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The 2023 Kahramanmaraş earthquake sequence produced extensive 8 

liquefaction-induced ground deformations and ongoing flooding along the 9 

shoreline of the Mediterranean port city of İskenderun, Türkiye. This study 10 

compiles field observations and analyses from cross-disciplinary perspectives 11 

to investigate whether earthquake-induced liquefaction was a significant factor 12 

for increasing the flood hazard in İskenderun. Geotechnical reconnaissance 13 

observations following the earthquakes included seaward lateral spreading, 14 

settlement beneath buildings, and failures of coastal infrastructure. Three 15 

presented lateral spreading case histories indicate consistent ground 16 

deformation patterns with areas of reclaimed land. Persistent Scatterer 17 

Interferometry (PSI) measurements from Synthetic Aperture Radar (SAR) 18 

imagery identify a noticeably greater rate of pre- and post-earthquake 19 

subsidence within the İskenderun coastal and urban areas relative to 20 

surrounding regions. The PSI measurements also indicate subsidence rates 21 

accelerated following the earthquakes and were typically highest near 22 

observed liquefaction manifestations. These evaluations suggest that while the 23 

liquefaction of coastal reclaimed fill caused significant ground deformations 24 

in the shoreline area, ongoing subsidence of İskenderun and other factors 25 

likely also exacerbated the flood hazard. Insights from this work suggest the 26 

importance of evaluating multi-hazard liquefaction and flood consequences 27 

for enhancing the resilience of coastal cities.  28 

INTRODUCTION  29 

On February 6, 2023, the moment magnitude (Mw) 7.8 mainshock of the Kahramanmaraş 30 

earthquake sequence caused widespread liquefaction-induced ground deformations along the 31 
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coast of the Mediterranean port city of İskenderun, Hatay Province, Türkiye. Several 32 

reconnaissance teams, including the Middle East Technical University (METU), 33 

Geotechnical Extreme Events Reconnaissance (GEER) Association, and Earthquake 34 

Engineering Research Institute (EERI), performed field investigations to document the 35 

damage and collect perishable data soon after the earthquakes (METU 2023, Cetin et al. 36 

2023, Moug et al. 2023). Observed liquefaction effects in İskenderun included widespread 37 

sediment ejecta, ground and building settlement, seaward lateral spreading, and damage to 38 

shoreline protection structures. Additionally, coastal flooding during storms and high tide 39 

events inundates large portions of the city more frequently since the earthquakes occurred.  40 

Soil liquefaction in low-lying coastal areas is postulated as an important contributor to 41 

increased flood hazard following several past earthquakes. Dramatic subsidence and loss of 42 

land to the sea within coastal areas in the 1964 Great Alaska, 1992 Flores Island Indonesia, 43 

and 1999 Kocaeli earthquakes are associated with subsurface liquefaction and lateral 44 

spreading (e.g., Lemke 1966, Ishihara 2003, Cetin et al. 2004). Floodplain subsidence due to 45 

liquefaction in the 2010-2011 Canterbury Earthquake Sequence in New Zealand similarly 46 

increased the severity of coastal inundation and inland flood hazards (e.g., Hughes et al. 47 

2015, Davis et al. 2015). Paleoseismic studies along the Cascadia Subduction Zone in the 48 

northwestern United States indicate past cycles of coseismic coastal submergence influenced 49 

by both regional tectonic movements, as well as local settlement within organic and 50 

liquefiable soil deposits (e.g., Atwater 1987, Darienzo and Peterson 1990). Insights from 51 

additional well-documented case studies can help distinguish the role of liquefaction-induced 52 

ground deformations relative to other factors for the post-earthquake flood hazard.  53 

This paper expands on insights by Moug et al. (2023) with additional field observations 54 

and remote sensing evaluations, to help elucidate whether soil liquefaction was a primary 55 

contributor to post-earthquake coastal flooding in İskenderun. First, the geologic and 56 

historical setting, earthquake events, and available subsurface data are discussed. Post-57 

earthquake field observations of flooding and liquefaction ground deformations, including 58 

case studies of shoreline lateral spreading, are next detailed. Persistent Scatterer 59 

Interferometry (PSI) measurements from Synthetic Aperture Radar (SAR) imagery is used to 60 

detect spatial patterns of ground movement relative to the field data. General insights from 61 

these observations and the liquefaction-flood relationship in İskenderun are discussed. 62 
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LOCAL GEOLOGY AND RECENT DEVELOPMENT 63 

İskenderun is located within a low-lying alluvial floodplain east of the Nur mountains, 64 

along the gulf of İskenderun within the eastern Mediterranean Sea. The gulf has a typical 65 

water depth of less than 70 m and overlies the İskenderun basin (Aksu et al. 1992). 66 

Quaternary-age alluvium extends to depths of 2000 m at the southwest edge of the basin, but 67 

thins considerably (e.g., < 500 m) to the northeast of the basin near İskenderun (Aksu et al. 68 

2005).  The thickness of Quaternary alluvium in the İskenderun region is approximated as 69 

35-40 m from geophysical surveys by Ozdemir et al. (2019), and is composed of 70 

heterogenous gravels, sands, silts, and clays that become less gravelly near the shoreline 71 

(Orukoğlu and İşhani 2010). 72 

 73 

Figure 1. Historical map of İskenderun dated 1916 [obtained from the National Library of Turkey by 74 

Nalça (2018)]. 75 

A shallow water table and an abundance of marshes slowed the development of 76 

İskenderun (formerly known as Alexendretta) under Ottoman rule in the 19th century (Nalça 77 

Kıssaboylu et al. 2023). A historic 1916 map (Figure 1) obtained from the National Library 78 

of Turkey by Nalça (2018) depicts the early swamps and marshes, built areas, and shoreline 79 

near the end of the Ottoman era. The İbrahim Paşa channel indicated in Figures 1 and 2 was 80 

constructed in the 1830’s to drain the marshes and swamps. However, it was poorly 81 

maintained and gradually filled with sediment deposits. Under the French Mandate period 82 

from 1919 to 1939, the placement of fill and construction of more robust concrete drainage 83 
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channels improved the land for development. Urban improvements included the construction 84 

of present-day Atatürk Boulevard. Following this time, İskenderun continued to develop and 85 

experienced another resurgence in growth as factories were built in the 1970’s. 86 

 87 

Figure 2. Map of approximate early shoreline extents, borings, and post-earthquake observations in 88 

İskenderun [map images ©2023 ESRI and ©2023 Google]. 89 

The İskenderun shoreline was built out during the city’s development. The 1916 shoreline 90 

depicted in Figure 1 approximately aligns with present-day Atatürk Boulevard. It represents 91 

the approximate border between reclaimed and naturally formed land. A satellite image of 92 

İskenderun in 1969 presented by Taftsoglou et al. (2023) shows reclaimed land built out 93 

beyond the 1916 shoreline but typically short of the present-day shoreline. These sources 94 

indicate the extent of shoreline filling just prior to the French Mandate period, and just prior 95 

to the 1970’s industrialization. The 1916 and 1969 historic shoreline extents and location of 96 

the İbrahim Paşa channel are traced with post-earthquake observations in Figure 2. These 97 

provide a basis to delineate potential subsurface constraints on the extent of liquefaction and 98 

lateral spreading. 99 

İskenderun has been affected by several historic earthquake events (Ambraseys 1989). On 100 

August 13, 1822, the ~Mw 7.5 Aafrine earthquake destroyed several houses and caused 101 

widespread liquefaction along the coast. Liquefaction also presumably caused the water to 102 
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rise and inundate several settlements within cultivated lands at the base of the present-day 103 

Nur mountains. The ~Mw 7.2 Amik Gölü earthquake on April 3, 1872 also damaged 104 

settlements in İskenderun, although the extent of damage has not been well documented. 105 

THE 2023 KAHRAMANMARAŞ EARTHQUAKE SEQUENCE 106 

The Kahramanmaraş earthquake sequence was comprised of a Mw 7.8 mainshock in the 107 

Pazarcık area of Kahramanmaraş on February 6, 2023 at 4:17 am local time, and a Mw 7.7 108 

aftershock nine hours later located in the Elbistan District of Kahramanmaraş. Several other 109 

aftershocks occurred, including a Mw 6.4 event in the Hatay region on February 20 that was 110 

also felt in İskenderun. The earthquakes exhibited primarily strike-slip faulting within the 111 

East Anatolian Fault zone, along a triple junction between the Anatolia, Arabian, and African 112 

tectonic plates (Goldberg et al. 2023). The city of İskenderun is located approximately 19 km 113 

to the west of the East Anatolian fault rupture (Reitman et al. 2023) and was predominantly 114 

affected by the mainshock.  115 

Recordings from nearby ground motion stations were processed and compiled by 116 

Buckreis et al. (2023). The fault rupture and nearby usable recording stations following the 117 

mainshock are indicated in the inset map of Figure 2. Turkish National Strong Motion 118 

Network stations TK3115 (~4 km northwest of the urban area) and TK3116 (~5 km south of 119 

the İskenderun urban area) recorded horizontal geomean peak ground accelerations (PGAs) 120 

of 0.28 g and 0.17 g during the mainshock. Additionally, station TK3112 located within 2 km 121 

of the urban area recorded the initial portion of shaking but terminated following a horizontal 122 

acceleration spike of under 0.20 g for unknown reasons during the mainshock. Stations 123 

TK3112, TK3115, and TK3116 recorded horizontal geomean PGAs of 0.07 g, 0.11 g, and 124 

0.03 g during the February 20 aftershock. Significantly lower PGAs were recorded during the 125 

Mw 7.7 February 6 aftershock. The shear wave velocity in the upper 30 m (Vs30) was 126 

measured as 233 m/s, 424 m/s, and 870 m/s at TK3112, TK3115, and TK3116, respectively, 127 

as corrected by Buckreis et al. (2023) using data from the Disaster Management and 128 

Emergency Authority in Türkiye. Stations TK3112 and TK3116 are in an area of 129 

undifferentiated quaternary sediments, and TK3115 is in an area of clastic and carbonate 130 

rocks, according to the 1:500,000 scale geologic map by Utu et al. (2002). Inspections of 131 

these stations on March 2 and March 3, 2023 by Cetin et al. (2023) noted liquefaction-132 

induced sediment ejecta within 100 m of TK3112, however, no obvious ground deformations 133 

were observed near TK3115 and TK3116.  134 
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Synthetic aperture radar (SAR) was used by Goldberg et al. (2023) and Mai et al. (2023) 135 

to delineate the fault rupture and estimate three-dimensional coseismic surface displacements 136 

of the affected region. These studies performed subpixel offset tracking of pre- and post-137 

earthquake Sentinel-1 SAR image pairs from multiple orbits. The maps developed by Mai et 138 

al. (2023) identify large left-lateral surface fault offsets (exceeding 4 m near the rupture) but 139 

suggest much smaller vertical displacements due to the strike-slip mechanism. Negligible 140 

movements are indicated by these studies in İskenderun, possibly due to low coherency 141 

between image pairs within the liquefaction-affected urban area (e.g., Chatzipetros et al. 142 

2021). Nonetheless, these studies may suggest an insignificant amount of subsidence caused 143 

by vertical tectonic movements in İskenderun. Additionally, no Global Navigation Satellite 144 

System (GNSS) recordings are available within İskenderun to evaluate potential deviations of 145 

local subsidence relative to general tectonic movements. Alternative datasets and methods are 146 

considered in this study to approximate localized movements within İskenderun.  147 

SUBSURFACE CONDITIONS  148 

A geophysical and geotechnical site investigation program was performed as part of a 149 

city-wide seismic microzonation study in İskenderun (Orukoğlu and İşhani 2010). That study 150 

included a series of 148 borings drilled in the spring of 2010 to depths of 6-30 m at 151 

approximately 500 m x 500 m gridded intervals, with intermittent standard penetration tests 152 

(SPTs) and samples obtained for index testing. Groundwater was observed in several of those 153 

borings, indicating a groundwater depth of 1-3 m beneath the ground surface within the urban 154 

and shoreline areas. 155 

Five representative borings, which are labeled Sk-1, -3, -13, -109, and -122 in Figure 2, 156 

are depicted in Figure 3. The logs indicate the uncorrected SPT blow count over 30 cm (N), 157 

the fines content (FC; percent soil by mass passing a 0.075 mm sieve), the plasticity index 158 

(PI), and a layer description with the soil classification, color, and consistency. Energy 159 

calibrations and other hammer details are unavailable for these borings, such that the N-160 

values cannot be reliably adjusted to perform liquefaction triggering assessments. The soil 161 

classification provided in the boring logs by Orukoğlu and İşhani (2010) does not indicate 162 

strict adherence to a common convention. The group names were corrected in Figure 3 at 163 

layers with available FC and PI data, such that they better adhere to the unified soil 164 

classification system (USCS). However, the absence of details to inform the gradation of the 165 

sands and gravels prevent full adherence to a USCS group name.  166 
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 167 

Figure 3. Logged data from five 30 m deep borings in İskenderun [modified from Orukoğlu and 168 

İşhani (2010)]. 169 

Borings Sk-1, -3, and -13 located in the western part of the urban area indicate relatively 170 

similar soil conditions with a 3-5 m medium dense layer of gravelly to silty sand, underlain 171 

by a thick deposit of very loose to medium dense silty sand and sand to the maximum depth 172 

explored of 30 m. Borings Sk-122 (i.e., in the Çay District) and Sk-109 (i.e., about 500 m 173 

southeast of Sk-122) each indicate a top layer of 4-5 m stiff silty clay of high plasticity (i.e., 174 

PI >15). Boring Sk-122 indicates loose silty sand from a depth of 4 m to 15 m and very loose 175 

silty sand from a depth of 15 m to at least 30 m. Boring Sk-109 indicates medium dense silty 176 
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sand from a depth of 4.5 m to 15 m, and stiff to very stiff silty clay from a depth of 15 m to at 177 

least 30 m.  178 

The general liquefaction triggering potential of subsurface soils in İskenderun can be 179 

roughly estimated for the Mw 7.8 mainshock. Assuming a geomean PGA of 0.28 g as 180 

recorded at soil site TK3115, a groundwater depth of 2 m, and unit weights of 17 kN/m3 and 181 

18 kN/m3 above and below the groundwater table, respectively, results in an adjusted cyclic 182 

stress ratio (i.e., CSR, adjusted to an equivalent earthquake magnitude of M=7.5 and vertical 183 

effective stress of 1 atm) of 0.25 to 0.28 for depths of 4 to 6 m per Boulanger and Idriss 184 

(2015). This assumes no site amplification, which may underestimate the actual PGA at soft 185 

soil sites that liquefied. A clean-sand corrected SPT blow count adjusted to an equivalent 186 

energy ratio of 60% and vertical effective stress of 1 atm [(N1)60cs] of about 20 to 24 would 187 

be necessary for a probability of liquefaction triggering of 50% (i.e., considering empirical 188 

model uncertainty) per Boulanger and Idriss (2012). The (N1)60cs depends on an overburden 189 

correction factor (i.e., CN; a multiplicative factor of about 1.3 to 1.5 for the example depth 190 

range of 4 to 6 m), a clean sand adjustment [i.e., ∆(N1)60; an additive factor ranging from 0 191 

blows for clean sands (FC < 5%) to 5.5 blows for highly silty sands (FC > 35%)], and 192 

hammer energy corrections that are not known for the available data. Assuming no bias due 193 

to hammer energy, liquefaction likely triggered in the low blow count sands and silty sands in 194 

the Figure 3 borings. In combination with the ground observations of liquefaction, these 195 

estimates help to confirm that liquefaction occurred within sands and silty sands during the 196 

Mw 7.8 mainshock in İskenderun. 197 

None of the borings by Orukoğlu and İşhani (2010) nor geophysical surveys by Orukoğlu 198 

and İşhani (2010) and Ozdemir et al. (2019) were performed seaward of the 1916 shoreline, 199 

and thus preclude a detailed characterization of the coastal reclaimed fill. Soil boring data 200 

from local sources near the Nihal Atakaş mosque area (e.g., Ozener et al. 2024) depict 201 

general consistency in soil strata and SPT blow counts with the nearest inland boring 202 

presented herein (i.e., Sk-1). Work is currently ongoing to collect additional detailed 203 

subsurface data, including seismic cone penetration tests and soil borings, at several case 204 

history sites affected by liquefaction These additional data will enable more reliable 205 

evaluations of liquefaction triggering and liquefaction-induced ground deformations. 206 
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POST-EARTHQUAKE FIELD OBSERVATIONS 207 

Liquefaction and lateral spreading 208 

Post-earthquake observations of perishable liquefaction effects in İskenderun were well 209 

documented by reconnaissance teams following the earthquakes (e.g., METU 2023, Cetin et 210 

al. 2023, Moug et al. 2023). Figure 2 indicates locations of liquefaction-induced sediment 211 

ejecta indicated by the field teams soon after the earthquake events. These field observations 212 

indicate liquefaction occurred primarily in the reclaimed shoreline areas (e.g., post-1916 213 

fills), but was also observed inland of the 1916 shoreline in the Çay District. Due to limited 214 

time to perform post-earthquake surveys in İskenderun, these points may not be inclusive of 215 

all instances of sediment ejecta. A total of 22 buildings in İskenderun were surveyed by 216 

Moug et al. (2023), with liquefaction-induced settlements ranging from negligible to over 70 217 

cm. These are further detailed by Moug et al. (2024; in this special issue). Damage to coastal 218 

facilities following the earthquakes included the partial collapse of a pile-supported naval 219 

base wharf, extensional displacements along pier and jetty structures, and the settlement of 220 

armor stones of the rubble mound seawall along much of the shoreline by 50-100 cm. 221 

Several instances of lateral spreading ground displacements along the İskenderun 222 

shoreline were recorded by reconnaissance teams following the February 6 earthquakes (e.g., 223 

METU 2023, Cetin et al. 2023, Moug et al. 2023). Lateral spreading manifests as 224 

translational ground movement and is commonly attributed to shearing along subsurface 225 

liquefied soils in areas with gently sloping ground or near a free face. Field observations of 226 

lateral spreading extended from the western shoreline of İskenderun to the Limak Port at the 227 

northeast of İskenderun, as mapped in Figure 2. Instances of shoreline lateral spreading were 228 

also documented at least as far north as the city of Dörtyol (e.g., Cetin et al. 2023), and likely 229 

occurred to the south of İskenderun as observed from post-earthquake satellite imagery (e.g., 230 

Taftsoglou et al. 2023).  231 

Post-earthquake flooding 232 

Images circulating over the news and social media indicated coastal flooding in 233 

İskenderun on February 6, 2023 soon after the Mw 7.8 mainshock (e.g., Soylu 2023). 234 

Although the initial flood waters dissipated shortly after, residents of İskenderun reported 235 

unusually frequent flooding over the weeks following the earthquakes. The increased flood 236 

hazard was summarized by a long-term local resident and building owner who corresponded 237 

with the GEER team on August 29, 2023: 238 
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“Before the quake, we used to get one flooding every couple of years at most. Mainly if it 239 

rained too heavily too quickly or too long where the pumping stations were overwhelmed. 240 

But now as the coastal area [near the Çay District] has dropped lower compared to sea, it is 241 

more frequent. Almost all the time when the tide is high, or alternatively if the sea is choppy 242 

and northerly winds are blowing, we get flooding.” 243 

 244 

Figure 4. Flooding in İskenderun on March 29, 2023 along (a) Mareşal Fevzi Çakmak Street in the 245 

Yenişehir District, over 250 m from the shoreline (36.5912N, 36.1698E), and (b-c) Bahçeli Sahil 246 

Evler Street in the Çay District (36.5910N, 36.1792E), where water was observed expelling from a 247 

drain (36.5900N, 36.1768E). 248 

The reports of flooding were consistent with observations by the GEER team of several 249 

building owners pumping water from their basements on March 28, 2023. The GEER team 250 

encountered notable flooding on March 29, 2023 (Figure 4). By the afternoon on this day, 251 

moderate rainfall and strong winds (i.e., reaching ~50 kmph due south, with higher gust 252 

speeds) impacted the İskenderun area. The nearest active tide station located in Arsuz 253 

indicated that the initiation of flooding aligned with the time at which the sea level was 254 

nearing high tide (VLIZ-IOC 2023). Waves were observed to overtop the existing seawall 255 

within the Yenişehir District. The flooding extended to over 250 m inland. The observed 256 

flood extents are indicated in Figure 2 (solid blue lines). The approximate flood extents in 257 

Figure 2 (dashed blue lines) were assumed from observations, discussions with locals, and 258 

drone coverage by local news reports (e.g., A Haber 2023). Flooding advanced at least two 259 

roads in from the shoreline, including past Mareşal Fevzi Çakmak Street (Figure 4a). The 260 
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coastal storm surge uplifted and displaced rubble mound stones from the seawall and caused 261 

the partial collapse of the Teysir restaurant located along the waterfront of the Yenişehir 262 

District (A Haber 2023). Along Bahçeli Sahil Evler Street in the Çay District (Figure 4b), 263 

water was observed to flow out of a storm drain cap (Figure 4c), likely due to a damaged 264 

water drainage system as reported by METU (2023). Such damages to drainage and water 265 

pumping systems likely reduced their performance and contributed to the sustained flooding 266 

conditions observed. When the team returned to İskenderun on April 1, 2023, flooding had 267 

largely diminished, but standing water remained in some locations. 268 

LATERAL SPREADING CASE HISTORIES 269 

Three case histories of lateral spreading are detailed herein at the following locations: (1) 270 

near the Nihal Atakaş mosque, (2) near the Doğan restaurant and Emekliler Park, and (3) 271 

within the Çay District. The three lateral spreading case histories include seven primary 272 

transects (i.e., LS-1 to -7) where detailed measurements of accumulated displacements were 273 

obtained by Moug et al. (2023). Lateral spreading distances along the transects were 274 

measured from the inside of the waterfront seawall or shoreline to all visible cracks along the 275 

transect path. The widths of the crack openings were measured and accumulated along each 276 

transect using the methodology of Robinson et al. (2010) to obtain seaward displacements. 277 

The transects were typically selected in areas where crack openings could be easily identified 278 

(e.g., near paved walkways, not obscured by vegetation).  279 

All three lateral spreading case histories occurred at sites with primarily level ground. 280 

Average slopes across the lateral spreading transects measured from pre-earthquake surveys 281 

presented by Orukoğlu and İşhani (2010) are typically within 0.6° downward towards the 282 

seaward direction. Free face heights at the seaward extents of the lateral spreading transects 283 

were not directly measured in the field. Elevation differences across the shoreline structures 284 

(i.e., seawalls and wharves) near each transect are estimated to vary between 1.5 m and 5 m, 285 

based on 1916 bathymetric depths presented in the Figure 1 map. However, the 1916 map 286 

may not represent current conditions due to later construction works, dredging, natural 287 

depositional processes, and other shoreline activities. Upcoming site investigations intend to 288 

verify the free face height at these locations. Tables 1 and 2 present the date, start and end 289 

coordinates, length, ground slope, free face height and distance, and total accumulated lateral 290 

displacements for each transect. A transect representing building measurements adjacent to 291 
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LS-2 is also included in these tables (labeled LS-2ˈ). Details regarding each lateral spreading 292 

case history site and associated transects are next presented. 293 

Table 1. Coordinates of lateral spreading transects. 294 

ID Date 
Start Coordinates End Coordinates 

Lat (N°) Long (E°) Lat (N°) Long (E°) 

LS-1 3/28/23 36.59362 36.15844 36.59314 36.15890 

LS-2 4/1/23 36.59361 36.16726 36.59325 36.16712 

LS-2ˈ 4/1/23 36.59350 36.16720 36.59333 36.16714 

LS-3 4/1/23 36.59357 36.16738 36.59315 36.16723 

LS-4a 
3/28/23 

36.59327 36.16884 36.59283 36.16862 
4/1/23 

LS-5 4/1/23 36.59081 36.17677 36.59008 36.17679 

LS-6 3/29/23 36.59072 36.17781 36.59016 36.17798 

LS-7 4/1/23 36.59090 36.17911 36.59064 36.17921 
a LS-4 was measured twice, before and after the March 29, 2023 storm. 

Table 2. Measurements along and near lateral spreading transects. 295 

ID Date Length (m) Slope (°)b 
Free face 

height (m)c 

Free face 

dist. (m)d 

Total lat. 

disp. (cm)  
LS-1 3/28/23 65 0.1 1.5-3.5 0 54  

LS-2 4/1/23 41 0.3 1.5-3.5 0 77  

LS-2ˈ 4/1/23 20 0.3 1.5-3.5 15 29  

LS-3 4/1/23 45 0.3 1.5-3.5 0 73  

LS-4a 
3/28/23 

52 0.2 2.5-5 0 
0  

4/1/23 147  

LS-5 4/1/23 82 -0.3 1.5-4 67 53  

LS-6 3/29/23 63 -0.4 1.5-4 100 27  

LS-7 4/1/23 35 0.6 1.5-4 100 20  

a LS-4 was measured twice, before and after the March 29, 2023 storm.  

b Average ground slope across transect estimated from ground surveys presented by 

Orukoğlu and İşhani (2010); positive values indicate downward slope towards sea. 
 

c Free face height range estimated from 1916 bathymetry depths (Figure 1) relative to 

current ground level. 
 

d Free face distance is relative to start coordinates at seaward extent of transects.  

Nihal Atakaş Mosque 296 

The first lateral spreading case history site (36.5934N, 36.1584E) is located along the 297 

west shoreline of İskenderun, to the east of the Nihal Atakaş mosque, and near the Park 298 

Forbes AVM shopping mall as indicated in Figure 5. The mosque is partially built over 299 

reclaimed fill placed in 2016, as observed from satellite imagery (Maxar 2016). Following 300 

the earthquake, significant sediment ejecta covered an area of over 500 m2 along the 301 

northeast corner of the mosque over the recent fill (Figure 6a). Several cracks parallel to the 302 

shoreline were observed between the seawall and Atatürk Boulevard (Figure 6b). The cracks 303 

and ejecta features labeled in Figure 5 (as well as Figures 8 and 10 for the other lateral 304 
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spreading sites) are approximated from post-event field and drone photos (Moug et al. 2023, 305 

SiteEye 2023) where available, and aerial imagery from Maxar (2023) dated February 12, 306 

2023. Only features in the vicinity of the lateral spreading transects are represented. Flooding 307 

is not believed to have inundated this area on March 29, 2023 based on drone footage (A 308 

Haber 2023). 309 

 310 

Figure 5. Map of lateral spreading site near the Nihal Atakaş mosque [background image obtained 311 

from Maxar (2023) is dated February 12, 2023]. 312 

 313 

Figure 6. Post-earthquake ground deformations observed near the Nihal Atakaş mosque: (a) sediment 314 

ejecta (36.5933N, 36.1574E; photo by Eylem Arslan taken February 14, 2023), and (b) lateral 315 

spreading along Atatürk Boulevard (36.5933N, 36.1594E; March 28, 2023). 316 

Transect LS-1 measured on March 28, 2023 indicated a maximum lateral ground 317 

displacement of 54 cm over a distance of 65 m. It extended from a rubble mound seawall to 318 

the median of Atatürk Boulevard, in an area of post-1916 and pre-2016 reclaimed land. The 319 

seawall at this location appeared to be 0.5 to 0.8 m lower than the recently placed segment of 320 

seawall in front of the mosque; however, it was not clear whether this reduced seawall height 321 

existed before the earthquake. The overall extent of this spread to the south may have been 322 

constrained by the shopping mall structure.  323 
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The distribution of accumulated lateral displacement with distance from the shoreline 324 

along LS-1 is indicated in Figure 7a. The largest concentration of ground cracks (i.e., 20 cm 325 

movement over a 6 m distance) occurs within Atatürk Boulevard (Figure 6b) and coincides 326 

with the 1969 shoreline extent. However, the rate of accumulation of ground displacements 327 

otherwise remains relatively constant closer to the shore. LS-1 is only about 200 m west of 328 

boring Sk-1, which recorded a shallow ground water table depth of 1.5 m on April 20, 2010. 329 

Despite the absence of more detailed site data, it is likely the very loose to loose silty sands at 330 

depths below 4 m indicated in Sk-1 liquefied and contributed to the lateral spread.  331 

 332 

Figure 7. Accumulated lateral displacements relative to distance from the seawall (or shoreline) near 333 

(a) Nihal Atakaş mosque, (b) Doğan restaurant, (c) Emekliler Park, and (d) Çay District. The symbols 334 

indicate individual crack measurements that accumulate from the landward extent of the transect 335 

(where no movement is assumed). The approximate location of the 1969 shoreline is indicated. All 336 

transects are located within pre-1916 reclaimed fill. 337 

Doğan Restaurant and Emekliler Park 338 

The second lateral spreading case history site is located along the central shoreline of 339 

İskenderun, encompassing the Doğan restaurant facility (36.5934N, 36.1671E) and adjacent 340 

Emekliler Park area (36.5931N, 36.1682E) to the east (Figure 8). Several extensive ground 341 
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cracks were observed parallel to the shoreline between the seawall and Atatürk Boulevard 342 

(Figure 9a and 9d). The Teysir restaurant that had partially collapsed due to the March 29 343 

storm surge is situated just east of the Emekliler park (Figure 8). A park bench situated along 344 

the shorefront walkway adjacent to the Doğan restaurant appeared stable during a 345 

reconnaissance visit on March 28, 2023, but had sunken into the ground following the March 346 

29 storm surge and flood (Figure 9a). A one-story patio dining structure within the Doğan 347 

restaurant exhibited severe ground cracks through the floor and exterior walls (Figures 9b-c). 348 

 349 

Figure 8. Map of lateral spreading site at the Doğan restaurant and Emekliler park [background 350 

image obtained from Maxar (2023) is dated February 12, 2023]. 351 

 352 

Figure 9. Lateral spreading at the Doğan restaurant and Emekliler park observed on April 1, 2023: (a) 353 

sunken park bench and shorefront damage behind Doğan restaurant patio (36.5936N, E36.1674E), (b) 354 

patio east exterior wall damage (36.5934N, 36.1672E), (c) patio damage (36.5935N, 36.1671E), and 355 

(d) transect LS-4 in Emekliler park (36.5930N, 36.1687E). 356 



 16 

Transects LS-2 and LS-3 measured on April 1, 2023 indicated maximum lateral ground 357 

displacements of 77 cm and 73 cm over distances of 41 and 45 m, respectively. Both 358 

transects extended from the rubble mound seawall to the front (south side) of the Doğan 359 

restaurant. LS-2 was taken about 1 m away from the Doğan patio exterior walls, and LS-3 360 

was taken 10 m to the east of LS-2. While both transects are within post-1916 reclaimed land, 361 

over half of the transect lengths are located seaward of the 1969 shoreline. The distribution of 362 

accumulated lateral displacements along LS-2 and LS-3 are depicted in Figure 7b to be 363 

consistent with each other. Slightly higher displacement rates (i.e., increased shear strain) 364 

along LS-2 and LS-3 were measured within 15 m from the seawall, which appears to 365 

coincide with post-1969 reclaimed fill. 366 

Transect LS-2' only considered cracks along the base of the exterior patio wall and 367 

concrete fence of the Doğan restaurant (Figure 9b and right of Figure 9c). The cracks were 368 

measured over a limited distance from the north edge of the patio to the north edge of the 369 

two-story restaurant building. This transect was plotted in Figure 7b by matching the 370 

accumulated displacements at the northeast corner of the patio (i.e., 14.8 m from the seawall 371 

in LS-2). Cracks were concentrated with a total width of 10.5 cm along the column at the 372 

south edge of the patio (~25 m from the seawall), and a width of 14 cm at the north edge of 373 

the restaurant building (~28.5 m from the seawall). Despite these structurally controlled 374 

concentrations of cracks along the building, the total displacements along the extent of LS-2' 375 

approximately matched those along LS-2 and LS-3. 376 

Transect LS-4 was measured in Emekliler park on March 28 and April 1, 2023 (before 377 

and after the March 29 storm) with respective maximum lateral ground displacements of 140 378 

and 147 cm over the same distance of 52 m. The spread extended from the seawall to the 379 

southernmost crack observed, which coincides with the 1969 shoreline. The transect location 380 

was selected due to its location along a pedestrian pathway with concrete pavers that 381 

facilitated the measurement of extension cracks (Figure 9d). Figure 7c depicts a nearly 382 

constant rate of accumulated lateral displacements along the length of LS-4. This 383 

displacement rate approximately matches LS-2 and LS-3 within 15 m of the seawall. The 384 

inconsistency of the 1969 shoreline relative to the transects may indicate differences in 385 

subsurface soils (e.g., more newly placed fill) that would cause LS-4 to spread nearly twice 386 

as much as LS-2 and LS-3. Additionally, interpretation of the 1916 bathymetric depths of 387 

Figure 1, as presented in Table 2, suggest the seawall at LS-4 has an estimated free face 388 
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height range of 2.5 m to 5 m, whereas LS-2 and LS-3 have a lower estimated free face height 389 

range of 1.5 to 3.5 m. The measured increase in maximum displacements at LS-4 by 7 cm 390 

before and after the storm may have been due to scour and dislocation of surficial features 391 

(e.g., concrete pavers) during the storm, additional movements continuing since the 392 

earthquake or worsened by storm surge loading, measurement errors, or other effects. 393 

Çay District 394 

The third lateral spreading case history site (36.5907N, 36.1780E) is located in the Çay 395 

District east of the İskenderun city center, along a block of residential buildings (Figure 10). 396 

Significant sediment ejecta inundated Atatürk Boulevard in this area and was prevalent 397 

within the adjacent park and waterfront area in the hours immediately following the first Mw 398 

7.8 mainshock (Cetin et al. 2023). Several of the buildings in the Çay District had settled by 399 

over 50 cm, as detailed in Moug et al. (2023) and Moug et al. (2024; in this special issue). A 400 

jetty and boat dock along the shorefront exhibited significant displacements and lateral 401 

spreading cracks (Figure 11a), and a wharf structure supporting a naval base to the east of the 402 

boat dock had collapsed during the earthquake. 403 

 404 

Figure 10. Map of lateral spreading site in the Çay District [background image obtained from Maxar 405 

(2023) is dated February 12, 2023]. While not visible here, significant ejecta was observed along 406 

Atatürk Boulevard in the hours after the earthquakes (Cetin et al. 2023). 407 

Transects LS-5 (measured March 28), and LS-6 and LS-7 (measured April 1), indicated 408 

maximum lateral ground displacements of 53, 27, and 20 cm over distances of 82, 63, and 35 409 

m, respectively. LS-5 extended from the north edge of Atatürk Boulevard (Figure 11b) to the 410 

north edge of Bahçeli Sahil Evler Street, LS-6 extended from the south edge of Atatürk 411 

Boulevard to the north edge of Bahçeli Sahil Evler Street, and LS-7 extended between the 412 

north edges of two 5-story structures. All three transects were located seaward of the 413 
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estimated 1916 shoreline but intersected the 1969 shoreline. Lateral spreading between the 414 

shoreline and the north edge of Atatürk Boulevard (i.e., 0 to ~100 m from the shoreline; 415 

Figure 7d) was not measured due to the low visibility of cracks within the lawn area and an 416 

inability to access the boat dock during these site visits. Over 50 cm of additional lateral 417 

displacement is believed to have occurred within this area based on a previous walkthrough 418 

(e.g., Figure 11a). 419 

 420 

Figure 11. Post-earthquake ground deformations observed in the Çay District: (a) possible sand ejecta 421 

and lateral spreading near boat dock (36.5915N, 36.1789E; April 1, 2023), (b) cracks along Atatürk 422 

Blvd at the north end of transect LS-5 (36.5908N, 36.1767E; April 1, 2023), and (c) ground 423 

deformation and extensional cracks between settled buildings near LS-7 (36.5907N, 36.1792E; March 424 

28, 2023). 425 

Ground cracks were concentrated within the space between the two rows of 5-story 426 

buildings between Atatürk Boulevard and Bahçeli Sahil Evler Street (i.e., ~120 to 140 m 427 

from the shoreline; Figure 7d), suggesting over 20 cm of lateral extension in this area along 428 

LS-6 and LS-7 (Figure 11c). LS-5 depicted more gradual cracking between the buildings, 429 

which could potentially be attributed to a redistribution of crack patterns by a nearby 7-story 430 

building over a rigid foundation that had not settled. With the available information, it 431 

remains difficult to evaluate whether the cracks between the buildings resulted from ground 432 

deformation patterns influenced by building settlement (e.g., Moug et al. 2023; Figure 11c), 433 

overall seaward lateral spreading, or a combination of these or other mechanisms. Additional 434 
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insights from subsurface data, laser scan data, and computational analyses may help clarify 435 

the global picture of damage in this area. 436 

REMOTE SENSING OBSERVATIONS 437 

Interferometric Synthetic Aperture Radar (InSAR) is a powerful remote sensing 438 

technique that is now routinely used for studying earthquakes (e.g., Foumelis et al. 2021, 439 

Vassilakis et al. 2021). Recently, researchers have highlighted the contribution of InSAR 440 

products in mapping earthquake-induced secondary phenomena, such as soil liquefaction, 441 

lateral spreading, and landslides (e.g., Chatzipetros et al. 2021, Taftsoglou et al. 2023). 442 

Persistent Scatterer Interferometry (PSI) is an advanced interferometric technique applicable 443 

in monitoring ground deformation over time. PSI uses a large series of SAR imagery to 444 

measure subtle deformation signals, at a millimeter level of accuracy, on individual point 445 

targets named Persistent Scatterers (PS). PS are typically buildings, infrastructure, or surface 446 

features that remain stable over time. Although PSI has proven valuable mainly in 447 

applications related to land subsidence, rather than abrupt motions provoked by seismic 448 

events, it could be applied for the investigation of post-seismic deformation. Herein, PSI was 449 

considered to better understand the spatial and temporal patterns of the pre- and post-450 

earthquake movements. 451 

SAR Interferometric Data Analysis 452 

PSI processing of İskenderun was based on two distinct time intervals, one prior to and 453 

the other following the February 6, 2023 earthquakes, to examine the effects of the 454 

earthquakes on ground deformation patterns. For the pre-seismic phase covering the period 455 

between January 2021 and January 2023, 136 Sentinel-1 (S-1) acquisition dates (descending 456 

track 021) were considered, while for the post-seismic period 14 S-1 (descending track 021) 457 

and 12 S-1 acquisition dates (ascending track 014) were used over the period between 458 

February and July 2023. For the post-seismic period, opposite acquisition geometries were 459 

used to constrain the east-west and vertical components of the deformation field along with 460 

their evolution in time.  461 

For the interferometric processing of S-1 mission data, we used SNAPPING (Surface 462 

Motion Mapping) service (Foumelis et al. 2022) integrated on the Geohazards Exploitation 463 

Platform (GEP, https://geohazards-tep.eu). SNAPPING is an advanced multi-temporal SAR 464 

interferometric processor for the measurement of average surface motion rates and 465 
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corresponding displacement time series based on the PSI technique and Copernicus Sentinel-466 

1 mission data. 467 

For the interferometric analysis we followed a twofold processing scheme: (1) 468 

SNAPPING IFG for the generation and storage of an independent interferometric stack, and 469 

(2) SNAPPING PSI Med for time series analysis at medium resolution, using as inputs the 470 

previously stored interferometric stack. The conceptual model of SNAPPING processing is 471 

described in detail in Foumelis et al. (2022). For the SNAPPING PSI service, the removal of 472 

topographic components and geolocation were based solely on the SRTM 1 arc-second 473 

heights (NASA 2013). Furthermore, since there was no a priori knowledge of the stability of 474 

the area, the PSI solution was referenced to the average motion of the entire area. In this 475 

work, the PSI results correspond to the average Line of Sight (LOS) motion rate maps and 476 

displacement time series at a spatial sensor resolution of about 100 m. 477 

 478 

Figure 12. Sentinel-1 PSI LOS displacement rates for the regional area of İskenderun showing (a) 479 

pre-seismic period (Jan 2021-Jan 2023) of Descending orbit 21, (b) post-seismic period (Feb-July 480 

2023) for the Descending orbit 21, and (c) post-seismic period (Feb-July 2023) for the Ascending 481 

orbit 014. The color scale is adjusted to the range of motion for each examined period. 482 

SAR Results 483 

Regional PSI deformation patterns before and after the earthquakes are shown in Figure 484 

12. A change in the deformation pattern is clearly observed among the two periods. For the 485 

pre-seismic period (Jan 2021-Jan 2023), local subsidence is observed along the İskenderun 486 

harbor as well as within and to the south of the Çay District with rates reaching locally up to 487 
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5-6 cm/yr. The areas of highest subsidence appear to be centered near the historic alignment 488 

of the İbrahim Paşa channel (Figures 1-2). For the post-seismic period (Feb-Jul 2023), 489 

subsidence prevails throughout the shoreline and urban area with apparently increased rates 490 

of 20-30 cm/yr. However, the shorter post-earthquake monitoring period is influenced by 491 

seasonal biases relative to the two-year pre-earthquake monitoring period. 492 

 493 

Figure 13. Sentinel-1 PSI LOS displacement rates for (a) pre-seismic period (Jan 2021-Jan 2023) for 494 

the Descending orbit 21, (b) post-seismic period (Feb-July 2023) for the Descending orbit 21, and (c) 495 

post-seismic period (Feb-July 2023) for the Ascending orbit 014. (d-f) Displacement time series 496 

respective to each geometry (a-c) for boring Sk-122, and lateral spreading transects LS-1, LS-2, and 497 

LS-5. The velocity value displayed on each time series plot is the least-squares fit of PSI data points 498 

for the timeline considered. 499 

The time series analysis for selected sites near boring Sk-122, and lateral spread transects 500 

LS-1 (Nihal Atakaş mosque), LS-2 (Doğan restaurant), and LS-5 (Çay District) are indicated 501 
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in Figure 13. The deformations at these diverse locations follow a similar cyclic pattern 502 

characterized by seasonal variations. Over the two years of the pre-seismic observations, it 503 

appears that seasonal subsidence occurs during the summer period, and seasonal rebound 504 

occurs during the winter period when higher groundwater levels are expected. However, the 505 

areas experiencing the most significant subsidence do not fully rebound to the previous 506 

winter levels (e.g., sites Sk-122 and LS-5 in Figure 13d). Following the earthquake, the 507 

transition from winter to summer follows a similar seasonal subsidence trend suggesting that 508 

rapid post-earthquake ground movements over parts of the coastal area are partially 509 

influenced by the superimposition of the seasonal trend that cannot be quantitatively 510 

separated from the post-earthquake contribution.  511 

To better isolate the post-earthquake contributions to subsidence, the InSAR analysis was 512 

reassessed for an approximately three-months period immediately following the earthquake 513 

(i.e., between February and April 2023), and compared to the same periods over the two 514 

years prior to the earthquake. The estimation of the motion rates for the period spanning from 515 

February to April, was performed by the recalculation of motion rates for the specific time 516 

span, as obtained from the full PSI time series solution. Figures 14a and 14b indicate that 517 

average displacements throughout İskenderun are typically under 5-7 cm/yr from February to 518 

April 2021, and February to April 2022. However, the results of Figure 14c indicate rapid 519 

subsidence of over 10-13 cm/yr on average in the majority of İskenderun after the 520 

earthquakes from February to April 2023. The greatest post-earthquake movements (up to 24 521 

cm/yr) tend to be collocated with some of the observed liquefaction-induced ground 522 

deformations along the shoreline and in the Çay District area.  523 

 524 

Figure 14. Sentinel-1 average PSI LOS displacement rates for the regional area of İskenderun 525 

showing the (a) pre-seismic period Feb-Apr 2021, (b) pre-seismic period Feb-Apr 2022, and (c) post-526 

seismic period Feb-Apr 2023 of the Descending orbit 21. 527 
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The LOS measurements were decomposed into vertical and east-west motion components 528 

to facilitate the interpretation of subsidence and lateral deformation patterns. The vertical and 529 

east-west components were calculated using both ascending and descending Sentinel-1 530 

geometries for the post-seismic period from February to April 2023. The procedure involved 531 

rasterization at 100 m of the PSI point vectors and combining the two components on 532 

common pixels. The PSI displacement field indicates that subsidence (Figure 15a) and lateral 533 

movements (Figure 15b) are largely concentrated within the İskenderun coastal area. The 534 

area along the first 2000 m of transects A-A' (Figure 15c) and B-B' (Figure 15d) typically 535 

indicate vertical subsidence rates of over 15 cm/yr. The highest rates of subsidence of 30 to 536 

35 cm/yr are in the Çay District (Figure 15a,c; near borings Sk-13 and Sk-122). The highest 537 

eastward horizontal displacement rates of up to about 15 cm/yr are also located within the 538 

Çay District (Figure 15b), near the field surveyed lateral spreading transects LS-5, LS-6, and 539 

LS-7. The expectation of liquefaction-induced lateral spreading movements to occur 540 

perpendicular to and towards the shoreline is not apparent in Figure 15b due to the low 541 

sensitivity of this InSAR technique to north-south deformations. Furthermore, most lateral 542 

spreading displacements are believed to have occurred within the minutes or hours following 543 

the mainshock event. This short period is not captured by this analysis but may suggest slow 544 

continued lateral movements over the days and months following the mainshock.  545 

 546 
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Figure 15. (a) Vertical and (b) east-west displacement rate maps of the study area for the Feb-Apr 547 

2023 post-seismic period, decomposed from ascending and descending Sentinel-1 LOS observations. 548 

Profiles of vertical PSI motion and topography [SRTM 1 arc-second, (NASA 2013)] along transects 549 

(c) A-A' and (d) B-B'. Boring locations used in this study (Sk-1, -3, -13, -122, and -109) are shown in 550 

the rectangles.  551 

DISCUSSION 552 

The post-earthquake observations and remote sensing analyses herein provide insights for 553 

the severity and spatial distributions of liquefaction-induced ground deformations, pre- and 554 

post-earthquake ground subsidence, and recurrent floods. Together these details are 555 

indicative of the complex multi-hazard mechanisms affecting İskenderun. 556 

An understanding of the early development of İskenderun and early shoreline extents 557 

indicate subsurface constraints potentially affecting the extents of liquefaction and lateral 558 

spreading. The case histories of lateral spreading herein follow patterns that suggest larger 559 

ground deformations occurred within more recently placed fills (i.e., post-1969; as opposed 560 

to fills placed prior to 1969). Liquefaction ground deformations affected several coastal 561 

communities during past earthquakes, particularly within areas of reclaimed land including 562 

the San Francisco shoreline in the 1989 Loma Prieta earthquake (e.g., Pease & O’Rourke 563 

1997), and port and harbor facilities in the 1995 Kobe earthquake (e.g., Ishihara et al. 1996).  564 

The lateral spreading case histories do not provide a direct measure of vertical subsidence 565 

relative to the sea level that would be expected to directly increase flood risks. Vertical 566 

subsidence is difficult to measure in the field in the absence of precise pre- and post-event 567 

elevation data. However, the magnitude and extent of lateral spreading observed along much 568 

of the İskenderun shoreline suggests a ubiquity of liquefiable sediments that volumetrically 569 

reconsolidated with the dissipation of pore pressures. This process is typically associated 570 

with vertical settlements that are of a similar magnitude as lateral spreading displacements at 571 

gently sloped sites (e.g., Holzer et al. 1999, Cetin et al. 2002). Evidence of reconsolidation 572 

settlements is further indicated by the large thickness of liquefaction susceptible soils in 573 

nearby boring logs, and observations of localized settlements of several buildings near the 574 

shoreline (e.g., Moug et al. 2023). It is thus possible that liquefaction-induced reconsolidation 575 

caused general subsidence throughout the İskenderun urban area. 576 

Both pre- and post-earthquake displacement rates from remote sensing are conspicuously 577 

about three times higher within the İskenderun coastal and urban areas relative to 578 
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surrounding areas (Figure 12). This suggests an underlying mechanism may be causing 579 

regional subsidence of İskenderun, irrespective of the earthquakes. This could be associated 580 

with long-term (i.e., creeping) settlements within marsh deposits near the İbrahim Paşa 581 

channel (Figures 1-2) since the early urban development of İskenderun in the 20th century 582 

(e.g., Nalça Kıssaboylu et al. 2023), groundwater depletion, and other factors. Such ongoing 583 

subsidence likely worsened the flood hazard and may suggest why the flood extent observed 584 

on March 29, 2023 surpassed the observed extent of liquefaction-induced ground 585 

deformations (Figure 2).  586 

Over the same three-months period (i.e., February to April), average pre-earthquake 587 

movements in İskenderun in 2021 and 2022 (Figures 14a-b) were approximately doubled 588 

following the earthquakes in 2023 (Figure 14c). Furthermore, the largest post-earthquake 589 

movements were generally located near observed liquefaction manifestations (Figure 2). 590 

While InSAR PSI methods can capture long-term (i.e., creeping) deformations with high 591 

certainty, the frequency of readings (i.e., every ~12 days) limits their ability to track short-592 

term liquefaction-induced activity. Observations of liquefaction-induced sediment ejecta in 593 

past earthquakes (e.g., Ambraseys and Sarma 1969) and during the mainshock of the 594 

Kahramanmaraş earthquake sequence (e.g., Cetin et al. 2023) suggest that the majority of 595 

pore pressure dissipation and reconsolidation typically occurs within several minutes to hours 596 

after shaking ends. However, low permeability layers may greatly slow the reconsolidation of 597 

deeper liquefiable layers (e.g., Bassal and Boulanger 2021). Such a condition may suggest 598 

why boring Sk-122, with a 4-m thick clay crust and loose silty sand to depths of over 30 m is 599 

collocated with some of the highest post-earthquake subsidence rates of over 30 to 35 cm/yr 600 

(Figure 15c). More detailed studies will be needed to further confirm the cause of an 601 

increased post-earthquake subsidence rate.  602 

Several other factors likely contributed to increased flooding risks in İskenderun. The 603 

proliferation of ejected sediments and pore fluids, and an increase in the ground water table 604 

induced by liquefaction (e.g., Davis et al. 2015) likely contributed to flooding soon after the 605 

mainshock. Also, the loss of freeboard due to settlement of the seawall was unable to 606 

adequately inhibit coastal storm surge. The settlement and instability of the seawall may have 607 

similarly been initiated by liquefaction and lateral spreading within subsurface soils. Damage 608 

to the water drainage system (METU 2023, Cetin et al. 2023) and the ponding of water along 609 

pavement and other non-draining surfaces likely slowed the ability for water to recede 610 
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following each storm. These local infrastructure effects and other factors highlight the 611 

complex interplay between seismic and flood hazards. 612 

Work is currently ongoing by the authors to develop coastal storm surge models to 613 

elucidate the sensitivity of flood extents relative to ground subsidence patterns. Subsurface 614 

investigations are also underway by the authors to better understand the ground conditions 615 

relative to liquefaction triggering and liquefaction-induced ground deformations.  616 

CONCLUSIONS 617 

Liquefaction-induced damage and ongoing flooding along the İskenderun shoreline was 618 

observed following the 2023 Kahramanmaraş earthquakes. The lateral spreading case 619 

histories at the Nihal Atakaş mosque, Doğan restaurant and Emekliler park, and Çay District 620 

suggest a concurrence of liquefaction ground deformation patterns with reclaimed shoreline 621 

fills. The observed flooding due to coastal storm surge on March 29, 2023 typically surpassed 622 

the extent of observed liquefaction ground deformations. Remote sensing observations before 623 

and following the earthquakes suggest that long-term regional subsidence has been 624 

conspicuously occurring within İskenderun at a higher rate relative to surrounding areas. The 625 

remote sensing observations also suggest an accelerated rate of subsidence following the 626 

earthquakes, particularly near areas with liquefaction manifestations and post-earthquake 627 

flooding. Earthquake damage to shoreline protection structures and drainage systems, among 628 

other factors, likely also contributed to the flood hazard. This work highlights the importance 629 

of cross-disciplinary perspectives for evaluating the interdependence of liquefaction and 630 

flood hazards. 631 
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