimi, hidrojeolojik
sorunlar ve ¢oziimlere yonelik yaklasimlar,

* Jeolojik kaynaklarin yonetimi uygulamalari, sorunlari,
¢6zlim Onerileri ve ekonomik agidan degerlendirilmesi,

+ Jeotermal, maden ve mineral kaynaklarinin arastirma ve
gelistirilmesi, yeralt1 jeolojisi modelleme ¢aligmalari,

e Kirleticiler ve ekosisteme etkileri,

* Dogal yap1 malzemeleri ve zemin iyilestirme ¢aligmalart,

e Tarihi yapilarin ve jeolojik amitlarin korunmasinda
mithendislik jeolojisi,

» Kaynak arama ve iiretim siireglerindeki sondaj uygulamalart,
sondaj teknolojilerindeki gelismeler,

*  Yapi iiretim ve denetim siire¢lerinde jeoloji miihendisligi
alanina giren konulardaki arastirma, gelistirme ve proje
caligmalari,

» Jeoloji Miithendisligi egitimi ve egitimin gelistirilmesi,

konular éncelikli olmak iizere, yukaridaki konularla iliskili tim

kuramsal ve uygulamali ¢aligsmalari kapsayan arastirmalar Jeoloji

Miihendisligi Dergisinde yayimlanir. Calismanin daha once

yaymmlanmamis olmas: gerekmektedir. Jeoloji Miihendisligi

Dergisinde, dort yazi tiirli yayimlanmaktadir:

1- ARASTIRMA MAKALESI (Research Article): Ozgiin
bir ¢alismanin sunuldugu yazidir. Kuramsal temel, yeterli
miktar ve nitelikte veriye dayali bulgu ve sonuglarin
ayrintilartyla degerlendirildigi boliimleri icermelidir. Yazinin
toplam uzunlugu 9000 sozciik esdegerini (15 JMD sayfast)
agmamalidir. Makale, alaninda uzman en az iki hakem
tarafindan incelendikten sonra yayimlanir.

2- DERLEME (Review): Editoriin daveti lizerine veya bilgisi
dahilinde hazirlanan, Jeoloji Miihendisligi'nin herhangi
bir alaninda halen kullanilmakta olan teknik, yontem ve
yaklagimlar1 giinimiiz teknolojik gelismeleri ve kendi
deneyimleri 1s1ginda inceleyen, bu agidan oneriler getiren
ve gelistiren yazidir. Yazi uzunlugu konuya bagl olarak
degisebilir. Yayin Kurulu incelemesi zorunlulugu yoktur.

3- TEKNiK NOT (Technical Note): Teknik not makalesi,
onceki yaymlara kiyasla gergekten yeni olan bir teknik,
ekipman, arastirma yontemi veya bir degerlendirme
yontemini kapsayan ¢aligmalardir. Makalede degerlendirme
veya Ol¢lim yontemlerinin, nasil dogrulandig: belirtilmelidir.
Bir teknik not 4000 kelimeden uzun olmamalidir (6 JMD
sayfasi). Makaleler en az iki yaym kurulu iyesi tarafindan
incelenecektir.

4- DUZELTME (Erratum): Makalenin son diizenleme
sirasinda yazarlar veya yayin kurulu tarafindan yanlislikla
olusturulan yayinlanmis bir makaledeki hatalar1 diizeltmek
icin bir hata bildirimi yayinlanir. JMD, yayinlanan makalenin
yazarlart veya okuyucular tarafindan hatalara karsi
uyarilabilir. Yazarlar yayn kurulunu uyardiysa, miimkiin olan
en kisa siirede bir diizeltme (erratum) yayinlanir. Bir okuyucu
yaym kurulunu uyardiysa, bir yazim hatasi bildiriminin
uygun olup olmadigini gérmek i¢in yazarla iletisime gecilir.
Okuyucular, Editor ile iletisime gecebilirler. Editore Mektup



alinmigsa ve yazim diizeltmesi gerekliyse, orijinal makalenin
yazarlarindan, yayinlanan Editére Mektup’a yanit vermeleri
ve diizeltme yazis1 yazmalari istenir.

ETiK iLKELER VE YAYIN POLITiKASI
1. Etik ilkeler ve Yayn Politikasi

Jeoloji Miihendisligi Dergisi (JMD) yaymeci ve kullanicilar
(Editor ve teknik editor, yazarlar, hakemler, okuyucular vb.)
Yayin Etigi Komitesi (Committee on Publication Ethics-COPE,
https://publicationethics.org/) tarafindan belirlenen etik kurallar
ve sorumluluklara uyar.

Jeoloji Miihendisligi Dergisi hakemli bir dergidir. Basili ve
elektronik ortamda ¢evrimigi yayin yapmakta olup, agik erisim
sistemine sahiptir. Dergi sayilart Aralik ve Haziran aylarinda
yilda iki kez yaynlanir. Yayin siireglerinde, bilimsel yontemle
Ozgiirce ve yansiz bigimde tiretilen bilginin paylasilmasi gozetilir.
Makale degerlendirme siirecinde kor hakemlik sistemi uygulanir.
JMD’nin 1977 yilindan itibaren yayinlanan tiim sayilart gerek
yayinci kurulus olan TMMOB Jeoloji Miihendisleri Odast
(JMO) tarafindan basili ve elektronik versiyonlari, TUBITAK
ULAKBIM- DergiPark tarafindan ise elektronik versiyonlart
argivlenmektedir.

1.1 Etik lkeler
Editorlerin Etik Gorev ve Sorumluluklar:

Jeoloji Miihendisligi Dergisi’nde gorev alan Editorler, Yayn
Etigi Komitesi (Committee on Publication Ethics -COPE)
tarafindan “ Code of Conduct and Best Practice Guidelines for
Journal Editors” baglig1 altinda yayinlanan kilavuz kapsaminda
hazirlanan etik gérev ve sorumluluklara sahiptir.

Editorler, derginin gelisimi ve yayinlanan ¢aligmalarin kalitesini
gelistirmeye yonelik siiregleri takip etmekle sorumludurlar.

JMD’ne sunulan makale ilk olarak, Editorler tarafindan dergi
ama¢ ve kapsamma uygunlugu agisindan gozden gegirilir.
Gonderilen makale, derginin amag ve kapsamina uymuyorsa en
gec 15 giin igerisinde reddedilir ve yazara bilgi verilir. Amag ve
kapsam1 uygun bulunan makale, yapilan hakem degerlendirmesi
oncesi yazim kurallari, dil ve anlatim ile ¢aligmanin planlanmast
acisindan  incelenir. Bu konularda eksiklikleri bulunan
makalelerin yazar tarafindan diizeltilmesi istenir.

Editorler, makalelerin tiim bdliim igeriklerini inceleyip,
uygun buldugunda makaleler hakem degerlendirmesine alinir.
Ancak, herhangi bir nedenle hakem degerlendirmesine uygun
bulunmayan makaleler, editoriin degerlendirme raporuyla
birlikte reddedilir. Yazara en ge¢ 15 giin igerisinde bilgi verilir.

Hakem degerlendirmesinde makaleler, editor tarafindan icerik
ve uzmanlk alanlarma gore dergi hakem havuzundan ve/
veya havuz disindan olmak iizere, en az ii¢ hakeme gonderilir.
Makale hakemlerinin belirlenmesinde, ¢ikar ¢atigmasi/cakismast
hususlarina 6zen gosterilir.

Hakem goriisleri dogrultusunda, diizeltilmesi istenen makalelerin
diizeltilmis kopyasi, gegerli bir neden olmaksizin yazarlar

tarafindan 30 giin igerisinde tekrar editore gonderilmedigi
taktirde, editoriin makaleyi reddetme hakki vardir. Yeniden
diizenleme sonrasi, diizeltilmis makale editor tarafindan
gerekirse yeniden hakem degerlendirmesine gonderilir veya
editor tarafindan dogrudan kabul veya reddedilir.

Degerlendirme sonucu, hakemlerden gelen gorisler, editor
tarafindan en ge¢ 15 giin igerisinde incelenir. Inceleme
sonucunda, editér makaleye iliskin nihai kararini vererek yazara
iletir. Ret karar1 verilen makaleler arsivlenir.

Editorler; olasi suistimal ve gorevi kotitye kullanma iglemlerine
kars1 6nlem almakla yiikiimliidiir. Bu duruma yénelik sikayetlerin
belirlenmesi ve degerlendirilmesi konusunda titiz ve nesnel
bir sorusturma yapmanin yani sira, konuyla ilgili bulgularin
paylasilmasi, editoriin sorumluluklari arasinda yer almaktadir.
Suistimal siiphesi veya tartismali yazarlik durumlarinda COPE
akis semalar1 (https://publicationethics.org/resources/translated-
resources/turkish-all-flowcharts) ~ dikkate almarak  gerekli
asamalar izlenir.

Editorler; yazar, hakem veya okuyuculardan gelen sikayetleri
dikkatlice inceleyerek aydinlatict ve agiklayict bir sekilde yanit
vermekle yiikiimliidiir.

Dergi sahibi, yaymci ve diger higbir politik ve ticari unsur,
editorlerin bagimsiz karar almalarini etkilemez.

Editorler; yazar(lar), hakemler ve diger editorler arasindaki
¢ikar catismalarini g6z 6ntinde bulundurarak, ¢alismalarin yayin
stirecinin bagimsiz ve tarafsiz bir sekilde tamamlamasini garanti
eder.

Hakemlerin Etik Gorev ve Sorumluluklar:

Jeoloji Miihendisligi Dergisi’nde goérev alan Hakemler, Yayin
Etigi Komitesi (Committee on Publication Ethics -COPE)
tarafindan “COPE-Ethical Guidelines for Peer Reviewers”
baslig1 altinda yayinlanan kilavuz kapsaminda hazirlanan etik
gorev ve sorumluluklara sahiptir.

* JMD’de tiim bilimsel yaymlarm objektif degerlendirilmesini
saglamak amactyla kor hakemlik sistemi uygulanmaktadir.
Makaleye hakem atama asamasinda hakem ve yazar(lar)
arasinda  herhangi  bir  ¢ikar  gatigmasi/cakigmast
bulunmamasina 6zen gosterilmektedir. Bu amagla hakem ve
yazar(lar) arasinda bilhassa;

o Tez danismani/6grenci iliskisi olmamasi,

o Yazar(lar) ve hakem arasinda yakin ge¢cmiste (son 2 yil)
ortak arastirma ve yayin yapilmamis olmast,

o Ayni kurumda gorev yapiyor olmamas,
o Dergiye sunulan yaziya bi¢im ya da igerik yoniinden
katki yapmamis olmas,

o Yazar(lar) ve hakem arasinda yargiya ya da etik kurullara
intikal eden ihtilaflarin olmamasi,

o Hakem ve yazar(lar) arasinda akrabalik iliskisinin
olmamasi,

o Hakemin yazar(lar) hakkinda kamuoyuna intikal etmis
Onyargilarinin bulunmamasi,



o Hakem ve yazar(lar) arasinda herhangi bir ticari
iliskisinin olmamast,

gibi durumlar dikkate alinir. Yukarida belirtilen ve dergi
editorliigliniin  goziinden kagan durumlarin olmasi ihtimaline
kars1 hakemler editorii uyarir ve gerekli bilgiyi verir.

Ayrica;

» Hakemler, sadece uzmanlik alanlarina giren makaleleri
degerlendirir.

» Hakemler degerlendirmelerini tarafsiz, objektif ve gizlilik
icinde yapmakla ytikiimliidiirler.

* Degerlendirmede milliyet, cinsiyet, dini inang, siyasal
diistince, ticari kaygilar vb. nedenlerle tarafsizliklarimi
kaybetmemelidirler.

*  Goriis ve onerilerini akademik gorgii kurallari i¢inde, yapici
ve akademik bir dille yapmalari, kisisel polemik yaratacak
iisluptan kaginmalar1 gerekmektedir.

*  Yayin siirecini sebepsiz uzatacak sekilde degerlendirmelerini
geciktirmemeleri gerekir. Hakem degerlendirme siireci igin
hakemlere verilen siire 30 giindiir. Hakemler veya editérden
gelen diizeltme oOnerilerinin yazarlar tarafindan 30 giin
igerisinde tamamlanmasi zorunludur. Hakemler makale igin
diizeltmelerini inceleyerek uygunluguna karar verebilir veya
gerekliyse birden ¢ok defa diizeltme talep edebilir.

Yazarlarin Etik Gorev ve Sorumluluklari

JMD’nde uygulanan yaymn siirecleri, bilginin tarafsiz ve
saygin bir sekilde gelisimine ve dagitimma temel teskil
etmektedir. Bu dogrultuda uygulanan siiregler, yazarlarin ve
yazarlar1 destekleyen kurumlarin ¢alismalarmin  kalitesine
dogrudan yansimaktadir. Hakemli caligmalar bilimsel yontemi
somutlastiran ve destekleyen caligmalardir. Bu noktada siirecin
biitiin paydaslarinin (yazarlar, okuyucular ve arastirmacilar,
yayinci, hakemler ve editorler) Yayin Etigi Komitesi-COPE
ilkelerine uymasi 6nem tagimaktadir.

JMD’ne degerlendirilmek tizere makale gonderecek yazar(lar),
oncelikle DergiPark’a iiye olmak zorundadir. Sorumlu yazar
¢aligmalarini (orijinal makale, derleme, vb.) JMD’ne DergiPark
sistemi lizerinden gondermelidir.

Makaleden sorumlu yazarmn dergiye yeni makale génderimi
i¢in “iThenticate Intihal Tespit Yazilimi” veya “Turnitin” veya
esdegeri bir intihal programi kullanarak benzerlik raporunun yant
sira, imzalanan “Telif Hakki Devri Formu” ve “Etik Bildirim
Formu”nu DergiPark sistemine yliklemesi gerekmektedir.
Gonderilen makalenin benzerlik endeksi orani, referans listesi
harig, % 20'nin altinda olmalidur.

Yazarlar ¢alismalarini ayni anda birden fazla derginin bagvuru
stirecinde bulunduramaz. Her bir basvuru 6nceki bagvurunun
tamamlanmasini takiben baglatilabilir. Baska bir dergide
yayinlanmis ¢calisma JMD’ne gonderilemez.

Sorumlu yazar, gonderilen bu makalenin baska bir yerde benzer
bir formda yayinlanmadigini, makalenin orijinal oldugunu ve
yaymlanmak tizere baska bir yere génderilmeyecegini garanti
etmelidir.

Yazar(lar)in ~ gonderdikleri  ¢alismalarin ~ 6zgiin ~ olmasi
beklenmektedir. Yazar(lar)in baska ¢alismalardan yararlanmalari
veya baska caligmalari kullanmalart durumunda eksiksiz ve
dogru bir bigimde atifta bulunmalar1 ve/veya alinti yapmalari
gerekmektedir.

Yazar(lar)dan degerlendirme siiregleri ¢gergevesinde makalelerine
iliskin ham veri talep edilebilir; boyle bir durumda yazar(lar)
beklenen veri ve bilgileri yayin kuruluna sunmaya hazir olmalidur.

Yazar(lar), kullanilan verilerin kullanim haklarina, aragtirma/
analizlerle ilgili gerekli izinlere sahip olduklarini gosteren
belgeye sahip olmalidir.

Makale yazarlarinin her biri makaleye onemli bilimsel katkida
bulunmus olmasi gerektiginden her yazarin esit etik sorumluluk
tasidig1 kabul edilir. Yazar(lar)in yaymlanmis, erken goériinim
veya degerlendirme agsamasindaki ¢alismasiyla ilgili bir yanlis ya
da hatay: fark etmesi durumunda, dergi editdriinii veya yayinciy1
bilgilendirme, diizeltme veya geri ¢gekme iglemlerinde editorle is
birligi yapma ytikiimliiliigii bulunmaktadir.

Degerlendirme asamasindaki makalesini geri ¢ekme isteginde
bulunan yazar(lar)in, konuyu iceren 1slak imzali dilekgeyi dergi
e-posta adresi jmd@jmo.org.tr tizerinden yayin kuruluna iletmesi
gerekir. Yayin Kurulu, geri ¢cekme dilekgesini inceleyerek en geg
15 giin icerisinde cevap verir. Yayin Kurulu tarafindan dilekgesi
onaylanmayan bir makalenin yazar(lar)1, makalelerini baska bir
dergiye gonderemezler.

Yayinlanmak tizere gonderilen tiim c¢aligmalarin varsa g¢ikar
catismasi teskil edebilecek durumlari ve iliskileri agiklanmalidir.

Degerlendirme  siireci  baglamig  bir ¢alisjmanin  yazar
sorumluluklarinin degistirilmesi (Yazar ekleme, yazar sirasi
degistirme, yazar ¢ikartma gibi) teklif edilemez.

Degerlendirme siirecinde yazarlar; editor ve hakemlerin
goriis, Oneri ve elestirilerine cevap vermekle yiikiimliidiirler.
Yazarlar, hakem goriislerini dikkate alarak sorulan sorulari
cevaplamak, goriis ve onerileri degerlendirmek, elestirilere karsi
olumlu ya da olumsuz karsilik vererek bunlara dair kanitlarini
ayrintili bir mektupla editére bildirmek zorundadir. Bu karsi
mektupta akademik Uslup kullanilmali, kisisel tartigmalardan
kagimilmalidir.

1.2 Yayin Politikasi

IMO ve/veya JMD yaymlanacak makalelerin telif haklarmin
alinmas1 igin yazarlardan yazili onay ahr. Tlgili yazar, dergiye
sunulan makalenin yazari/sahibi oldugunu ve kendisi ve diger
yazar(lar) adina telif hakkint JMO ve/veya JMD’ne devreder.
Telif Hakki Devri Formunun doldurularak, makale sunumu
esnasinda dergi sistemine yiiklenmesi zorunludur.

Sunulan makalenin tiim yazarlari, yazinin tiim haklarini ve tim
telif haklarini imzalayarak JMO ve/veya JMD’ne devretmelidir.
JMO ve/veya JMD’nin, ilgili makalenin tamamini veya bir kismini
dersler/ders notlari, raporlar ve ders kitaplari/basili kitaplar gibi
gelecekteki eserlerinde herhangi bir 6deme yapmadan kullanma
hakk: ve ilgili makalenin kendi kullanimi i¢in kopyasini alma
hakki vardir. JMO ve/veya JMD; ticari amaglar disinda patent
haklari gibi telif hakki disindaki tiim haklarini sakl tutar.



JMD sistemindeki tiim kisisel bilgiler bilimsel amaglarla
kullanilmakta olup, {iciincii taraflarla paylagilmamaktadir.

Editor, Teknik Editér ve Yaymn Kurulu iiyeleri, yazarlarn
gortiglerinden ve yazi igeriginden sorumlu degildir. Yazarlar,
yazilarindaki etik Ozgiinlik ve olasi hatalardan sorumludur.
Son okuma (diizeltme okumasi) Oncesi ve sayfa diizenleme
asamasinda olusabilecek tiim hatalardan yazarlar sorumludurlar.
Son okuma sonras1 meydana gelen hatalar dergi yetkililerinin
sorumlulugundadir.

YAZIM KURALLARI

JEOLOJIi MUHENDISLIGi DERGISi nin yayin dili Tiirke
ve Ingilizcedir. Makale hangi dilde hazirlanmigsa Baslik, Oz,
Sekil ve Cizelge agiklamalarini takiben diger dildeki karsiligt
yazilmalidir. Yazarlarin ana dillerinin Tiirk¢e olmamasi ve
bu konuda makalenin dergiye sunumundan once gerekli
yardimi alamamalar1 durumunda, Baslik, Oz, Sekil ve Cizelge
basliklarinmn Tiirkgeye gevrilmesinde Editorler gerekli yardimi
saglar. Ana dili Ingilizce olmayan yazarlara, yazilarin1 DergiPark
sistemine yiiklemeden 6nce, dil bilgisi ve yazim tarzi agisindan,
ana dili Ingilizce olan bir kisiden katki almalar1 6zellikle 6nerilir.

Dergiye yayimlanmak iizere gonderilen makaleler, dergi yazim
kurallarina gore hazirlanmalidir.

Dergi yazim kurallarina gére hazirlanmis MS Office Word
sablonunu bilgisayariniza indirmek i¢in liitfen tiklayimz...

Dergiye yayimlanmak {izere gonderilen makaleler, Etik Ilkeler
ve Yay Politikas: dikkate alinarak hazirlanmis olmalidir.

Tiim makaleler Jeoloji Miihendisligi Dergisi DergiPark Sistemi
lizerinden  https://dergipark.org.tr/tr/journal/1669/submission/
step/manuscript/new  adresindeki “Makale Gonder” meniisii
araciligiyla elektronik ortamda gonderilmelidir.

Bunun i¢in dnce DergiPark sistemine liye olmalisiniz. Makale
Gonderim Asamasinda karginiza ¢ikan Etik Beyan formu ve Telif
Hakki Devir formlarinin diizenlenip, makale dosyalartyla birlikte
sisteme yiiklenmesi gerekmektedir.

Yazilar asagida verilen diizen cercevesinde hazirlanmahdir:

(a) Bashk (Tiirkge ve Ingilizce)

(b) Yazarlarin Ad(lar)t SOYAD(LAR)I koyu olacak sekilde,
adresleri (italik ve kiigiik harfle) ile sorumlu yazarin e-posta
adresi

(c) Oz (Tiirkge ve Ingilizce)
(d) Anahtar Kelimeler (Tiirkce ve Ingilizce)
(e) Giris (amag, kapsam ve yontemi)

(f) Ana metin (kullanilan yontemler, caligilan malzemeler,
tanimlamalar, analizler vd.)

(g) Tartisma ve Sonuglar veya Sonuglar

(h) Katki Belirtme

(i) Kaynaklar

Metinde kullanilan degisik tiirde basliklar farkl sekillerde ve tiim

basliklar sayfanin sol kenarinda verilmelidir. Ana basliklar biiyiik
harflerle ve koyu yazilmahdir. Tkinci derece basliklar alt baslhik

olarak degerlendirilmeli ve birinci ve ikinci derece alt bagliklar
kiigiik harfle (birinci derece alt bagliklarda her kelimenin ilk harfi
biiyiik) ve koyu, ticiincli derece alt basliklar ise italik olmalidir.
Basliklarin 6niine numara veya harf konulmamalidir. Yazilar
(6z, metin, sponsor, katki belirtme, kaynaklar, ekler ve sekiller
dizini) A4 (29.7 cmX21 cm) boyutundaki sayfalarm bir yiiziine,
kenarlardan en az 2.5 cm bosluk birakilarak, 1,5 satir araliginda
ve 12 puntoyla (Times New Roman) yazilmali, ayrica tiim
sayfalara numara verilmelidir.

Bashiklar su sekilde olmahidir:
oz
ABSTRACT
GIRiS
ANA BASLIK
Birinci Derece Alt Bashk
ikinci derece alt bashk
Uciincii derece alt bashk
SONUCLAR ve TARTISMA
KATKI BELIRTME
ORCID
KAYNAKLAR

Bashik ve Yazarlar

Yazinin  baghigi, caligmanin igerigini anlasilir  sekilde
yansitmalidir. Eger yazi Tiirk¢e hazirlanmigsa, Tiirkge basligt
(koyu ve kelimelerin ilk harfleri biiyiik harf olacak sekilde)
Ingilizce bashk (italik ve kelimelerin ilk harfleri biiyiik olacak
sekilde) izlemelidir. Ingilizce hazirlanmig yazilarda ise, Ingilizce
bashik Tiirkge baslhktan once ve yukarida belirtilen yazim

kurallarina gore verilmelidir.

Makaledeki yazarlar, eger heniiz yoksa http://orcid.org web
adresinden edinecekleri ORCID (ORCID, Open Researcher ve
Contributor ID’nin kisaltmasidir. ORCID, Uluslararas: Standart
Ad Tanimlayict (ISNI) olarak da bilinen ISO Standardi (ISO
27729) ile uyumlu 16 haneli bir numarali URL»dir.) bilgilerini de
makale ile birlikte sunmalidir.

Yazarlara iliskin bilgi ise asagidaki 6rneklere uygun olarak
verilmelidir.
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Calisma hakkinda bilgi verici bir igerikle (¢alismanin amaci,
elde edilen baslica sonuglar) ve 200 kelimeyi agmayacak sekilde
hazirlanmalidir.  Ozde kaynaklara atifta bulunulmamalidir.
Makalelerde hem Tiirkge hem de Ingilizce Oz bulunmalidir.
Tiirkce yazilarda ilk 6nce Oz, daha sonra “Abstract” (italik),
Ingilizce yazilarda ise 6nce Abstract daha sonra Tiirkce Oz
(italik) olacak sekilde hazirlanmalidir.

Anahtar Kelimeler

Oz ve Absract’in altinda sirasiyla Tiirkge ve Ingilizce olarak en
az 3-6 kelimeyi asmayacak sekilde ve yazinin konusunu yansitan
anahtar kelimeler verilmelidir. Anahtar kelimeler, alfabetik
sirayla, birinci anahtar kelimenin ilk harfi biiylik, digerleri ise
kiiciik harflerle yazilmali ve aralarma virgiil konmalidir. Teknik
Not tiirii yazilarda anahtar kelimelerin verilmesine gerek yoktur.

KATKI BELIRTME

Katki belirtme, kisa olmali ve tesekkiir edilecek olanlar ¢alismaya
en oOnemli katkiyr saglayan kisilerin ve/veya kuruluslarin
adlariyla sinirlandirilmalidir. Tesekkiir edilecek kisilerin agik
adlar1 tinvanlart belirtilmeksizin verilmeli, ayrica bu kisilerin
gorevli olduklar: kurum ve kuruluslarin adlari da eklenmelidir.

Hibe, proje fon destegi vb. tesekkiirleri bu baslik altinda ayr1 bir
paragraf olarak belirtilmelidir. Finansman saglayan kuruluglarin
isimleri tam olarak yazilmalidir.

Aragstirma sirasinda yardim saglayan kisiler burada listelenmelidir
(6rnegin, Ingilizce terciime destegi saglamak, yazim yardimi
veya makalenin Tiirkce ve Ingilizce diizeltmesini yapmak vb.).

DEGINILECEK BELGELER
Metin icinde Atiflarin Yazilmasi
A. Yayinda tek yazar varsa

Parantez iginde yazilmasi gerekiyorsa: (Yazarl, Tarih) Or:
(Sonmez, 1996)

Metin iginde yazilmast gerekiyorsa: Yazarl (Tarih) Or: Sénmez
(1996)

B. Yayinda 2 yazar varsa

Parantez iginde yazilmasi gerekiyorsa: (Yazarl ve Yazar2, Tarih)
Or: (Merriman ve Frey, 1999)

Metin iginde yazilmasi gerekiyorsa: Yazarl ve Yazar2 (Tarih) Or:
Merriman ve Frey (1999)

C. Yayinda 2’den fazla yazar varsa

Parantez icinde yazilmasi gerekiyorsa: (Yazarl vd., 1987) Or:
(Pettijohn vd., 1987)

Metin icinde yazilmasi gerekiyorsa: Yazarl vd. (1987) Or:
Pettijohn vd. (1987)

D. Arka arkaya birden fazla atifta bulunulacaksa

Parantez iginde yazilmasi gerekiyorsa: (Merriman ve Frey, 1999;
Pettijohn vd., 1987; Sonmez, 1996)

Metin iginde yazilmast gerekiyorsa: Merriman ve Frey (1999),
Pettijohn vd. (1987), Sénmez (1996)

. Aym yazarlarin aym yil icinde birden fazla yaymina atifta
bulunulduysa

Bu durumda Kaynaklar boliimiinde makalelerin tarihlerinden
sonra a, b, ¢ gibi harfler verilir, metin ig¢indeki atiflarda da
tarihlerden sonraki harfler kullanilir.

Kaynakg¢ada:

Ahmetoglu, A. ve Hiisntioglu, H. (2022a). Makale Adi 1. Siireli
yaymin/derginin adi (kisaltilmamis), Cilt No(Say1 No),
sayfa numaralari. Varsa DOI bilgisi

Ahmetoglu, A. ve Hiisniioglu, H. (2022b). Makale Ad1 2. Siireli
yaymin/derginin adi (kisaltilmamas), Cilt No(Say1 No),
sayfa numaralari. Varsa DOI bilgisi

Metin igindeki atiflarda:

Parantez iginde yazilmasi gerekiyorsa: (Ahmetoglu ve
Hiisntioglu, 2022a)

Metin i¢inde yazilmasi gerekiyorsa: Ahmetoglu ve Hiisntioglu
(2022a)

Kaynaklar Boliimii
Asagidaki ornekler ile kesinlikle uyumlu olmalidir

- JMD’de Tiirkce yayinlanacak makalelerde: Kaynak cok
isimli bir ¢alisma ise: Son isimden 6nce “ve” gelmelidir eger
kaynak Ingilizce ise “&” kullamlmahdur.

- Editorin belirtilmesi gereken calismalarda: Tek isim ise
(Ed.) coklu editor ise: Son isimden sonra (Ed.ler) eger
kaynak Ingilizce ise (Eds.) yazilmalidur.

A. Siireli yayinlar:
A.1. Siireli yaymlarin gosterilmesi:

Yazar ad(lar)1, (Tarih). Makalenin baslig1. Stireli yaymin/derginin
adi (kisaltilmamis), Cilt No(Say1 No), sayfa numaralari.
Varsa DOI bilgisi

Hoek, E. & David, M. (1990). Estimating Mohr — Coulomb
friction and cohesion values from Hoek — Brown failure
criterion. International Journal of Rock Mechanics,
27(3), 220-229. https://doi.org/10.1016/0148-
9062(90)94333-0

A.2. Ozel durumlar:

A.2.1. Eger makale serbest erigsimli bir internet sayfasindan
alindiysa:



Ketin, I. (1949). Son on yilda Tiirkiye'de vukua gelen biiyiik
depremlerin tektonik ve mekanik neticeleri hakkinda. Tirkiye
Jeoloji Biilteni, 2(1), 1-13. https:/dergipark.org.tr/tr/pub/tjb/
issue/50279/650044

A.2.2. Eger makalenin makale numarasi varsa:

Aclan, M., Oyan, V. & Koése, O. (2020). Petrogenesis and the
evolution of Pliocene Timar basalts in the east of Lake Van,
Eastern Anatolia, Turkey: A consequence of the partial melting
of a metasomatized spinel-rich lithospheric mantle source.
Journal of African Earth Sciences, 168, Article 103844. https://
doi.org/10.1016/j.jafrearsci.2020.103844

B. Bildiriler:

Yazar ad(lar)1, (Tarih). Bildirinin bashgi. Editor(ler), Sempozyum
veya Kongrenin Adi, (bildirinin sayfa araligi). Yaymevi. Varsa
DOI bilgisi veya internet erigim bilgisi

Sanlyiiksel Yiicel, D., Tleri, B. (2019). Characterization of weak,
strafied and clay bearing rock masses. H. Sozbilir, C. Ozkaymak,
B. Uzel, O. Siimer, M. Softa, C. Tepe, S. Eski (Ed.ler), 72.
Tiirkiye Jeoloji Kurultayr Bildiri Ozleri ve Tam Metin Bildiriler
Kitabu, (s.63-64). Jeoloji Miihendisleri Odas1 Yaynlari. https://
www.jmo.org.tr/resimler/ekler/174e0f6fa731893 ek.pdf

C. Kitaplar:
C.1. Kitaplarin gosterilmesi:

Yazar ad(lar)1, (Tarih). Kitabin Adi (ilk harfleri Bityiik). Yaymevi.
Varsa DOI bilgisi veya internet erisim bilgisi

Pettijohn, F. J., Potter, P. E. & Siever, R. (1987). Sand and
Sandstones (2nd ed.). Springer-Verlag New York. https:/www.
doi.org/10.1007/978-1-4612-1066-5

Ketin, I. (2016). Genel Jeoloji, Yerbilimlerine Giris (9. Baski).
ITU Vakfi Yayinlar1.

C.2. Ceviri Kitaplarin Gosterilmesi:

Yazar ad(lar)1, (Tarih). Kitabin Ceviri Adi (Cevirenlerin adlarr).
Yayinevi. (Orijinal yayn tarihi). Varsa DOI bilgisi veya internet
erisim bilgisi

Komatina, M. M. (2011). Tibbi Jeoloji: Jeolojik Ortamlarin
Insan Saghgi Uzerindeki Etkileri (Cev: Y. Orgiin ve D. Bayrak).
TMMOB Jeoloji Miihendisleri Odast (Orijinal yaymn tarihi:
2001).

D. Kitapta Béliim ise:

Yazar ad(lar);, (Tarih). Bolim Adi. Editor(ler) Kitap adi
(Boliimiin sayfa araligi). Yaymevi.

Merriman, R. J. & Frey, M. (1999). Patterns of very low-grade
metamorphism in metapelitic rocks. In M. Frey & D. Robinson
(Eds.), Low Grade Metamorphism, (pp. 61-107). Blackwell
Sciences Ltd.

E. Raporlar ve Tezler:
E.1. Raporlar:

Yazar ad(lar)1, Tarih. Raporun bashig1 (Varsa rapor no). Kurum
adi (Yayimlanma durumu).

Kellogg, H. E. (1960). Stratigraphic report, Derik-Mardin area
Petroleum District V, Southeast Turkey (Rapor no: 1367). TPAO
(yayimlanmamis).

E.2. Tezler:

Yazar adi, (Tarih). Tezin bashg [Yayimlanma durumu ve
derecesi]. Kurulusun veya Universitenin Ad1.

Sénmez, H. (1996). TKI ELI Soma Linyitleri agik isletmelerinde
eklemli kaya kitlesi igindeki sevlerin  durayliligmin
degerlendirilmesi [Yayimlanmamis Yiiksek Lisans Tezi].
Hacettepe Universitesi Fen Bilimleri Enstitiisii.

F. Kisisel Goriisme:

Sozbilir, H., 2005. Personal communiciation. Geological
Engineering Department of Dokuz Eyliil University, Izmir,
Turkey.

G. internetten indirilen Bilgiler:

Kurumun veya internet sayfasmnin adi, (Erisim tarihi). Web
adresi.

KRDAE, (2020, 02 Ocak). Bogazi¢i Universitesi Kandilli
Rasathanesi ve Deprem Arastirma Enstitiisii. Deprem Bilgileri,
Biiylik ~ Depremler.  http://www.koeri.boun.edu.tr/sismo/2/
deprem-bilgileri/buyuk-depremler/

H. Kaynak olarak kullamlan haritalar:

Konak, N. ve Ercan, T., 2002. 1/500.000 Tiirkiye Jeoloji Haritas1
Van Paftasi, (Senel, M., (Ed.)). Maden Tetkik ve Arama Genel
Miidiirliigii Yayinlari, Ankara.

Tiirk¢e kaynaklar dogrudan Tiirk¢e olarak verilmeli ve Tiirkge
karakterlerle yazilmalidir.

ESITLIKLER

Matematiksel sembolleri ve formiilleri resim olarak degil,
litfen diizenlenebilir metin olarak gonderin. Denklemler i¢in
denklem diizenleyicisini veya MathType’1 kullanin. Esitliklerde,
yaygin olarak kullanilan uluslararas: simgelere yer verilmesine
6zen gosterilmelidir. Her esitlige swrayla numara verilmeli,
numaralar parantez iginde esitligin hizasinda ve sayfanin sag
kenarinda belirtilmelidir. Prensip olarak, degiskenler italik olarak
sunulmalidir. “e” nin kuvvetleri “(exp)” ile gosterilmelidir.
Esitliklerde kullanilabilecek alt ve iist indisler belirgin sekilde ve
daha kiigiik karakterlerle yazilmalidir (Id, x2 gibi). Esitliklerdeki
sembollerin agiklamalari esitligin hemen altindaki ilk paragrafta
verilmelidir. Karekok isareti yerine parantezle birlikte iist indis



olarak 0.5 kullanilmalidir (ccmass= 6¢0.5 gibi). Bolme isareti
olarak yatay ¢izgi yerine “/” simgesi kullanilmalidir. Carpma
isareti olarak genellikle herhangi bir isaret kullanilmamali, ancak
zorunlu hallerde “*” isareti tercih edilmelidir (y=5 * 10-3 gibi).
Kimyasal formiillerde iyonlarin gosterilmesi amaciyla Ca++
veya CO- - gibi ifadeler yerine Cat+2 ve CO3-2 kullanilmalidir.
Metinde esitliklere “esitlikler (1, 2, vb.)” seklinde atifta
bulunulmalidir. Esitlik verildikten sonra ilgili parametreler
agiklanmalidir.

CiZELGE VE SEKIiLLER

Cizelge ve sekiller metin igerisinde yer almalidir. Caligmanin
sonunda ayrica verilmemelidir. Cizelge ve sekillerde genel
sablonun disinda 10 punto Times New Roman yazi karakteri
kullanilir. Paragraf sekmesinde girintiler boliimiinde; 6nce ve
sonra alani 0, satir araligi tek olmalidir. Tablo ve sekiller sola
dayali olmali ve metin kaydirma ozelligi kapali olmalidir.
Cizelge ve sekiller Dergi’nin tek (7.5 cm-genislik) veya ¢ift (16
cm-genislik) kolonuna sigacak sekilde diizenlenmelidir.

Cizelgeler

Cizelgeler, basliklartyla birlikte, Dergi’nin sayfalarindaki
baski alanmi (16 x 22cm) asmayacak sekilde hazirlanmali ve
birbirini izleyen sira numaralariyla verilmelidir. Cizelgelerin
iist kistmlarinda hem Tiirkge hem de Ingilizce basliklari
bulunmalidir. Makalenin Tiirkge yazilmasi halinde Ingilizce
bashk italik harflerle Turkce bashgmn altinda yer almali,
Ingilizce makalelerde ise, italik yazilmis Tiirkce baslik Ingilizce
bagliktan sonra verilmelidir. Cizelgeler, “Cizelge 17 vb. seklinde
sunulmalidir. Metinde cizelgelere Cizelge 1 veya Cizelge 1
ve 2 (eger birden fazla sayida ¢izelgeye atifta bulunulacaksa)
seklinde deginilmelidir. Cizelgeler i¢indeki karakterler 10 punto
(duruma gore daha kiigiik) yazilmahdir. Cizelgelerde disey
cizgiler kullanilmamali, yatay c¢izgiler ise sadece ¢izelgenin
alt ve istiinde, ayrica cizelgedeki basliklar ile bunlarin altinda
listelenen rakamlari ayirmak i¢in kullanilmalidir (Bunun igin
Dergi’nin Onceki sayilarina bakilmasi onerilir). Cizelgelerde
makalenin diger kisimlarinda verilen bilgi veya sonuglarin
(6rnegin grafikler vb.) tekrar verilmemesine 6zen gosterilmelidir.
Cizelgelerle ilgili varsa verilmesi gereken agiklamalar1 daha
kiigiik karakterlerle ¢izelgenin altinda belirtebilirsiniz.

Sekiller

Cizim, grafik ve fotograf gibi tiim sekiller yiiksek kalitede
basilmis olarak “Sekil” baslig1 altinda ve metin i¢inde anildiklari
sirayla numaralandirilarak verilmelidir. Cizim, grafik ve fotograf
formatlarinda asagida onerilen kurallar dikkate alinmalidir.

Kullanilan uygulama ne olursa olsun, elektronik fotograf/
grafik sonlandirildiginda, ‘farkli kaydet’ segenegini kullanarak
gortintiileri asagidaki bicimlerden birine doniistiriin  (¢izgi
cizimler, yar1 tonlar ve g¢izgi/yari ton kombinasyonlari igin
asagida verilen ¢oziiniirliik gereksinimlerine dikkat edin):

EPS (veya PDF): Vektor ¢izimleri. Yazi tipini yerlestirilmeli veya
metin ‘grafik’ olarak kaydedilmeli.

TIFF (veya JPG): Renkli veya gri tonlamali fotograflar (yari
tonlar) igin en az 300 dpi kullanilmali.

TIFF (veya JPG): Cizgi grafikler igin en az 1000 dpi kullaniimal1.

TIFF (veya JPG): Cizgi grafikler /yarim ton (renkli veya gri
tonlamal1) kombinasyonlarda minimum 500 dpi kullanilmasi
gereklidir.

Sekil basliklart; sekillerin altina yazilmali ve ¢izelgeler igin
yukarida belirtilen yazim kurallarina benzer sekilde, sekil
basliklar1 hem Tiirkge hem de Ingilizce hazirlanmalidir. Sekiller
icin en biiyik boyut, sekil bashigmi da icerecek bicimde 16
cm (genislik) x 22 cm (uzunluk) olmaldir. Ozellikle haritalar,
arazi ile ilgili ¢izimler ve fotograflar, sayisal 6lgek (1:25000
vb.) kullanilmamali, metrik sisteme uygun cizgisel Olgekle
verilmelidir. Tim haritalarda kuzey yonii gosterilmelidir.
Bolgesel haritalarda, uygun koordinat sistemi (enlem/boylam
veya izdiisiim koordinat sistemi) degerleri verilmelidir. Harita
aciklamalar1 (lejand); sekil bashgiyla birlikte degil, seklin
tizerinde yer almalidir. Sekiller (a), (b) vb. gibi gruplar halinde
verilebilir. Bu tiir sunumlarda 6rnegin; Sekil la, b’de, veya
(Sekil 1c, d) a, b, ¢, d vb. seklinde toplu olarak sunulan bir sekil,
ayr1 sayfalarda basilmasi yerine, gruplandirilarak ayni sayfada
sunulmalidir.

JEOLOJi MUHENDISLiGi DERGISI EDITORLUGU

T.M.M.O.B. Jeoloji Miihendisleri Odas1
Hatay Sokak No: 21 Kocatepe/Ankara

Tel 1 (312)4323085/(312) 434 36 01
Faks 1 (312) 434 23 88

E-posta : jmd@jmo.org.tr



AIM & SCOPE
Journal of Geological Engineering has the following purposes;

» To more effectively reflect the place and importance of the
geological engineering profession in daily life. The field
of geological engineering studies the interactions between
humans and the earth, then shares this knowledge and
experience to provide humanity with safer and healthier
living conditions that also consider the environment.

»  To share national and international developments in the field
with geological engineers.

*  Toprovide an easily accessible and active discussion platform
that strengthens and accelerates the sharing of knowledge
and experience among scientists, researchers, engineers and
other practitioners who are directly or indirectly involved in
this field.

* To contribute to the design of resilient environments and
solve problems in line with the International Sustainable
Development Goals, which include the effective management
of natural resources, and the consideration of humans and
nature, as well as geological hazards when engineering
structures and carrying out spatial planning.

* To contribute to the development of interdisciplinary
research and interoperability principles.

The Journal of Geological Engineering covers national and
international research in applied geological engineering domains
such as engineering geology, geotechnics, water resources
management and hydrogeology, environmental geology and
waste management, geothermal energy, drilling techniques
and applications, natural hazards, natural disasters and disaster
management. The journal also accepts interdisciplinary work that
uses geoscientific data from fields including civil engineering,
mining, geophysics, petroleum engineering, environmental
engineering, city and regional planning.

We are interested in papers on the following topics:
»  Suitable site selection for engineering structures and land use
planning

*  Geotechnical site investigations, drilling studies, in-situ and
laboratory tests

*  Geophysical methods used in geotechnical studies
*  Geomechanical properties of rocks and soils
»  Slope stability assessments and monitoring techniques

» Spatial planning studies resistant to dynamic geological
processes that adversely affect humans and nature

*  Geographic Information Systems and Remote Sensing
applications in the field of geological engineering

* Natural hazard and risk assessments (earthquakes,
liquefaction, landslides, sinkholes, medical geology, floods
and avalanches, etc.)

»  Natural disasters and disaster management studies

» Environmental geology, waste management and site selection
studies

*  Management of surface and underground water resources,
hydrogeological problems and practical solutions

*  Geological resources management practices, problems,
solutions and economic evaluations

*  The research and development of geothermal, mineral and
mineral resources and subsurface geological modeling

*  Pollutants and their effects on the ecosystem
* Natural building materials and ground improvement works

*  Engineering geology in the protection of historical structures
and geological monuments

*  Dirilling applications in resource exploration and production
processes, developments in drilling technologies

* Research, development and project studies in the field of
geological engineering in building production and inspection
processes

*  Geological Engineering education and development

Theoretical and applied studies related to the above topics are
also published in the Journal of Geological Engineering.

We only accept previously unpublished work. Four types of
paper are published in the Journal of Geological Engineering:

1- Research Articles: Articles in which an original study is
presented. The theoretical basis should include sections in which
findings and conclusions based on sufficient quantitative and
qualitative data are evaluated in detail. The total length of the
manuscript should not exceed 9000 words (15 JMD pages).
Articles will be subject to review by at least two experts in the
field.

2- Reviews: Articles prepared upon the invitation of the Editor
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