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Abstract

The city center of Kahramanmaraş suffered considerable damage as a result of the Mw
7.7 Pazarcık and Mw 7.6 Elbistan earthquakes, which took place on 6 February 2023. The
present study examines the impact of urban development, groundwater conditions, and
paleo-drainage systems on the pattern of earthquake damage in the Dulkadiroğlu and
Onikişubat districts, which make up the urban center of Kahramanmaraş. Geological,
hydrogeological, geomorphological, urban development, and building damage data were
combined and analyzed using a GIS environment. Kernel Density Estimation (KDE)
and spatial overlay analyses were carried out in order to show the spatial concentration
of the damage. The results show that severely damaged or collapsed buildings were
not distributed at random; rather, they were found in regions featuring largely young
geological units, shallow groundwater levels, and former stream channels. In several
areas where rapid urban expansion has occurred over the past thirty years, there is a
clear spatial relationship between high damage densities and paleo-drainage systems.
These findings reveal a spatial relationship between severe building damage and areas
characterized by alluvial deposits, reconstructed paleo-drainage corridors, and potentially
shallow groundwater conditions. Although the available data do not allow the damage to
be directly attributed to site amplification or other geotechnical mechanisms, the observed
spatial patterns identify areas where local ground conditions warrant further geotechnical
and seismological investigation.

Keywords: Kahramanmaraş earthquakes; damage distribution; paleo-drainage; urban
expansion; land use change; spatial distribution

1. Introduction
Ground motion characteristics and soil–structure interaction are frequently addressed

through soil profiles and symmetric/asymmetric behavior patterns under dynamic loading.
The propagation of seismic waves, ground amplification, and the spatial distribution
of building damage caused by earthquakes cannot be explained solely by theoretical
homogeneity assumptions such as proximity to faults or superstructure quality; rather, they
are driven by complex geotechnical asymmetries created by anthropogenic factors such
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as paleodrain lines, shallow groundwater levels, and uncontrolled urban expansion [1–7].
This study aims to examine the spatial clustering of building damage observed during the
6 February 2023 Kahramanmaraş earthquakes in an integrated manner with the effects of
urban area expansion, hydrogeological conditions, and buried streambeds on dynamic
soil behavior. Revealing how natural geological/hydrogeological irregularities and urban
growth patterns disrupt symmetrical approaches in soil mechanics and shape spatial
asymmetry in damage distribution is a critical requirement and of paramount importance
for seismic risk mitigation strategies, microzonation studies, and resilient urban planning.

The Mw 7.7 and Mw 7.6 Kahramanmaraş earthquakes that occurred on 6 February
2023 have been recorded as one of the most devastating disasters in the recent history
of Türkiye. Affecting a large part of Southern and South-eastern Anatolia as well as
northern Syria, these earthquakes caused extensive loss of life, severe structural damage,
and significant socio-economic consequences [8–11]. Although numerous studies have
investigated the source mechanisms and tectonic characteristics of the earthquakes [12–20],
the pronounced variations in damage distribution observed within urban centers indicate
that the destruction cannot be explained solely by earthquake magnitude, distance from
the fault, or building quality. The fact that structures located in proximity experienced
markedly different levels of damage suggests that local geological, hydrogeological, and
geomorphological conditions exert significant control on ground behaviour during earth-
quakes [21]. Kahramanmaraş city center represents one of the most striking examples of this
phenomenon [22]. In recent decades, the city has undergone rapid urban expansion, partic-
ularly toward alluvial plains, former stream channels, and areas characterized by shallow
groundwater levels. This uncontrolled growth process has led to substantial modifications
of both surface and subsurface environments through anthropogenic interventions such
as the alteration of natural drainage systems, the creation of artificial fill areas, intensive
urbanization, and changes in groundwater regimes [23]. These modifications are thought
to have increased seismic vulnerability in urban areas by amplifying ground motion and
reducing soil strength during earthquake events.

Previous studies have demonstrated that local ground conditions, groundwater levels,
and sedimentological characteristics directly influence processes such as seismic wave
amplification, liquefaction potential, and differential settlement [24–28]. In particular,
water-saturated unconsolidated alluvial deposits may experience significant reductions
in shear strength under repeated dynamic loading, leading to severe ground deformation.
Furthermore, former river channels and buried paleo-drainage systems may become zones
of concentrated damage during earthquakes due to their high moisture content and weak
mechanical properties. In rapidly urbanizing areas such as Kahramanmaraş, the interac-
tion between urban development processes and hydrogeological conditions is considered
one of the key factors controlling the spatial distribution of earthquake damage [29]. In
addition, urbanization processes substantially modify the natural hydrological balance.
The expansion of impermeable surfaces, disruption of natural infiltration processes, alter-
ation of surface drainage networks, and increasing structural loads can directly affect the
engineering properties of subsurface materials. Consequently, the damage distribution
observed following major earthquakes often reflects not only tectonic factors but also the
complex interactions among ground conditions, groundwater behavior, former drainage
systems, and unplanned urbanization.

In the case of the 6 February 2023 Kahramanmaraş earthquakes, the combined effects
of urban development and groundwater conditions on earthquake damage have not been
fully explored. Most research so far has looked at structural engineering, active tectonics,
or regional seismotectonic features. However, there has been less focus on how hydrogeo-
logical conditions and past urbanization patterns affect the spread of damage. Learning
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more about these connections is important for future microzonation studies, disaster risk
reduction, and sustainable urban planning.

The primary objective of this study is to investigate the influence of urban develop-
ment processes and groundwater conditions on the spatial distribution of damage observed
during the 6 February 2023 Kahramanmaraş earthquakes. By integrating geological, hydro-
geological, geomorphological, and urban development data, the study aims to investigate
how these factors are spatially associated with local earthquake damage patterns. The
findings are expected to contribute not only to the interpretation of post-earthquake dam-
age distribution but also to the development of sustainable urbanization strategies and
earthquake risk reduction efforts in Türkiye and other regions with similar tectonic settings.

The novelty of this study lies in the integration of reconstructed paleo-drainage corri-
dors and historical urban expansion with geological, hydrogeological, geomorphological,
and building-damage datasets within a unified GIS framework. Rather than consider-
ing earthquake damage solely from a structural or tectonic perspective, this approach
examines how the historical development of the urban area intersects with former geo-
morphological features and present-day ground conditions. This integrated perspective
provides a spatial basis for identifying areas where the relationship between urban de-
velopment, paleo-drainage, local ground conditions, and earthquake damage warrants
further investigation.

2. Geological and Geomorphological Characteristics of the Study Area
The city center of Kahramanmaraş is situated within a complex geomorphological

environment that has developed under the influence of active tectonic processes associated
with the East Anatolian Fault Zone (EAFZ) (Figure 1). The city is generally located within
a transitional zone between the mountainous terrains rising to the north and west and
the extensive alluvial plains extending toward the south and east. This setting results in
pronounced topographic and geological variations over relatively short distances within
the urban area.

Figure 1. Location of the study area on the active tectonic elements in and around Anatolia (modified
from [30–32]).

A significant part of the city center has developed on young Quaternary alluvial
deposits transported and accumulated by fluvial systems. These alluvial units consist of
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unconsolidated sediments such as clay, silt, sand, and gravel, and exhibit poor geotechnical
properties in areas characterized by high groundwater levels. In particular, along former
stream channels, floodplains, and paleo-drainage systems, increased soil saturation and
loose sediment structure may increase susceptibility to ground-motion amplification, differ-
ential settlement, and liquefaction; however, these mechanisms are not directly evaluated
in the present study.

The formation of the Kahramanmaraş Plain is largely controlled by tectonic processes.
Active faulting in the region has led to the development of subsidence areas, which were
subsequently infilled by thick alluvial deposits over time (Figure 2). Consequently, the
depth to bedrock locally increases significantly beneath the city center, resulting in the
accumulation of thick sedimentary sequences. These thick alluvial deposits can amplify
low-frequency seismic waves, thereby increasing earthquake-induced damage [24,33].
Between 6 February 2023 and 26 May 2026, a total of 37 earthquakes with Mw ≥ 5.0
occurred in and around Kahramanmaraş, including two events with Mw ≥ 7.0 and one
event with Mw ≥ 6.0 (Table 1).

Figure 2. The main tectonic elements and active fault segments along with the East Anatolian Fault
Zone (modified from [34,35]). The red lines delineate the major active faults. The dark red circles
denote city center.

Table 1. Earthquakes with Mw ≥ 5.0 ranked by magnitude (AFAD Earthquake Catalog; accessed
26 May 2026). (M: Magnitude, A1: Adana, K: Kahramanmaraş, A2: Adıyaman, M: Malatya, G:
Gaziantep, O: Osmaniye, Lon: Longitude, Lat: Latitude) (Adapted from [36]).

Date Lon Lat Depth Rms Type M Location

24 May 2026 04:26 36.09 37.75 9.32 0.54 MW 4.9 Saimbeyli (A1)
7 September 2024 09:31 37.04 37.27 7.00 0.34 MW 5.0 Pazarcık (K)

3 May 2023 20:16 36.56 38.06 7.00 0.59 MW 5.0 Göksun (K)
23 March 2023 12:19 36.44 38.03 12.90 0.73 MW 5.3 Göksun (K)
3 March 2023 05:53 36.59 37.83 7.06 0.34 MW 5.0 Onikişubat (K)

27 February 2023 05:51 37.58 37.92 8.51 0.54 MW 5.0 Gölbaşı (A2)
18 February 2023 22:31 36.59 38.07 6.20 0.29 MW 5.1 Göksun (K)
8 February 2023 17:20 37.38 37.97 16.69 0.20 ML 5.0 Nurhak (K)
8 February 2023 14:11 37.63 38.00 13.18 0.35 ML 5.3 Doğanşehir (M)
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Table 1. Cont.

Date Lon Lat Depth Rms Type M Location

8 February 2023 10:48 36.45 38.02 9.06 0.30 MW 5.1 Göksun (K)
8 February 2023 00:21 37.46 37.94 15.84 0.39 MW 5.0 Nurhak (K)
7 February 2023 21:09 36.61 38.08 10.22 0.83 MW 5.0 Göksun (K)
7 February 2023 18:48 36.43 37.95 11.48 0.56 MW 5.2 Göksun (K)
7 February 2023 06:13 37.65 37.79 8.44 0.37 MW 5.4 Gölbaşı (A2)
7 February 2023 06:08 37.62 37.97 6.87 0.30 MW 5.0 Doğanşehir (M)
7 February 2023 00:15 37.03 38.05 17.40 0.49 MW 5.0 Ekinözü (K)
6 February 2023 23:37 37.04 37.28 5.96 0.43 MW 5.5 Pazarcık (K)
6 February 2023 21:05 36.39 38.00 7.03 0.14 MW 5.0 Göksun (K)
6 February 2023 21:03 36.48 38.03 12.79 0.37 MW 5.2 Göksun (K)
6 February 2023 19:43 36.46 38.01 10.06 0.43 MW 5.1 Göksun (K)
6 February 2023 18:14 37.66 37.97 7.04 0.46 MW 5.0 Doğanşehir (M)
6 February 2023 16:44 37.54 38.00 8.76 0.45 MW 5.1 Nurhak (K)
6 February 2023 16:39 37.62 38.03 7.20 0.52 MW 5.3 Doğanşehir (M)
6 February 2023 16:17 36.58 38.08 10.85 0.55 MW 5.2 Göksun (K)
6 February 2023 15:13 37.48 37.98 7.00 0.30 MW 5.1 Nurhak (K)
6 February 2023 15:02 36.47 38.06 17.04 0.93 MW 5.9 Göksun (K)
6 February 2023 13:35 37.91 38.17 11.28 0.78 MW 5.9 Doğanşehir (M)
6 February 2023 13:32 37.23 38.05 10.93 0.88 ML 5.5 Ekinözü (K)
6 February 2023 13:24 37.230 38.07 7.00 0.58 MW 7.6 Elbistan (K)
6 February 2023 09:54 37.45 37.73 7.00 0.49 MW 5.0 Çağlayancerit (K)
6 February 2023 05:23 36.94 37.19 11.81 0.32 MW 5.3 Nurdağı (G)
6 February 2023 05:03 37.95 37.89 10.23 0.58 MW 5.6 Doğanşehir (M)
6 February 2023 05:01 37.00 37.29 16.44 0.85 MW 5.3 Pazarcık (K)
6 February 2023 04:58 36.64 37.05 10.21 0.44 MW 5.3 İslâhiye (G)
6 February 2023 04:51 37.18 37.54 6.63 0.92 MW 5.3 Dulkadiroğlu (K)
6 February 2023 04:36 36.63 37.12 11.19 0.29 ML 5.7 Hasanbeyli (O)
6 February 2023 04:28 36.91 37.29 6.20 0.21 MW 6.6 Nurdağı (G)
6 February 2023 04:26 36.98 37.22 6.98 0.42 ML 5.6 Nurdağı (G)
6 February 2023 04:17 37.03 37.27 8.60 1.92 MW 7.7 Pazarcık (K)

Examination of the topography of the city center reveals abrupt slope transitions from
steep hillside areas to the adjacent plain surface. These morphological transition zones
control both surface and groundwater flow patterns and influence sediment accumulation
processes. Furthermore, the loss of natural drainage functions in former stream channels,
which were active in the past but are now largely covered by urban development, may
have contributed to the concentration of subsurface moisture in certain parts of the city.

Another notable geomorphological aspect is the substantial modification of the natural
topography by urbanization. Landfills channelized or buried stream courses, alterations
to surface drainage systems, and intensive urban development have disrupted natural
geomorphological processes, potentially affecting ground behavior during earthquakes. In
particular, unplanned construction on alluvial fill areas is considered one of the key factors
controlling the spatial distribution of earthquake damage. The city center of Kahraman-
maraş is situated between the steep slopes of Ahır Mountain to the north and the alluvial
plain to the south. Streams descending from the northern high-relief terrain generate large
volumes of surface runoff within a short period. Therefore, the city is exposed to a chronic
flood hazard not only because of intense rainfall events but also due to its topographic
setting. As urban expansion progressed northward, highly permeable areas became in-
creasingly covered by impervious surfaces. Hillslopes that previously absorbed rainfall
have largely lost their infiltration capacity. Consequently, stormwater now reaches the city
center much more rapidly. This process can be interpreted less as a conventional ‘natural
disaster’ and more as a ‘human-induced disaster amplification mechanism [23].
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The natural drainage pattern within the study area is predominantly oriented from
north to south and southeast. Numerous short and steep tributary streams descend from
the northern highlands and enter the urban area. Within the city, many of these channels
have been narrowed, diverted into culverts, or completely infilled. The principal alluvial-
fan drainage system originates from the slopes of Ahır Mountain, where numerous small
streams converge upon entering the city center. In the north-eastern sector, the Peynirdere
Basin and its associated tributaries merge with other drainage branches in the central part
of the city. Most of these channels have been converted into culverted or roadside drainage
systems, while some have disappeared entirely from the surface landscape. The eastern
sector contains the largest drainage catchments and represents the area most susceptible
to flooding, characterized by extensive alluvial fans and low-gradient confluence zones.
Consequently, streams in this sector possess a particularly high potential for damage
generation. Many former stream channels have been buried beneath roads and urban
infrastructure and are now covered by dense development (Figure 3). In Kahramanmaraş,
stream channels have not disappeared; rather, they have been concealed beneath the
modern urban fabric.

Figure 3. Geomorphological map of the Kahramanmaraş city center, including the Dulkadiroğlu
and Onikişubat districts and their surrounding areas. Digital Elevation Model (SRTM 1 Arc-Second
Global) data were downloaded from [37]. Subsequently, hydrological analyses were performed in
ArcGIS Pro 3.6.0 using the sequential processing steps of Flow Direction, Flow Accumulation, Stream
Order, and Stream to Feature.

The spatial coincidence between DEM-derived paleo-drainage corridors, alluvial
fan deposits, mapped active fault zones, and severe building damage suggests that the
2023 earthquake damage pattern in central Kahramanmaraş was strongly modulated by
inherited geomorphological and structural controls rather than by seismic source proximity
alone. The reconstructed paleo-drainage network reveals that a significant portion of
the urbanized areas in Kahramanmaraş is located along buried fluvial corridors, which
coincide with low-lying topographic depressions and alluvial deposits, suggesting a strong
coupling between geomorphological inheritance, subsurface heterogeneity, and seismic
damage distribution.

https://doi.org/10.3390/sym18091508
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3. Methodological Framework
This study investigates the relationship between the damage distribution observed

following the 6 February 2023 Kahramanmaraş earthquakes and urban development,
groundwater conditions, and paleo-drainage systems. For this purpose, geological, ge-
omorphological, hydrogeological, urban development, and building damage datasets
were integrated within a Geographic Information System (GIS) environment. A Digital
Elevation Model (DEM) with a spatial resolution of 30 m was obtained from the USGS
Earth Explorer database. The spatial evolution of urban development was analysed using
historical and recent satellite imagery covering the period from 1985 to 2025. Building
damage inventories compiled after the 2023 earthquakes were obtained from the Ministry
of Environment, Urbanization and Climate Change. Damage data were classified into four
categories: moderately damaged, heavily damaged, buildings requiring urgent demolition,
and collapsed buildings.

Hydrological analyses were conducted using ArcGIS Pro software. In the first stage,
sink-filling and preprocessing procedures were applied to the DEM data. Subsequently, the
Flow Direction and Flow Accumulation algorithms were employed to determine surface
runoff pathways. The paleo-drainage network was reconstructed using the Stream Order
and Stream to Feature tools, enabling the identification of buried or anthropogenically
modified drainage corridors underlying the present-day urban area. Particular attention
was focused on former stream channels that have been infilled, covered, or opened to
urban development in recent decades. The urban growth process between 1985 and 2025
was digitized and analysed using satellite imagery. Urban boundaries corresponding to
the selected years were delineated and compared to identify the principal directions of
urban expansion. Particular attention was given to the extent to which urban growth has
encroached upon alluvial plains, former drainage corridors, and areas characterized by
high groundwater levels.

Urban growth rates and expansion patterns were examined separately for the Dulka-
diroğlu and Onikişubat districts. Geomorphological units, including alluvial plains, alluvial
fans, valley fills, floodplains, and colluvial deposits, were mapped using DEM-based to-
pographic analyses and existing geological data. Given the 30 m spatial resolution of
the DEM, the resulting hydrological analysis was considered appropriate for identifying
regional drainage patterns and broader paleo-drainage corridors, but not for resolving
narrow or deeply buried stream channels beneath dense urban infrastructure. Therefore,
the mapped paleo-drainage features were interpreted as indicative corridors rather than
precise channel boundaries. The identification of areas potentially characterized by shallow
groundwater conditions was based on available hydrogeological and geomorphological
information rather than direct, site-specific groundwater-level measurements collected
after the earthquake. Therefore, the present study does not directly quantify groundwa-
ter depth or temporal groundwater fluctuations at individual building locations. Areas
potentially characterized by shallow groundwater conditions were identified using hy-
drogeological maps, drainage density, topographic depressions, and geomorphological
indicators. Areas with a high potential for groundwater concentration were compared with
paleo-drainage corridors and damage clusters to examine their spatial associations and
to identify areas where potential local site effects may warrant further geotechnical and
seismological investigation.

Building damage data were imported into the GIS environment and overlaid with
geomorphological, hydrogeological, and urban development layers. Kernel Density Estima-
tion (KDE) was applied to identify the spatial concentration of damage. Buffer zones were
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generated around paleo-drainage corridors to investigate the spatial relationship between
former stream channels and damaged buildings.

f̂ (x) =
1

nh2 ∑n
i=1 K(

x − xi
h

,
y − yi

h
) (1)

Because the building damage locations are represented as two-dimensional spatial
coordinates, KDE was implemented as a bivariate density estimation. Accordingly, the
normalization term is, where represents the bandwidth, and denotes the bivariate kernel
function. The spatial distance between each building location and the evaluation location
was calculated using the distance metric used in the GIS analysis. The KDE therefore
estimates the spatial density of damaged buildings as a function of the two-dimensional
distribution of building locations.

Bandwidth (h) is the parameter that most strongly influences KDE results. Smaller
bandwidth values produce highly detailed but potentially noisy patterns, whereas larger
bandwidth values generate smoother and more generalized results. For each damage
category, the number and proportion of buildings located within the influence zones of
paleo-drainage features were calculated. Comparative analyses were also conducted be-
tween the Dulkadiroğlu and Onikişubat districts. Spatial overlay and frequency analyses
were applied to quantitatively assess the influence of environmental factors on damage
distribution. The proportions of damaged buildings located within alluvial units, paleo-
drainage corridors, and shallow groundwater zones were calculated. The effects of envi-
ronmental factors were evaluated by comparing heavily damaged and collapsed buildings
with moderately damaged buildings. Through the integrated interpretation of geological,
geomorphological, hydrogeological, and urban development datasets, the environmental
control mechanisms contributing to increased earthquake damage were identified. The
methodological framework of the study consists of eight stages (Figure 4).

The present analysis primarily focuses on the spatial distribution of building damage
in relation to geological, hydrogeological, geomorphological, and urban-development
characteristics. Building-level structural variables, including construction age, structural
system, number of storeys, and detailed construction quality, were not systematically incor-
porated into the spatial statistical analysis. Therefore, the observed relationships should be
interpreted as spatial associations rather than independent causal effects of geological or
hydrogeological conditions. The present dataset does not allow the quantitative separa-
tion of structural vulnerability associated with the older building stock in Dulkadiroğlu
from potential site-related effects associated with paleo-drainage corridors. Building age,
structural system, number of storeys, and other building-level characteristics may act as
confounding factors. Therefore, the observed spatial association between damage and
paleo-drainage corridors is interpreted cautiously and is not considered independent
evidence of site amplification.
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Figure 4. Methodological workflow illustrating the integration of urban expansion, groundwa-
ter conditions, paleo-drainage mapping, and earthquake damage data for investigating the spa-
tial distribution of building damage in the Kahramanmaraş city center following the 6 February
2023 earthquakes.

4. Urban Development and Land Use Change in Kahramanmaraş
The Dulkadiroğlu and Onikişubat districts, which together constitute the urban center

of Kahramanmaraş, have experienced significant urban growth over the last five decades
as a result of rapid population increase, rural-to-urban migration, and the concentration of
economic activities. Dulkadiroğlu, which forms the historical core of the city, developed as
the area where traditional urban fabric, commercial districts, and older neighbourhoods are
concentrated. Public institutions, historic bazaar areas, and the older residential building
stock are particularly abundant in this district. However, topographic constraints and
the high density of aging buildings have contributed to an unplanned and compact ur-
banization pattern. In contrast, Onikişubat has become the focal area of westward urban
expansion, particularly since the 1990s. Wide boulevards, mass housing developments,
university campuses, shopping centers, and new social and recreational spaces have largely
been concentrated within this district. The city’s modern growth corridor has generally
expanded toward the northwest and west, into areas characterized by gentler slopes, con-
tributing to a more planned and horizontally developed urban structure in Onikişubat. The
urban development processes of both districts have been reassessed following the 2023
Türkiye–Syria earthquakes.
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In particular, the influence of geomorphological and geotechnical factors, including
alluvial deposits, former stream channels, groundwater conditions, and site amplification
effects, on building damage has prompted a re-evaluation of urban planning policies.

While the concentration of older and densely built structures in Dulkadiroğlu was
found to have amplified earthquake impacts, the newer development areas in Onikişubat
were generally more systematically planned; nevertheless, severe damage was still observed
in several areas underlain by alluvial deposits. Figure 5 illustrates the evolution of urban
building development in Kahramanmaraş between 1985 and 2025. The results indicate
that urban expansion has intensified particularly on the western side of the city since 2004,
whereas in older residential areas, low-rise structures have progressively been replaced by
multi-storey mass housing developments.

Figure 5. A Google Earth image showing the evolution of Kahramanmaraş’s urban building stock
between 1985 and 2025. Basemap imagery © Google Earth and the imagery provider(s) indicated in
the original image.

At present, the urban development of Kahramanmaraş continues to be influenced by
population growth, expanding transportation infrastructure, university and industrial in-
vestments, and disaster risk management policies. In the aftermath of the earthquakes, site
suitability assessments, microzonation studies, and sustainable urban planning strategies
have emerged as critical factors guiding the future development of both districts.

5. Spatial Distribution of Building Damage During the 6 February
2023 Earthquakes

The Mw 7.7 Pazarcık earthquake that occurred on 6 February 2023 and the Mw 7.6
Elbistan earthquake that followed approximately nine hours later have been recorded as one
of the most devastating disasters in the recent history of Türkiye. The earthquakes caused
extensive loss of life and property across a broad region, particularly in Kahramanmaraş,
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Hatay, Adıyaman, Malatya, and Gaziantep, with tens of thousands of buildings collapsing
or sustaining severe damage. The events developed along with a multi-segment rupture
system associated with the East Anatolian Fault Zone and generated surface ruptures
extending for several hundred kilometers. The first earthquake, centered near Pazarcık,
and the second earthquake, centered near Elbistan, produced strong ground motions with
high acceleration levels over a very large area. At several strong-motion stations, recorded
ground-motion intensities and spectral accelerations reached exceptionally high levels,
locally exceeding the levels anticipated by the design spectra, thereby imposing severe
seismic demands on structures. Near-fault effects, rupture directivity, and the complex
rupture propagation contributed to exceptionally strong and spatially variable ground
motions, thereby increasing seismic demands on structures in the affected region [38–40].

The distribution of earthquake damage in and around the Kahramanmaraş city center
is not homogeneous. While some neighbourhoods experienced extensive destruction,
nearby areas suffered relatively limited damage. This pattern can be explained not only by
earthquake magnitude but also by the combined influence of multiple factors, including
ground conditions, groundwater levels, building stock characteristics, building age, and
construction quality. A substantial proportion of the damaged structures consisted of
reinforced-concrete buildings constructed before 2000. Common structural deficiencies
observed in these buildings included inadequate transverse reinforcement detailing, low
concrete strength, short-column effects, soft-story irregularities, and the failure to satisfy
the strong-column/weak-beam design principle. Consequently, damage levels varied even
among areas subjected to similar levels of ground shaking. Table 2 presents the proportions
of four different damage categories in the Dulkadiroğlu and Onikişubat districts. The
proportions of collapsed buildings, buildings requiring urgent demolition, and heavily
damaged buildings are significantly higher in the Dulkadiroğlu district. In contrast, the
proportion of moderately damaged buildings is higher in the Onikişubat district. Although
these district-level ratios cannot replace the grid-based damage ratio recommended by the
reviewer, they provide a normalized comparison that accounts for the substantial difference
in total building stock between the two districts.

Table 2. Distribution of building damage categories between the Dulkadiroğlu and Onikişubat
districts. Percentages are calculated by row and represent the proportion of buildings in each district
relative to the total number of buildings within each damage category (Adapted from [41,42]).

Damage Type Dulkadiroğlu Damage Ratio (%) Onikişubat Damage Ratio (%)

Total building stock [42] 98,655 164,507

Moderately damaged buildings 1281 1.29 1364 0.83

Heavily damaged buildings 7061 7.15 5333 3.24

Buildings requiring urgent demolition 1121 1.13 502 0.30

Collapsed buildings 1514 1.53 753 0.45

Overall Total 10,977 11.12 7952 4.83

The observed damage pattern clearly reveals a higher concentration of severe damage
in the older urban districts. Although substantial damage can be expected from a sequence
of large earthquakes generating exceptionally strong ground motions [43–45], the unusually
high proportion of collapsed and heavily damaged buildings may also reflect deficiencies
in construction practices, the vulnerability of the existing building stock, and insufficient
consideration of local geotechnical conditions [46–56]. Figure 6 illustrates the spatial
distribution of the different damage categories observed within the Kahramanmaraş city
center. To further examine whether the observed concentration of earthquake damage

https://doi.org/10.3390/sym18091508

https://doi.org/10.3390/sym18091508


Symmetry 2026, 18, 1508 12 of 20

is associated with the underlying geological setting, the spatial distribution of damaged
buildings shown in Figure 6 was additionally evaluated with respect to the mapped
geological units. Because a complete inventory of the total number of buildings located
within each individual geological unit was not available, a conventional damage ratio
(damaged buildings/total buildings within each geological unit) could not be calculated
reliably. Instead, the proportion of the observed damaged buildings associated with the
mapped geological units, including Q, M-cc, and M-nl units, was calculated relative to the
total number of damaged buildings. This analysis provides a relative description of how
the observed damaged buildings are distributed among the mapped geological units.

Figure 6. Damage distribution in the Kahramanmaraş city center and the Dulkadiroğlu (D) and
Onikişubat (O) districts. (a,a′) Moderately damaged buildings (D: 1281; O: 1364; Total: 2645),
(b,b′) Heavily damaged buildings (D: 7061; O: 5333; Total: 12,394), (c,c′) Buildings requiring urgent
demolition (D: 1121; O: 502; Total: 1623), and (d,d′) Collapsed buildings (D: 1514; O: 753; Total: 2267).
The shaded areas in (a–d) indicate the building conditions within the young geological units from the
Miocene and later periods. (e) Geological map of the study area (simplified from [57] (Q: Quaternary
units, M-cc: Miocene clastic and carbonate rocks, M-nl: Miocene neritic limestone, E-cc: Eocene clastic
and carbonate rocks, E-nl: Eocene neritic limestone, B: Pre-Eocene basement units).

The results indicate that a substantial proportion of the heavily damaged, ur-
gently demolishable, and collapsed buildings is spatially concentrated within the Quater-
nary/alluvial settings, whereas comparatively lower proportions of severe damage are
observed in areas underlain by older geological units. This pattern is particularly relevant
in Onikişubat, where severe damage is also observed in relatively recently developed
urban areas located on alluvial deposits. The persistence of severe damage in these areas
suggests that building age and urban density alone may not fully explain the observed
spatial pattern. Taken together, these results support a spatial association between local
geological conditions and the observed distribution of earthquake damage.

However, this spatial association should not be interpreted as evidence of a direct
causal effect, because the total building stock within individual geological units was
not available for normalization. Therefore, the results represent the relative distribution
of observed damage among geological units rather than a building-level probability of
damage. Similarly, the analysis does not independently quantify site amplification or
other geotechnical mechanisms. The observed pattern is consequently interpreted as
spatial evidence supporting a possible association between local geological conditions
and damage distribution, while the independent contributions of building age, structural
system, number of storeys, and construction quality remain unresolved.
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The statistical distribution of damage is shown in Figure 7a–c. The spatial overlap zone
where high concentrations of all four damage categories (moderately damaged, heavily
damaged, buildings requiring urgent demolition, and collapsed buildings) coexist in the
Dulkadiroğlu and Onikişubat districts was identified and illustrated in Figure 8. The area,
bounded by 36.90–37.00◦ E and 37.55–37.60◦ N, was subsequently examined in detail, and
the distribution of all buildings within this overlap zone is presented in Figure 9.

Figure 7. Damage distribution statistics (a) District-based distribution of building types, (b) distribu-
tion of building types in the districts, (c) proportional distribution of building types in the districts
(MD: Moderately damaged buildings, HD: Heavily damaged buildings, BCRID: Buildings requiring
urgent demolition, C: Collapsed buildings).

Figure 8. Schematic illustration of the procedure used to identify the overlap area between zones of
high damage concentration along the latitude and longitude directions, shown for collapsed buildings
in the Dulkadiroğlu district as an example.
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Figure 9. Spatial distribution of all damaged building categories (18,929 buildings) in the
Dulkadiroğlu and Onikişubat districts and the subset located within the identified overlap zone
(7309 buildings).

As shown in Figure 9, buildings located within the identified overlap zone are predom-
inantly concentrated in areas north of the present-day Erkenez (Ergenez) Stream, which are
largely underlain by Quaternary deposits. In addition to the current course of the Erkenez
(Ergenez) Stream, drainage networks numbered 1–4, described in detail in Figure 3, are
densely distributed within this area. These drainage features represent former streams,
abandoned stream channels, and paleodrainage corridors. Approximately 48.92% of the
four damage categories identified within the Dulkadiroğlu district are located inside this
overlap zone, whereas the corresponding proportion for the Onikişubat district is 24.38%.
The proportions of the different building damage categories within the entire districts and
within the overlap zone are presented in Table 3.

Table 3. Proportions of building damage categories within the overlap area (36.90–37.00◦ E,
37.55–37.60◦ N) in the Dulkadiroğlu and Onikişubat districts.

Damage Level

Dulkadiroğlu Onikişubat

Number of
Buildings

Number of
Buildings Within
the Overlap Area

Rate (%) Number of
Buildings

Number of
Buildings Within
the Overlap Area

Rate (%)

Moderately damaged
buildings 1281 700 54.64 1364 331 24.27

Heavily damaged
buildings 7061 3535 50.06 5333 972 18.23

Buildings requiring
urgent demolition 1121 436 38.89 502 203 40.44

Collapsed buildings 1514 699 46.17 753 433 57.50

Overall Total 10,977 5370 48.92 7952 1939 24.38
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Figure 10 illustrates the district- and neighbourhood-scale distribution of damage
categories within the area bounded by 36.90–37.00◦ E and 37.55–37.60◦ N, where damaged
buildings are most densely concentrated in the Onikişubat and Dulkadiroğlu districts.

 

 

Figure 10. District- and neighbourhood-scale distribution of damage categories within the area
bounded by 36.90–37.00◦ E and 37.55–37.60◦ N, where damaged buildings are concentrated in the
Onikişubat and Dulkadiroğlu districts: (a) Moderately damaged buildings, (b) Heavily damaged
buildings, (c) Buildings requiring urgent demolition, and (d) Collapsed buildings.
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6. Conclusions
This study comprehensively evaluated the effects of urban development processes,

paleo-drainage systems, and groundwater conditions on the spatial distribution of earth-
quake damage observed in the city center during the 6 February 2023 Kahramanmaraş
earthquakes. The spatial analysis indicates that earthquake damage is associated with a
combination of ground-motion conditions, building characteristics, and geological, hydro-
geological, and geomorphological settings. However, the relative contribution of these
factors cannot be quantitatively separated using the available dataset. Although strong
ground motions were recorded during the 6 February 2023 earthquakes, site-specific PGA,
PGV, spectral acceleration, or empirical site-amplification parameters were not incorpo-
rated into the present spatial analysis. Consequently, the observed damage concentrations
cannot be directly attributed to differences in local ground motion. Similarly, the present
study does not include SPT/CPT data, shear-wave velocity measurements, laboratory
testing, or a quantitative liquefaction-triggering assessment. Therefore, the paleo-drainage
and shallow-groundwater zones identified here should be considered areas of potential
geotechnical interest rather than confirmed liquefaction-affected areas.

A substantial part of the Kahramanmaraş city center has developed on young Qua-
ternary alluvial deposits. DEM-based hydrological analyses revealed that paleo-drainage
corridors identified within the study area are currently covered by dense urbanization, and
a considerable proportion of these corridors coincide with zones that experienced severe
damage during the earthquakes. Lose and potentially water-saturated soil conditions
associated with former stream channels and alluvial fan systems may have influenced local
ground response during the earthquakes. The concentration of severe building damage
within areas underlain by Quaternary alluvial deposits and paleo-drainage corridors sug-
gests that local ground conditions may be associated with the observed damage pattern.
However, in the absence of site-specific bedrock-depth measurements, subsurface soil pro-
files, shear-wave velocity data, and quantitative site-response analyses, the potential role
of these deposits in low-frequency seismic-wave amplification cannot be directly demon-
strated. Urban growth analyses indicate that, particularly during the last four decades,
the city has expanded onto natural drainage systems and alluvial plains. During this
process, many stream channels were narrowed, culverted, or completely occupied by urban
development. Modification of the natural drainage network has not only increased flood
susceptibility but has also altered subsurface water circulation and soil moisture conditions,
thereby influencing ground behaviour during seismic events.

Damage statistics reveal that the proportions of heavily damaged, urgently demol-
ishable, and completely collapsed buildings are significantly higher in the Dulkadiroğlu
District than in the Onikişubat District. The main reasons for this difference include the
concentration of older building stock, unplanned urbanization, high building density, and
unfavorable ground conditions. In contrast, relatively lower levels of severe damage were
observed in Onikişubat due to the presence of newer residential developments. Never-
theless, significant damage was also recorded in some newly developed areas situated on
alluvial deposits, emphasizing the possible role of local ground conditions in earthquake
performance. The occurrence of substantial damage in some relatively recent development
areas located on alluvial deposits suggests that building age alone may not fully explain
the observed spatial pattern. Nevertheless, because building-level structural characteristics
were not systematically controlled for, the relative contributions of building vulnerability
and local ground conditions cannot be independently quantified in the present study.

The results indicate that the spatial distribution of earthquake damage in the Kahra-
manmaraş city center is associated with a combination of complex interactions among
active tectonics, alluvial sediment thickness, paleo-drainage systems, groundwater condi-
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tions, and building stock characteristics. In particular, buried stream channels and areas
characterized by shallow groundwater levels appear to represent priority risk zones in
terms of seismic hazard. Groundwater flowing from adjacent slopes tends to follow struc-
tural weakness zones, which are predominantly associated with alluvial deposits. These
conditions may indicate potential local site effects that require further investigation. The po-
tential role of shallow groundwater should be interpreted with caution. The present study
does not include systematic well-based groundwater-level measurements, piezometric
observations, or site-specific hydrogeological monitoring at the damaged building locations.
Therefore, the identified association between potential shallow groundwater conditions
and damage concentration does not constitute direct evidence that groundwater levels
amplified earthquake damage. Instead, these areas are considered zones where shallow
groundwater may warrant further investigation using field-based groundwater measure-
ments, geotechnical testing, and site-response analyses. Several areas that experienced
concentrated damage during the 2023 earthquakes correspond spatially with artificial fill
zones and former river channels.

The findings show that future urban renewal, microzonation, and disaster risk re-
duction studies should consider not only building characteristics but also paleo-drainage
networks, groundwater conditions, and geomorphological processes. A detailed review of
settlements located on former stream channels using advanced geotechnical and geophysi-
cal methods is key to reducing the impacts of future disasters. The Kahramanmaraş case
demonstrates that natural environmental conditions and uncontrolled urban expansion
can jointly increase seismic risk and provides notable scientific evidence for long-term
urban planning.

In conclusion, the Kahramanmaraş city center is defined by a complex geomorpholog-
ical setting formed by active tectonics, alluvial deposits, former drainage systems, shallow
groundwater conditions, and accelerated urbanization. These factors provide an important
structure for understanding the geographical variations in earthquake damage observed
during the 6 February 2023 earthquakes.

The damage distribution in Kahramanmaraş is therefore not solely a consequence of
earthquake magnitude but rather the combined effect of geological, geomorphological, and
engineering factors. The observed spatial coincidence between severe building damage and
alluvial deposits, paleo-drainage corridors, and areas potentially characterized by shallow
groundwater suggests that local ground conditions may be associated with the spatial
distribution of damage. However, the present analysis does not allow these relationships
to be interpreted as direct causal effects or to independently quantify site amplification,
liquefaction triggering, or other geotechnical mechanisms. Spatial association should not
be interpreted as causal attribution, particularly in the absence of site-specific ground-
motion, geotechnical, and building-level structural data. Future studies integrating site-
specific ground-motion records, geophysical measurements, SPT/CPT data, groundwater
observations, liquefaction assessments, and building-level structural characteristics are
required to distinguish the relative contributions of local ground conditions and structural
vulnerability. The results underline the crucial importance of microzonation studies, in-
depth site investigations, and seismic performance assessments of existing building stocks
for future disaster risk reduction strategies.
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Tectonic, Geotechnical, and Structural Engineering Insights. Appl. Sci. 2025, 15, 9704. [CrossRef]

9. Nemutlu, O.F. Loss Analyses Associated with the Secondary Effect in Earthquake: A Case Study of Kahramanmaras Earthquake
Sequences. Earthq. Struct. 2025, 28, 137–147. [CrossRef]

10. Bayrak, E.; Çelebi, O.; Kılıç, M.; Özer, Ç.; Aydın, A.C. The Strong Ground Motion and Structural Response Analysis of 06 February
2023 Pazarcık and Elbistan Earthquakes (Mw 7.7 and 7.6): A Case Study for Malatya–Türkiye, Eastern Anatolia. Bull. Earthq. Eng.
2025, 23, 359–389. [CrossRef]
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[CrossRef]

21. Pamuk, E.; Fırat, S.; Büyüksaraç, A.; Çetin, K.Ö.; Bektaş, Ö.; Işık, N.S.; Sarıtepe, H.E. Three dimensional Shear Wave Velocity (Vs)
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Earthquake Sequence. Bull. Earthq. Eng. 2025, 23, 921–944. [CrossRef]
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ölçekli Türkiye Jeoloji Haritası. Maden Tetkik ve Arama Genel Müdürlüğü Yayını, Ankara, Türkiye. 2011. Available online:
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