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A B S T R A C T

The February 6, 2023 Kahramanmaraş earthquake doublet resulted in a range of devasting impacts on the built 
and natural environments. Here the macroseimic intensity of the event is assessed using the Environmental 
Seismic Intensity Scale (ESI 2007), which considers a range of primary and secondary earthquake environmental 
effects (EEEs) resulting from the causative earthquakes. These features were documented as part of the hybrid 
Earthquake Engineering Field Investigation Team (EEFIT) mission and by numerous other studies in the after
math of the earthquakes. The primary fault ruptures along segments of the East Anatolian Fault Zone exceeded 
350 km along the Pazarcık segment (the first fault to rupture) with a maximum displacement (Dmax) of ~8 m, 
and 150 km with a Dmax ~7–8 m along the Çardak-Sürgü Fault, which subsequently ruptured later the same day 
in an event termed the Elbistan or Ekinözü earthquake. In addition, a range of other secondary effects such as 
landslides and rockfalls, liquefaction and lateral spreading, changes to springs, tsunami and widespread damage 
were reported over an area >35,000 km2. These data indicate epicentral intensities of XI and X for the Pazarcık 
and Elbistan earthquakes, respectively, consistent with the intensity inferred from measured offsets along these 
faults. Whereas site intensities based upon various secondary effects range from VIII – XI. Given the close as
sociation in time and space of the two main shock events it is difficult to attribute the wider off-fault secondary 
features to either event, especially where the faults converge in the north, but there is good correlation with: a) 
the mapped fault traces and many documented EEEs occur with 10–15 km of the rupture; and b) measured peak 
ground acceleration (PGA), where ESI 2007 intensities of > X correspond to regions experiencing >0.2 g PGA, 
and there are a few EEEs where PGA did not exceed 0.05 g. However, both maximum reported moment 
magnitude intensity (MMI) and Did You Feel It (DYFI) reports are 1–3◦ lower than the ESI 2007 values derived 
here, possibly resulting from bias towards urban areas. These data not only highlight the utility of using envi
ronmental effects in earthquake intensity studies but also suggest that the Kahramanmaraş earthquakes are 
unprecedented within the historical record of the region.

1. Introduction

On the February 6, 2023, at 01:17 UTC, a Mw 7.8 earthquake 
occurred along the East Anatolian Fault Zone (EAFZ) of south-central 
Türkiye (generally termed the Pazarcık earthquake). Later that day, at 

10:24 UTC, another Mw 7.5 earthquake ruptured the Çardak – Sürgü 
Fault to the NW (variously called the Elbistan or Ekinözü earthquake). 
These earthquakes, collectively called the Kahramanmaraş earthquakes, 
resulted in an estimated $84 billion dollars of damage in Türkiye alone 
and sadly the loss of >65,000 lives across Syria and Türkiye.
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In addition, to the severe damage seen in the built environment, 
these events caused widespread environmental effects. Earthquake 
Environmental Effects (EEEs) refer to a number of changes to the natural 
environment as a result of a seismic event and can be defined as either 
primary or secondary effects. Primary effects are the direct surface 
expression of the earthquake (i.e., surface ruptures or faulting, tectonic 
subsidence or uplift), while secondary effects are caused by the wider 
ground shaking (i.e., landslides, liquefaction, ground water changes 
etc.).

While EEEs have long been recognised from the earliest studies of co- 
seismic deformation (e.g., Cornish, 1908), and were included in early 
seismic intensity scales (i.e., Davison, 1921), more recent intensity 
scales omitted environmental factors to focus on the built environment. 
The recognition that key environmental information was being over
looked in these more recent scales led to the development of the Envi
ronment Seismic Intensity 2007 Scale (ESI 2007; Michetti et al., 2004, 
2007; Silva et al., 2015) under the auspices of INQUA (International 
Union for Quaternary Research). This twelve-point intensity scale con
siders both primary and secondary effects to provide a quantitative 
analysis of the EEEs and can be used independently or along-side other 
intensity scales. The ESI 2007 scale has advantages in that it can be 
compared to, or applied to, historic and palaeo-seismic events (i.e., 
Reicherter et al., 2009), used in areas of sparse or no population (i.e., 
Mosquera-Machado et al., 2009), and in different socio-economic or 
cultural regions, where building damage may reflect local building ty
pologies rather than earthquake properties (Serva, 1994; Michetti et al., 
2007). Consequently the ESI 2007 scale has been applied to numerous 
recent and historical events globally (Ferrario et al., 2022), including 
earthquakes in Greece (Papanikolaou and Melaki, 2017), Columbia 
(Mosquera-Machado et al., 2009), Japan and Taiwan (Ota et al., 2009; 
Naik et al., 2023) and is now regarded as a key tool in seismic hazard 
assessment (Ferrario et al., 2022; Papanikolaou et al., 2015; Reicherter 
et al., 2009). However, there is still a need to add to these existing as
sessments to test empirical relationships with large magnitude events 
and strike-slip earthquakes, which are relatively under-represented 
compared to reverse and normal faults events in the database of earth
quakes with documented ESI 2007 intensities (Ferrario et al., 2022).

This paper presents a synthesis of EEE observations from the hybrid 
Earthquake Engineering Field Investigation Team (EEFIT) mission along 
with published reports to summarise the environmental effects induced 
by the 2023 Kahramanmaraş earthquakes that struck southern Türkiye 
and northern Syria. We then apply the ESI 2007 scale to these obser
vations. Earthquake environmental effects are then compared to ground 
deformation measurements – Peak Ground Acceleration (PGA) and 
measurements of earthquake size in particular moment magnitude in
tensity, allowing a comparison to key historical events. This analysis 
highlights the unprecedented nature of these events and the need for 
future research in the region.

2. Geological and seismological background

2.1. Tectonic framework of the Eastern Mediterranean

The Eastern Mediterranean region is a classic example of ‘escape’ or 
‘extrusion’ tectonics (c.f., Tapponnier et al., 1982) caused by the 
on-going contraction of the Mediterranean Sea as a result of the north
ward motion of the Arabian and African plates relative to a stable Eur
asia. Continental collision in the region is likely to have begun in the 
Late Cretaceous with final closure of the Southern Neotethys, resulting 
in the formation of the Mediterranean Sea, thought to have occurred in 
the Oligocene (Allen and Armstrong, 2008; Robertson and Parlak, 
2024). Continental collision was initially accommodated by crustal 
thickening and rapid uplift of the Anatolian Plateau (Şengör et al., 
2008), which changed to extrusion in late Miocene to early Pleistocene 
time (Bozkurt, 2001; Şengör et al., 1985). The extrusion of the Anatolian 
microplate is accommodated along the North Anatolian and East 

Anatolian fault zones (Fig. 1) that take-up the westwards motion of 
Anatolia, driven in part by the northwards motion of Arabia but also by 
the roll-back of the Aegean subduction zone pulling the micro-plate to 
the west.

To the south of Anatolia, the relative motion between the African and 
Arabian plates is accommodated along the sinistral Dead Sea Fault Zone 
(DSFZ) (Fig. 1). The DSFZ links the area of sea-floor spreading in the Red 
Sea to the northern boundary of the Arabian plate and the zone of 
continental collision. The DSFZ initiated in the Miocene, around 20–18 
Ma (Ben-Avraham, 1978; Lyberis et al., 1992; Weinberger et al., 2020) 
in the south and propagated northwards reaching southern Türkiye in 
the Late Miocene/Pliocene (Karabacak et al., 2010).

The East Anatolian Fault Zone (EAFZ) is also a sinistral strike-slip 
fault zone trending ~ NE-SW for >400 km from Karlıova in the east to 
the Mediterranean Sea. The fault likely initiated in the Late Pliocene 
(3–4 Ma; Saroglu, 1992; Westaway and Arger, 2001) and has an average 
long-term slip rate of 7–9 mm/yr (e.g., Reilinger et al., 2006). In the 
northeast the fault is mainly characterised by a single fault strand split 
into several segments (Fig. 1), defined by the changes in the strike of the 
fault, step-overs or pull-apart basins. However, towards the southwest 
the fault zone becomes increasingly complex and additional faults form 
part of the wider deformation of the region. This complexity has 
generated several different schemes for defining the number of segments 
and different names for the same structures, here we broadly follow the 
naming of fault strands proposed by Duman and Emre (2013). The 
multiple faults have also triggered debate as to the location of the triple 
junction between the EAFZ, DSFZ and the Cyprus Arc, with three main 
geodynamic models proposed. One model proposes that the EAFZ con
tinues to the Mediterranean Sea in the south-west, crossing the Amanos 
Mountains to the Bay of İskenderun (e.g. Şengör and Yilmaz, 1981; 
Yönlü et al., 2017). This model would make the Amanos Fault Zone/
Karasu Rift the northern extent of the DSFZ with the triple junction in 
the vicinity of Türkoğlu (sometimes termed the Kahramanmaraş triple 
junction) between the Amanos Fault and the Pazarcık segment of the 
EAFZ. A similar model suggests that the EAFZ terminates at Türkoğlu 
and does not extend further to the SW (e.g., Perinçek and Çemen, 1990; 
Yürür and Chorowicz, 1998). By contrast, others (e.g., Arpat and Sar
oglu, 1972; Şengör et al., 1985; Duman and Emre, 2013) propose that 
the EAFZ continues south along the Amanos Fault and meets the DSFZ at 
the southern end in the Amik Plain. In this model the boundary of be
tween the Anatolian and African plates is often placed through the Hatay 
Graben (Boulton et al., 2006; Boulton and Robertson, 2008) or along the 
Latakia Fault in northern Syrian (Hardenberg and Robertson, 2007).

Additional confusion arises from the fact that there are contrasting 
views on the position of the Cyprus Arc, generally considered to be the 
active plate boundary to the south of Cyprus accommodating conver
gence between Africa and Anatolia (Ben-Avraham, 1978; Kempler and 
Garfunkel, 1994). To the west and south of Cyprus the boundary is well 
defined; however, to the east this is not the case and there is no 
arc-trench system present. Different models suggest that there is no 
boundary in the area (Ben Avraham, 1978); that there are two boundary 
segments to the north and south Cyprus (Le Pichon and Angelier, 1979; 
Lort, 1971); that there is a broad zone of active convergence from Cyprus 
to the Iskenderun Basin towards the proposed Kahramanmaraş triple 
junction (Dewey et al., 1986; Dewey and Şengör, 1979; McKenzie, 
1978); or that the arc is partitioned into a series of strike-slip systems 
forming a wide zone and not a discrete plate boundary (Kempler and 
Garfunkel, 1994; Robertson, 1998; Vidal et al., 2000).

2.2. Instrumental and historical seismicity

In historical times the city of Antakya was known as Antioch, one of 
the most important cities in the near eastern world, established ~300 
years B.C.E (Before Common Era). As a result, historical records are 
particularly good for the coastal region, but fewer historical accounts are 
available for areas inland. Between the founding of Antioch and 1000 C. 
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E. (Common Era) the area experienced approximately thirteen signifi
cant earthquakes (Ambraseys, 2009; Erol and Pirazzoli, 1992; Guido
boni et al., 1994). Historical records between the end of the 10th century 
and the 19th century are potentially less complete but contain more 
detailed information allowing the intensity of those earthquakes to be 
estimated. However, only one magnitude >7 event is recorded during 
this period along the EAFZ. The earthquake on the 29th November 1114 
(Al-Tarazi, 1999; Ambraseys, 2009) ruptured the Pazarcık segment of 
the EAFZ (Carena et al., 2023), which is supported by recent 
palaeo-seismic trenching (Yönlü and Karabacak, 2024). This earthquake 

followed several smaller foreshocks that affected the wider region and 
resulted in significant loss of life; Ambraseys (2009) estimates a 
maximum intensity for the earthquake of VII (Fig. 2A) using the 
Medvedev-Sponheuer-Karnik (MSK) scale. Subsequently, several large 
earthquakes > M 7.0 took place along the DSFZ (Meghraoui et al., 
2003). Like the 1114, the 1157 event (Fig. 2B) was preceded by at least a 
year of strong foreshocks culminating on August 12th, 1157. The precise 
location of this event is unclear with large amounts of damage sug
gesting an epicentre along the northern DSFZ (Guidoboni and Comastri, 
2005) with a maximum intensity of X on the Mercalli Cancani Sieberg 

Fig. 1. A. Inset location map showing the active faults of Türkiye and surrounding region (adapted from Emre et al., 2018) and location of the main map, EAFZ – East 
Anatolian Fault Zone; NAFZ – North Anatolian Fault Zone, DSFZ – Dead Sea Fault Zone. B. showing detail of the active faults (adapted from Emre et al., 2018) and 
locations of the (1) Mw 7.8 Pazarcık and (2) Mw 7.5 Elbistan earthquakes including the significant Mw 6.4 aftershock that occurred near Antakya (3). Focal 
mechanisms plotted using the Matlab code of Conder (2024) with data retrieved from the AFAD-DDB earthquake catalogue. Base map is a hillshade derived from the 
ALOS World3D30 DEM ©JAXA projected in ED50 UTM Zone 37N. Note F = Fault; s = segment.
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(MCS) scale. Later earthquakes such as the 1170 (Fig. 2C) appear to have 
migrated further southwards along the DSFZ (Meghraoui et al., 2003).

By contrast, several large earthquakes >Mw 6.8 are known to have 
occurred during the 19th century in 1822, 1872, 1874, and 1893 along 
either the northernmost part of the DSFZ or rupturing individual seg
ments of the EAFZ (Ambraseys, 2009; Duman and Emre, 2013; Carena 
et al., 2023) (Fig. 2D). For western Türkiye records of earthquakes of 
Mw > 6.8 are complete from 1800 (Stucchi et al., 2013); therefore, a 
similar date may also be applicable for southern Türkiye and these 
events may represent a full earthquake catalogue for this 
pre-instrumental period.

Recent instrumentally recorded seismicity has in general been 
characterised by shallow, small magnitude earthquakes. The most sig
nificant recent event was the Mw 6.8 Elazığ earthquake (January 24, 
2020). This earthquake ruptured the Pütürge segment of the EAFZ for 
~50 km with a maximum horizontal offset of ~2.4 m at 6–9 km depth 
(Pousse-Beltran et al., 2020). However, there was no surface deforma
tion (Çetin et al., 2020) consistent with modelled slip deficit 
(Pousse-Beltran et al., 2020). Interestingly, this section of the EAFZ had 
been previously proposed as a potential seismic gap by Duman and Emre 
(2013), though high numbers of small to medium earthquakes in the 
decades prior to the Elaziğ earthquake argue against that interpretation 

(Bulut et al., 2012; Pousse-Beltran et al., 2020).

2.3. Geology and seismology of the Kahramanmaraş earthquakes

Six faults/fault segments ruptured during the Kahramanmaraş 
earthquake sequence; these were the Narlı Fault, the Erkenek and 
Pazarcık fault segments of the EAFZ, and the Amanos Fault during the 
Pazarcık earthquake and subsequently the Çardak Fault and possibly the 
Sürgü Fault during the later Elbistan event (Fig. 1).

The Pazarcık earthquake is characterised by four phases (i.e., Jia 
et al., 2023; Okuwaki et al., 2023; Petersen et al., 2023). In phase I, the 
Narlı Fault and Pazarcık and Erkenek segments of the EAFZ rupture. The 
Narlı Fault, a relatively unknown structure forming the eastern margin 
of a small basin, appears to be the structure that initiated the Mw 7.8 
Pazarcık earthquake (Melgar et al., 2023). The fault is oblique normal 
with evidence of Late Quaternary-Holocene fault activity in the form of 
prominent fault scarps (Duman and Emre, 2013). The Pazarcık and 
Erkenek segments are sinistral strike-slip faults of the EAZF separated by 
the Gölbası Basin (a pull-apart basin). The Erkenek segment is ~30 km 
long with up to 26 km of offset, whereas the Pazarcık segment is longer 
at > 50 km but also has up to 25 km of offset (Duman and Emre, 2013). 
In this phase, the rupture propagated unilaterally ~130 km in a NE 

Fig. 2. Isoseismal intensity maps for the strong earthquakes that occurred on A. 29th November 1114; B. 12th August 1157 (inferred using data from Guidoboni and 
Comastri, 2005 who used the Mercalli Cancani Sieberg (MCS) intensity scale); C. 29th June 1170 and D. March 2, 1893, A., C. and D. adapted from Ambraseys (2009)
who used the Medvedev-Sponheuer-Karnik (MSK) intensity scale. The base map is a hillshade derived from the ALOS World3D30 DEM ©JAXA projected in ED50 UTM 
Zone 37N.
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direction in ~40 s (Petersen et al., 2023).
Subsequently, in phase II at ~50 s after the earthquake nucleation, 

the rupture propagated bilaterally further northwards along the Pazar
cık and Erkenek segments but also southwards along the Amanos Fault. 
The Amanos Fault forms the western margin of the Karasu Rift, again a 
sinistral strike-slip fault but with an earlier history of extension resulting 
in the uplift of the Amanos Mountains (Boulton, 2009, 2013). The fault 
has a number of sections along its ~125 km length with a reported 
maximum displacement of 700 m (Boulton, 2013) and a horizontal slip 
rate of ~3 mm/yr (Seyrek et al., 2007). In the final two phases of the 
Pazarcık earthquake, the rupture continues unilaterally to the SW 
through the Hatay Graben and finally offshore (Petersen et al., 2023).

The Pazarcık earthquake generally occurred at shallow depths 
(8.6–10.0 km) (Petersen et al., 2023) with maximum rupture speeds of 
up to 3.2–3.4 km/s, for a total duration of 80–117 s; therefore making 
this a supershear earthquake (Karabulut et al., 2023; Melgar et al., 2023; 
Petersen et al., 2023).

The later Mw 7.5 earthquake primarily ruptured the Çardak and 
Sürgü faults, which previously had been proposed to be a northern 
strand of the EAFZ (Duman and Emre, 2013). The Çardak Fault is a 
sinistral strike-slip fault that has a reported length of 85 km and 
maximum offsets of 135 m with an estimated Holocene slip-rate of 2.5 
mm/yr (Duman and Emre, 2013). This second earthquake occurred in a 
single phase with rupturing taking place bi-laterally to the west and then 
to the east over 115–150 km (Melgar et al., 2023; Okuwaki et al., 2023; 
Petersen et al., 2023). Melgar et al. (2023) state the westwards rupture 
was supershear reaching 4.8 km/s, although this velocity is higher than 
values derived by Petersen et al. (2023) of 3.2 km/s, while eastwards 
rupture speeds were sub-supershear at 2.8 km/s (Melgar et al., 2023).

Although the Elbistan earthquake occurred 9 h after the Pazarcık 
earthquake, these two events can be considered as a doublet earthquake 
rather than a main shock and aftershock event, as there is < 1.2 Mw 
difference between the size of the earthquakes (Goldberg et al., 2023). 
Following these mainshocks there were thousands of aftershocks 
recorded in the region (Fig. 3; Lomax, 2023). The most significant of 
these was the Mw 6.4 Antakya aftershock (also known as the Uzunbağ 
earthquake) on the February 20, 2023 near the southeastern-most extent 
of the Pazarcık rupture in the Hatay Graben, on a fault-striking 237 ±
5◦and dipping at 55 ± 5◦ (Barbot et al., 2023) with dominantly normal 
dip-slip displacement (Fig. 1).

3. Methods

The Earthquake Engineering Field Investigation team (supported by 
the UK’s Institution of Structural Engineers, IStructE) is a collaboration 
since 1984 between academia and industry to collect data primarily on 
the built environment response but also on the natural environment 
response following major earthquakes. Following the 6th February 
earthquakes, a hybrid mission using both traditional field techniques 
and remote sensing data analysis was mobilised to gather information on 
aspects of the event such as the seismotectonics, geotechnics, building 
and infrastructure damage, and relief, response and recovery (Aktas 
et al., 2024) following approaches developed in previous hybrid EEFIT 
missions (e.g., Aktas et al., 2022; Whitworth et al., 2022).

As part of this mission, data were required on the EEEs resulting from 
the earthquake as well as an understanding of the distribution of strong 
ground shaking in such a geologically complex region. Remote sensing 
observations and measurements of primary and secondary EEEs where 
derived from high-resolution satellite imagery provided to the scientific 
community as part of the disaster response with processing undertaken 
in ArcGIS Pro. This data not only provides critical information to guide 
the subsequent field investigations but also enables data collection over 
a much greater area than possible during relatively short field missions. 
Analysis of the Turkish ground motion network was also undertaken to 
provide context for the observations made in the field.

Analysis-ready data provided through the Maxar Open Data 

programme with a spatial resolution of ≤0.5 m was acquired for the 
mapping and measurement of surface ruptures along the fault trace of 
the Amanos and Narli faults and the Pazarcık and Erkenek segments of 
the EAFZ. Similar high-resolution imagery is not available for the Çar
dak and Sürgü Faults, therefore the data coverage is not complete (Supp. 
Fig. 1).

The Maxar imagery was also used for the localised mapping of other 
EEEs resulting from the earthquake including landslides, rockfalls, and 
areas affected by intense liquefaction and lateral spreading. These fea
tures were mapped manually as points using visual comparison between 
pre- and post-event images. As discussed later in this paper, the localised 
mapping undertaken by EEFIT for landsliding/rockfalls, and liquefac
tion was then combined with other regional-scale datasets of these EEEs 
in the literature to produce comprehensive event inventories. ArcGIS 
Pro spatial analysis tools were then used to create kernel density maps 
showing the overall spatial distributions of these EEEs across the study 
area considered in this paper.

Following the remote data collection phase, a 1 week field mission 
was undertaken to gain field validation of remotely sensed observations 
and collect primary data. The team obtained permission from local au
thorities to visit the affected areas in Türkiye and the field visit was 
undertaken by a field team of 15 people over the period 13–17th March 
2023. Unfortunately, visiting locations in Syria was not possible owing 
to the political situation. While the focus of the missions was primarily 
on the built environment, valuable insights and observations were 
additionally made on environmental changes (Aktas et al., 2024).

4. Strong ground motion

Türkiye has an extensive ground motion network, including in the 
regions effected by the earthquakes, which serve as part of the Turkish 
Accelerometric Database and Analysis System (TADAS), which is 
managed by AFAD, the Disaster and Emergency Management Presi
dency which operates under the Ministry of the Interiors. In addition, 
Kandilli Observatory and Earthquake Research Institute (KOERI) of 
Boğaziçi University operates several additional stations. Unfortunately, 
ground motion data was not available from Northwestern Syria despite 
the Kahramanmaraş earthquake sequence’s serious impacts. Within 300 
km of the epicentral distance, strong ground motions recorded by both 
Turkish networks were examined as part of the EEFIT mission. First, 
unusable strong ground motion recordings, which did not meet the 
initial quality requirements such as those with noticeable noise 
contamination and time series interruptions, were discarded. After that, 
undesired noise was eliminated from the remaining raw ground motions 
to enhance their quality. This processing involved applying baseline 
corrections and 4th-order Butterworth bandpass filtering. The 
completed database comprised strong ground motion recordings from 
128 stations for the Pazarcık Earthquake (Mw 7.8) and 154 stations for 
the Elbistan Earthquake (Mw 7.5).

In the initial evaluation of the shaking intensity, peak ground ac
celeration (PGA) typically serves as one of the most prevalent metrics, 
assessed in relation to distance and local site conditions. Hereafter, PGA 
will denote the resultant peak ground acceleration, representing the 
absolute maximum of the acceleration time series, determined by the 
square root of the sum of the squares of transverse components.

PGAs were at highest levels for both earthquakes at the seismic 
stations in proximity to the fault ruptures (near-fault areas), which 
passed through the cities of Adıyaman, Kahramanmaraş, Gaziantep, and 
Antakya in the case of the Mw 7.8 Pazarcık event, and exclusively 
Kahramanmaraş and Malatya for the Mw 7.5 Elbistan event (Fig. 1).

For the Mw 7.8 Pazarcık earthquake, all seismic stations with PGAs 
exceeding 1g were situated within the Amik Basin of Hatay, where the 
city of Antakya was profoundly impacted by the shaking. The highest 
PGA detected was 1556 cm/s2 at station 3129, positioned roughly 139 
km from the epicentre of the earthquake (Fig. 3A). Even though the 
average shear wave velocity (VS30) at station 3129 was approximately 
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Fig. 3. Map of Peak Ground Acceleration (PGA) from USGS (lines) and from the TADAS and KOERI monitoring networks (points) for the A) Pazarcık and B) Elbistan events 
shown with aftershock data catalogue from Lomax (2023). Base map is a hillshade derived from the ALOS World3D30 Dem ©JAXA projected in ED50 UTM Zone 37N.
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447 m/s within the top 30 m, classifying the site as ZC soils (indicative of 
very dense sand, gravel, and very stiff clay or weathered, highly frac
tured weak rocks, c.f., soil category B in Eurocode 8) according to the 
existing seismic regulation of Türkiye (TBEC, 2018), the potential effects 
of the basin nonetheless played a significant role in the observed large 
PGAs (Aktas et al., 2024). Furthermore, Amik Basin stations were situ
ated on the southwestern side of the fault rupture, at a Joyner-Boore (JB) 
distance of 0.4 km from the fault, while being a comparatively consid
erable distance from the epicentre.

The Mw 7.5 Elbistan earthquake caused the most severe impact on 
the northern regions of the earthquake-affected zone, specifically the 
northern districts of Kahramanmaraş and the southern provinces of 
Malatya. Stations 4612 (JB Distance ≈ 0 km; VS30 ≈ 246 m/s) and 4631 
(JB Distance ≈ 1.9 km; VS30 ≈ 543 m/s) were situated near the fault 
rupture (Fig. 3B) and on the sites characterised by ZD (medium-dense/ 
dense sand, gravel, or very solid clay) and ZC soil classes of TBEC 
(2018), respectively. Station 4612, located at the western extremity of 
the fault rupture, registered the highest PGA at 678 cm/s2 whereas 
station 4631 exhibited a relatively lower PGA of 463 cm/s2.

5. Earthquake environmental effects

5.1. Primary effects (Surface rupture and uplift/subsidence)

The Turkish earthquakes resulted in surface ruptures of >350 km in 
length along the EAFZ and >150 km in length along the Çardak-Sürgü 
Fault (Fig. 4). These surface ruptures were a focus of observation and 
measurement following the event with some early field campaigns in the 
region taking place within 10 days of the event (e.g., Karabacak et al., 
2023; Kozaci et al., 2024; Kurcer et al., 2023; Moss et al., 2024; Softa 
et al., 2024). Similarly, optical offset tracking (Barbot et al., 2023; He 
et al., 2023; Mai et al., 2023; Provost et al., 2024), InSAR processing 
(Atanasova et al., 2023; Kobayashi et al., 2024; Li et al., 2023, 2024; 
Mikhailov et al., 2023; Ou et al., 2023) and remote sensing observations 
of the rupture covering regions of the fault trace (e.g., Guo et al., 2023; 
Reitman et al., 2024) using high-resolution satellite imagery, provide 
further constraints on the magnitude of the displacement and comple
ment the field observations.

Surface rupture maps were quickly released after the earthquake (i. 
e., Reitman et al., 2024) and have been supplemented by extra mapping 
along the EAFZ as part of this study (Fig. 4). This updated fault trace 
includes the addition of previously unmapped faults to the previously 
published dataset and dataset validation, resulting in the removal mis
identified fault structures where features were recognised to be the 
result of either crop marks, such as old field boundaries, tractor marks, 
buried/ancient channels, forest tracks, or the shadow of telegraph poles. 
Supplementary high-resolution mapping was not possible along the 
Çardak-Sürgü Fault as the region was not covered by data released 
through the Maxar Open Data Programme, although this fault has been 
investigated in the field by Softa et al. (2024).

Both in the field and on remote sensing imagery, surface ruptures can 
be recognised through a series of features that cut and offset man-made 
features such as roads, buildings, railways, field boundaries, and canals, 
and also disrupt natural features such as rivers and the ground surface 
(Fig. 5). This is because strike-slip nature of the faults can be easily 
recognised by the lateral offset of surface features. These piercing-points 
indicate that along all ruptured fault segments there is substantial 
variation in the lateral displacement (Figs. 4 and 6).

On the EAFZ maximum offsets derived from measurements of offset 
features in either the field or on high-resolution satellite imagery indi
cate maximum horizontal displacements (Dmax) < 8 m (Fig. 6A). For 
example, Karabacak et al. (2023) report a Dmax of 7.3 m, while the Dmax 
of Kurcer et al. (2023) is 4.5 m, which is slightly smaller than the Dmax 
mapped here of 5.1 m. In addition to lateral offsets, in the field the 
rupture can be observed to have highly variable vertical offsets. 
Although, at the majority of locations no vertical displacement is 

observed, Kurcer et al. (2023) recorded vertical offsets up to 0.9 m in the 
SE of the rupture zone (Fig. 7). Karabacak et al. (2023) recorded even 
larger vertical offsets particularly in the north of the study area, where 
they reported vertical offsets up to 1.6 m.

In contrast to the field observations, automated pixel tracking and 
InSAR-derived displacement measurements suggest greater and less 
variable offsets along the EAFZ than point observations, as these mea
surements may include off fault deformation. This includes estimations 
of the Dmax, which is determined by Provost et al. (2024) to exceed 12 m 
in the north of the fault zone. Similarly, estimates of vertical displace
ment from InSAR are highly variable along strike with maximum uplift 
and subsidence values of 20–30 cm (Nofl et al., 2023; Kobayashi et al., 
2024). Slip profiles (Fig. 6) reveal increases from minima at fault tips to 
maxima in the Pazarcık segment of the EAFZ Fault.

Several locations along the Pazarcık fault rupture were visited by the 
EEFIT field team. Near Ishahiye, the surface rupture was observed in 
fields and offsetting small drainage features (Fig. 8). Interestingly, 
where the main rupture appeared constant in the satellite imagery, field 
observations showed that at higher resolution the rupture was composed 
of a series of en-echelon linear segments (e.g., Fig. 8B). Ground fractures 
were also observed along an adjacent hillside (Fig. 8C), although it is 
unclear if these were primary fault surface rupture or gravity-driven 
fracturing similar to sackungen, which have been described elsewhere 
in Türkiye (Karasözen et al., 2016). Further north, surface rupture ob
servations were made by the field team around the town of Gölbaşı (e.g., 
Fig. 8D), characterised by a step-over in the EAFZ. Here multiple surface 
ruptures were identified with a strike at a high angle to the main trend of 
the fault zone. It was also observed that these cracks diverted around 
building foundations in many cases, as a result it is unclear if these 
features are the primary surface rupture or secondary cracks.

Fewer investigations have been undertaken along the Çardak Fault, 
with Softa et al. (2024) presenting the only complete database of 
field-derived measurements (Fig. 6B). Their measurements suggest that 
the Dmax = 6.6 m, conversely the field mapping of Kozaci et al. (2024)
recorded a Dmax of 8.6 m, while automated methods that suggest 
maximum displacements in the range of 7.5 m (Ou et al., 2023). Softa 
et al. (2024) also present data on vertical offsets, which again are mostly 
zero or negligible apart from at a few locations were significant (up to 3 
m) vertical offsets can be observed.

5.2. Secondary environmental effects

5.2.1. Landslides/rockfalls/slope movements
Owing to the proximity of the main fault ruptures and areas of 

intense ground acceleration to steep mountainous terrain, landslide 
events (including rockfalls) were a concern following the earthquake 
sequence. Indeed, the USGS probabilistic Ground Failure model 
(Allstadt et al., 2022) near immediately produced the highest possible 
alert level (red) for landsliding for both earthquakes that made up the 
doublet sequence (Görüm et al., 2023).

As such, several studies, including EEFITs, had a focus on landslides 
in the immediate aftermath of the event (e.g., Görüm et al., 2023; 
Adamidis et al., 2023). One reason for this is that landslides can be a 
major hindrance to immediate post-earthquake response due to the 
blocking of vital transport networks such as roads and paths needed by 
emergency responders and aid workers (e.g., Jones et al., 2020; Kargel 
et al., 2016). Furthermore, landslides can also present significant 
ongoing hazards in the medium to long term. For example, initially 
incipient tension cracks and unseen landscape damage can lead to 
increased landslide activity during subsequent triggering events (e.g., 
Jones et al., 2021; Marc et al., 2015; Parker et al., 2015). In addition, 
landslides can generate hazard cascades such as outburst floods (e.g., 
Martha et al., 2015) through the creation of landslide dams. Indeed, in 
this case, a major valley-blocking landslide was observed by EEFIT 
(Adamidis et al., 2023) and Tobita et al. (2024) along Degirmencik 
Creek near the town of İslahiye, which resulted in the development of a 
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Fig. 4. Map showing the measured horizontal offset from field and remotely sensed imagery across the region of surface faulting, data from Karabacak et al. (2023); Kurcer 
et al. (2023); Softa et al. (2024) and this study, alongside visible surface rupture trace derived from satellite image analysis. Base map is the ALOS World3D30 Dem ©JAXA 
projected in ED50 UTM Zone 37N. Note: all bars plotted using the scale shown.
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lake upstream of the ~40 m high landslide dam (Fig. 9A and 10A). This 
landslide is 480 m long with an estimated volume of 996,000 m3 (Tobita 
et al., 2024). However, the largest landslide to have occurred as a result 
of the earthquakes was observed to the east of Antakya, near the village 
of Tepehan, where a 496 m long landslide with an estimate volume of 
1.1 million m3 (Sümer, 2024; Tobita et al., 2024) failed in Middle-Upper 
Miocene limestones and marls (Fig. 9B).

Sümer (2024) and Tobita et al. (2024) only undertook analysis of 
individual landslide occurrences; the most comprehensive landslide 
study for the Kahramanmaraş earthquake sequence to date is that pre
sented by Görüm et al. (2023). In this paper, the authors used a remote 
sensing approach utilising a range of optical satellite products combined 
with three weeks of detailed field validation to map 3673 landslides (as 
points) within an ~45,000 km2 area bounded by the USGS 0.12 g PGA 
contour. This PGA contour was used to bound the mapping area as 
studies have shown that ~90 % of coseismic landslides typically occur at 
PGA occurrences greater than this acceleration (Tanyaş and Lombardo, 
2019).

Spatial analysis of the co-seismic landslide inventory showed that 
>70 % of the mapped landslides occurred where PGA ranged from 0.3 to 
0.6 g and on slopes with elevations of 800–1400 m, angles of 20–45◦, 
south-facing aspects, and local reliefs of 400–700 m (Görüm et al., 
2023). In terms of geology, landslides were found to be preferentially 
occurring within metamorphic and ophiolitic rocks, with schist, gneiss, 
and pelagic limestone the most landslide-susceptible units (Görüm et al., 
2023). The majority of landslides in the inventory were assessed as being 
rockfall events (i.e., Fig. 10), with some events observed to have runout 
distances of over 600 m from their source zones; bedrock rotational 
slides, translational slides, and lateral spread-type failures were also 
observed (Görüm et al., 2023).

Here, the inventory produced by Görüm et al. (2023) is combined 
with the localised landslide inventory produced by the EEFIT mission. In 
total, the EEFIT team mapped 304 co-seismic landslides, predominantly 
in the Amanos Mountains to the south, east, and northeast of Isken
derun, and the area around the town of ̇Islahiye. Of these 304 landslides, 
189 had not been mapped as part of the Görüm et al. (2023) inventory, 

leading to a combined total inventory of 3826 landslide events. This 
combined inventory (Fig. 11) shows that landslides are spatially 
distributed all along the main fault rupture, with high density zones in 
the Amanos Mountains to the southwest and in the mountains to the 
east/northeast of each earthquake epicentre. There is also a high-density 
zone to the west of the second Mw 7.5 earthquake epicentre.

5.2.2. Liquefaction and lateral spreading
Liquefaction is a process whereby earthquake induced strong ground 

motions cause cohesionless partially water-saturated sediments to 
temporarily lose strength and stiffness and behave like a fluid (Youd, 
1973). If the liquefied sediments are unconstrained (e.g. they form part 
of a riverbank or embankment) then this can cause a process caused 
lateral spreading, where the ground physically moves laterally towards 
the unconstrained direction (Cubrinovski and Robinson, 2016). This can 
result in large ground fissures and significant damage to infrastructure. 
Liquefaction can also cause severe settlement or subsidence to structures 
founded within liquefied material (Tsukamoto and Ishihara, 2010; 
Chang et al., 2012).

In the case of this event, evidence of liquefaction induced damage 
was quickly reported by early responders, including both EEFIT and 
GEER (Geotechnical Extreme Events Reconnaissance (Moss et al., 
2024)), particularly around Gölbaşı, the Orontes/Asi River near Anta
kya, and in the fishing port and town of Iskenderun (Adamidis et al., 
2023; Cetin et al., 2023a). Owing to time constraints, EEFIT decided to 
undertake detailed mapping with MAXAR imagery of liquefaction and 
lateral spreading extents in the Orontes/Asi River and Iskenderun re
gions only, with 457 instances of liquefaction and/or lateral spreading 
identified in these areas. The mapping focused on identifying typical 
liquefaction evidence such as circular sand boils or linear fissures both of 
which are common manifestation of liquefaction ejecta and parallel 
ground cracks/fissures that mark the extents of lateral spreading. This 
mapping shows that the liquefaction damage is strongly controlled by 
geomorphology, where flood plains with meandering river networks and 
lacking constrained surfaces suffering heavy damage. For example, the 
damage caused by lateral spreading in the meander loops of the 

Fig. 5. Examples of the high resolution MAXAR imagery released through the Open Data programme showing examples of the geometry of the surface rupture. A) 
Offset fields, road and canal east of Türkoğlu; B) North of Nurdaği the rupture can again be traced through offset farm tracks and field boundaries. Locations of both 
areas is shown on Fig. 4.
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Orontes/Asi River region was intense, with multiple occurrences of 
damaged buildings and roads (Fig. 12).

Liquefaction and lateral spreading were also studied by Taftsoglou 
et al. (2023), who undertook detailed mapping across the entire earth
quake affected area using remote sensing methods. Their remote sensing 

approach was phased, with multiple optical datasets used to visually 
identify and map liquefaction and associated features. The imagery used 
included Sentinel-2, Planet Labs (Planetscope and SkySat), Maxar, 
GeoEye-1, WorldView 1-2-3, orthophotos made available by the Turkish 
Ministry of National Defence General Directorate of Mapping, and 

Fig. 6. Comparison between lateral offsets measured from field, remote sensing and automated extraction methods for A. the EAFZ and B. the Çardak Fault. Note x-axis are 
plotted using UTM distances thus allowing for data from difference studies to be plotted together where the 0 km point of along strike-distances is not stated. Data from 
Karabacak et al. (2023); Kurcer et al. (2023); Ou et al. (2023); Provost et al. (2024); Softa et al. (2024).
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Fig. 7. Map showing the measured vertical offset from field and remotely sensed imagery across the region of surface faulting, data from Karabacak et al. (2023); Kurcer et al. 
(2023); Softa et al. (2024) alongside visible surface rupture trace derived from satellite image analysis. Base map is the ALOS World3D30 Dem ©JAXA projected in ED50 UTM 
Zone 37N. Note: all bars plotted using the scale shown.
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additional UAS orthophoto surveys published through the Open
AerialMap Portal. To help constrain the mapping, they focused on the 
area enclosed by the 0.1 g USGS ShakeMap PGA contour, as previous 
experience suggests that this is the PGA required for liquefaction to 
occur in this geology (Papathanassiou et al., 2022). In total, Taftsoglou 
et al. (2023) mapped 1850 sites of liquefaction and/or lateral spreading. 
Overall, they found that the 95th percentile of all liquefaction sites 
correspond with PGA >0.14 g and PGV >12 cm/s, suggesting that these 
seismic values could be a good early predictor for earthquake environ
mental effects in such events (Taftsoglou et al., 2023). Their study also 
noted the importance of geomorphology in controlling liquefaction, 
with river meanders, paleo-channels, point-bar formations, abandoned 
and infilled rivers, floodplain valley/basins, drained basins (with Ho
locene lacustrine and fluvial deposits), and coastal zones being most 
intensely affected.

To fully characterise the extent of lateral spreading for this event, the 
liquefaction/lateral spreading inventories made by EEFIT and 

Taftsoglou et al. (2023) are combined. Of the 457 instances mapped by 
EEFIT, 200 were not mapped by Taftsoglou et al. (2023), leading to a 
final liquefaction/lateral spreading inventory of 2050 features. This 
combined inventory is shown in Fig. 13 alongside a liquefaction/lateral 
spreading Kernel Density map produced using ArcGIS Pro. This shows 
that liquefaction and lateral spreading is concentrated to the southwest 
of the first earthquake around Iskenderun and the Orontes/Asi River, 
and to the north and northwest/northeast of the first earthquake in the 
region between Gaziantep and Kahramanmaraş. The second earthquake 
does not seem to have caused significant liquefaction. As outlined by 
Taftsoglou et al. (2023), the clearest control on the distributions of 
liquefaction and lateral spreading is geomorphologically controlled su
perficial geology, with the affected areas predominantly comprising 
relatively unconsolidated and saturated Holocene and Plio-Quaternary 
riverbeds, river terraces, flood plains, and lacustrine and coastal de
posits. This would explain why there was less liquefaction associated 
with the second earthquake, as this event occurred at a higher latitude in 

Fig. 8. Field photographs of the surface rupture from the vicinity of İslahiye, A) close-proximity rupture across a grass field (37 3 36.07 N; 36 37 4.75 E); B) view of 
surface rupture with en echelon or Riedel shear characteristics (37 3 35.04 N; 36 37 4.59 E). C) ground cracks on hillside nearby at (37 3 32.13 N; 36 36 55.81 E) D) 
Example of surface rupture with vertical offset further to the north near Gölbası (37 49 56.05 N; 37 43 40.25 E).
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an area dominated by hard-rock bedrock geology.

5.2.3. Tsunami warnings and inundation effects
Despite the Mw 7.8 Pazarcık earthquake occurring nearly 100 km 

inland, the Intergovernmental Oceanographic Commission - United 
Nations Educational, Scientific and Cultural Organization (IOC- 
UNESCO) for the Northeast Atlantic, Mediterranean, and connected seas 
Tsunami Warning System (NEAMTWS) responded promptly offering 

Fig. 9. A. The large landslide SW of Islahiye shortly after the earthquake (7th February) that subsequently resulted in the formation of a landslide lake. Image source: 
MAXAR Open Data Programme. B) The Tepehan slide to the SE of Antakya. Image source: ESRI World Imagery.

Fig. 10. A) View of the large landslide SW of Islahiye (Fig. 8A) from the ground (taken from 37 0 2.27 N; 36 35 40.21 E); B) and C) UAV and ground perspective of 
rockfalls effecting a local road and water infrastructure at 37 5 19.78 N; 36 38 1.82 E; note powerlines in bottom left of B that can also be seen in C., and D) UAV view of a 
shallow landslide that blocked rail infrastructure at 37 4 58.50 N; 36 37 36.92 E.
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critical tsunami advice to the public. KOERI, the Turkish tsunami service 
provider (TSP) for the NEAMTWS, issued a land threat within 15 min of 
the initial Pazarcık earthquake as tsunami amplitudes of up to 0.5 m 
were estimated along the southern coast of Türkiye (Cetin et al., 2023a). 
Additionally, the Italian TSP for the NEAMTWS, the Centro Allerta 
Tsunami (CAT) of Istituto Nazionale di Geofisica e Vulcanologia (INGV) 
issued a basin-watch tsunami warning for both the south and east coasts 
of Italy just 8 min after the mainshock (CAT-INGV, 2023). A basin-watch 
(red-level) tsunami warning indicates the potential for a tsunami of 
>0.5 m in deep ocean or a run-up of >1 m, therefore posing the risk of 
inundation to coastal communities that are topographically ≤1 m above 
sea level. In other regions of Türkiye and Greece, an orange-level 
advisory warning was issued, and other countries, including Cyprus, 

Albania, Montenegro, Croatia and Malta were placed on tsunami watch. 
Although the tsunami warnings from both TSPs were later reduced or 
removed, as the threat was analysed in real-time, the rapid warning 
responses from KOERI and INGV demonstrate the effectiveness of the 
tsunami early warning system that was established in 2012 (Necmioğlu 
et al., 2021).

Subsequent analysis of tidal gauges in the Mediterranean basin was 
complicated by the presence of a strong low-pressure system within the 
region causing a storm surge at the time of the earthquakes (Medvedeva 
et al., 2023). However, within 30 min of the initial MW 7.8 Pazarcık 
earthquake, small amplitude tsunami waves were recorded at eight tide 
gauges in the Eastern Mediterranean (Cetin et al., 2023b; Medvedeva 
et al., 2023). The highest tsunami amplitudes were measured at 

Fig. 11. Combined EEFIT and Görüm et al. (2023) landslide inventory with Kernel Density overlay. Basemap is the ESRI World View data projected in ED50 UTM 
Zone 37N.
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Fumagusta station (eastern coast of Cyprus) and at Erdemli station (SE 
Türkiye) where wave heights of 17 cm were recorded (Cetin et al., 
2023b). Additionally, 13–15 cm high waves were measured along the 
north coast of Cyprus (Girne station) and the south-east coast of Türkiye 
at the Arsuz and Bozyazı tidal gauges (Çetin et al., 2020; Medvedeva 
et al., 2023). While small tsunami waves of <6 cm were recorded further 
west along the Turkish coast at Taşucu, Antalya and Marmaris 
(Medvedeva et al., 2023). No waves associated with the second event 
were detected. Generation of a tsunami is unusual for an earthquake of 
this type, i.e., strike-slip and inland; modelling of the event suggests that 
the wave could have been generated by a submarine landslide 
(Heidarzadeh et al., 2023).

5.2.4. Hydrological anomalies
Several hydrological anomalies have been recorded in association 

with the Kahramanmaraş earthquakes. İnan et al. (2024) analysed 
groundwater samples (commercial bottled water) from two springs ~ 
100 km from the epicentre of the Pazarcık earthquake, close to Osma
niye, to identify if there were any hydro-geochemical anomalies prior to 
the earthquakes. They showed that water from a spring emanating from 
a bedrock aquifer exhibited anomalies in several major ions. Increases in 
ions such as Ca2+, Mg2+ and Na+ were seen at least 6 months prior to the 
earthquakes, which then reduced in the three weeks following the 
earthquakes. By contrast, water from a shallow alluvial aquifer showed 
no such geochemical changes. İnan et al. (2024) attribute these differ
ences to the source of the water, with metamorphic bedrocks experi
encing pre-earthquake stress unlike the alluvial deposits.

By contrast, Şimşek et al. (2024) collected 47 water samples from 
springs, wells, water treatment works and tap water following the 
earthquakes. They demonstrated that a number of springs experienced 
significant changes of flow rates and increased turbidity after the 

earthquakes, with high turbidity especially in samples from springs 
emanating from clayey limestone karstic systems with complex lithol
ogies. One karstic spring near the town of Bahçe was recorded as ceasing 
to flow for a period of around 3–5 h Şimşek et al. (2024) also report 
ingression of saline water in coastal regions, collapse of alluvial aquifers 
and microbial contamination of drinking water. While the natural 
perturbation of many ground water systems were found to be short 
lived, unfortunately contamination of drinking water was more persis
tent with implications for human health (Şimşek et al. (2024)).

5.2.5. Vegetation and other reports
The final secondary effect included in the ESI 2007 scale are effects 

on vegetation, which are normally transient features that can be difficult 
to determine during field survey as the timing of vegetation damage can 
be unclear. Although some events such as the 2016 Mw 6.1 Peterman 
earthquake in Australia (King et al., 2018) can result in significant 
damage to shrubs and trees, during the EEFIT field survey the team 
observed only a single example of where a tree has undergone direct 
damage as a result of the fault rupture (Fig. 14). It is unclear how long 
such features would remain visible and will likely depend on whether 
the tree survives this damage or not.

6. Discussion

6.1. ESI 2007 assessment

The earthquake-induced environmental effects documented for the 
doublet Kahramanmaraş earthquakes allow the ESI 2007 intensity scale 
to be applied and macro-seismic intensities estimated using both pri
mary and secondary effects. However, owing to the close association in 
time and space of the two main shock events it is difficult to attribute the 

Fig. 12. Example liquefaction and lateral spreading damage mapped by EEFIT along the Orontes/Asi River.
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wider off-fault secondary features to either event, especially where the 
faults converge in the north. This means that the ESI 2007 applied at site 
level may reflect either (or both) the Mw 7.8 Pazarcık or the Mw 7.5 
Elbistan event. Similarly using the total areal extent of secondary fea
tures to determine the epicentral intensity (I0) will represent a combined 
intensity.

However, the length of the surface ruptures can be reliably used to 
determine the epicentral intensity, I0, for each of the main earthquake 
events using the parameters defined by Michetti et al. (2007) and the 
scaling relationships (eq. (1)) of Michetti et al. (2004): 

I0 = 0.4636 * ln(x) + 8.3434                                                    (Eq.1)

Where x is the surface rupture length.

Therefore, the 350–375 km long fault rupture with up to 8 m of 
lateral displacement on the Pazarcık earthquake corresponds to a I0 =

XI; whereas the shorter Elbistan earthquake rupture of 150 km with up 
to 6 m of lateral displacement is consistent with an I0 = X. These in
tensity values are also consistent with area effected by secondary effects, 
which is in the order of 35,000 km2, and the qualitative descriptions of 
the intensity scale.

At site level, ESI 2007 values of XI are assigned to locations with 
measured displacements of >4 m (i.e., several metres); while locations 
with <4 m of lateral displacement (‘a few metres’) are assigned values of 
X (Fig. 15). Additionally, site specific intensities can be assigned to lo
cations effected by landslide, liquefaction or ground water changes, 
albeit acknowledging that this will be a combined intensity.

Fig. 13. Combined EEFIT and Taftsoglou et al. (2023) inventory with Kernel Density overlay. Basemap is the ESRI World View data projected in ED50 UTM 
Zone 37N.
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As the co-sesimic landslide inventory consists of point, and not 
polygon data; the total landslide area, landslide area percentage and 
distribution of landslide sizes away from the rupture zone cannot be 
assessed. Instead the landslide number density (LND, the number of 
landslides per 1 km2; c.f. Xu et al. (2013)) is calculated using a kernel 
density with a radius of 564.2 m equating to an area of 1 km2. ESI 2007 
intensity is subsequently defined on the LND where LND <1 is an in
tensity of VIII or less, 1–10 is an intensity of IX, 10–30 is an intensity of X 
and >30 is an intensity of XI (Xu et al., 2013). For the 3862 landslides 
included in the co-seismic inventory 58.3 % have a LND of ≤10 corre
sponding to a site intensity of VIII or lower, 30.2 % of events fall within a 
LND of 10–30 with an interpreted intensity of X, while 11.5 % have a 
LND of ≥30 representing the higher intensity of XI (Fig. 15). The highest 
calculated LND is 77.5 which occurs in the north of the affected area 
associated with the Pütürge segment of the EAFZ.

Finally, the other observed environmental effects such as temporary 
changes to springs, vegetation and the range of liquefaction effects are 
assigned ESI 2007 values of IX (Fig. 15) based upon the qualitative de
scriptions of intensity (Michetti et al., 2007). Whereas, the far field 
recorded tsunami waves can be assigned a value of IV to V. This ESI 2007 
analysis demonstrates that the highest intensities of X – XI are clearly 
correlated with the location of the active fault or are typically within 
10–15 km of the trace. The location of landslide and liquefaction effects 
are strongly controlled by topographic and lithological site character
istics that in some cases result in slope failures at considerable distance 
from the causative faults. Overall, the location of earthquake environ
mental effects strongly follows the distribution of PGA (Fig. 3) for both 
earthquakes, where ESI 2007 intensities of > X correspond to regions 
experiencing >0.2 g PGA and where there are few EEEs where PGA did 

not exceed 0.05 g.
Finally, to assess the validity of the ESI 2007 assessment and to 

compare the Kahramanmaras earthquakes to previous events, the 
scaling relationships between magnitude and ESI 2007 epicentral in
tensity (Fig. 16) can be compared to the compilation of other strike-slip 
events (Ferrario et al., 2022). Although it should be noted that these are 
the highest magnitude strike-slip events in the catalogue. The Pazarcık 
earthquake falls on the regression line determined by Ferrario et al. 
(2022), while the Elbistan earthquake is slightly lower. This good fit to 
previous events demonstrates that the ESI 2007 assessment is robust 
although there are uncertainties associated with the landslide volumes, 
this is unlikely to significantly change the level or pattern of ESI.

6.1.1. Comparison of ESI 2007 scale to other intensity scales
One of the main advantages of using the ESI 2007 scale compared to 

other intensity scales is that traditional intensity scales based upon 
primarily built environment effects saturate at high intensities, and for 
the highest degrees of intensity (XI and XII) only environmental effects 
permit the discrimination in this upper part of the range. This effect can 
clearly be seen for the Kahramanmaraş earthquakes, where for the 
Pazarcık event the maximum intensity of IX (Modified Mercalli In
tensity; MMI) is assigned by the USGS (2023) to the area adjacent to the 
rupture along the Amanos Fault (Supplemental Fig. 2), while ‘Did you 
feel it’ (DYFI) reports also include reports of IX intensities north along 
the Pazarcık and Pütürge segments of the EAFZ. Similarly, the maximum 
MMI intensity attributed to the Elbistan earthquake by the USGS anal
ysis is VIII, with DFYI reports reaching MMI = IX.

Therefore, the ESI 2007 intensity estimates in the co-seismic region 
are higher by 1–3◦ than the MMI scale, which is consistent with other 
studies that compare ESI 2007 to instrumental intensity estimate (e.g., 
Naik et al., 2024). Although, DYFI reports are generally higher than the 
USGS MMI, these reports still fall 1–2◦ below the ESI 2007 determined 
intensity and reports are mainly located in urban areas. Indeed previous 
research has indicated that DYFI reports are additionally biased by 
socio-economic factors, as well as being more likely reported at high felt 
intensities (Hough, 2021; Hough and Martin, 2021).

However, the spatial correlation between MMI and ESI 2007 for the 
Pazarcık earthquakes shows similarities with the maximum MMI 
focussed along the western margin of the Amanos Rift and in the region 
of Kahramanmaras, following the pattern of PGA (Fig. 3A), which 
echoes the areas of maximum offset and thus highest site ESI 2007. 
Similarly, the highest MMI for the Elbistan earthquake is in the central of 
the Çardak Fault corresponding to the area of maximum displacement. 
Although, the overall MMI distribution is symmetrical with a slightly 
NW-SW orientation that is not consistent with the orientation of the fault 
or the distribution of PGA (Fig. 3B). Furthermore, the ESI 2007 assess
ment also indicates regions of high intensity along the northern part of 
the rupture, which is not reflected in the USGS MMI map but can be 
explained as it is an area that experienced strong PGA in both 
earthquakes.

6.2. Implications

The 2023 Pazarcık and Elbistan earthquakes appear to have no clear 
parallels in the historical record. The ESI 2007 intensities of XI and X, 
respectively, exceed even the estimated MSK intensity VIII for the 1893 
earthquake (~ Mw 7.2 (Carena et al., 2023)), which has the highest 
estimated intensity of the pre-instrumental period. However, it is likely 
that only one segment of the EAFZ or DSFZ ruptured in the 19th century 
earthquakes based upon historical descriptions of the events. Whereas, a 
significant challenge of the Kahramanmaraş earthquakes assessment is 
the complex, multi-fault rupture, and the temporal closeness of the two 
main shocks combined with the occurrence of strong aftershocks not 
long after. These events result in a wide area of secondary environ
mental effects that represent the cumulative effects of the two main 
shocks, especially in the area where the PGA significantly overlaps. But 

Fig. 14. Field photograph showing the fault rupture causing damage to the 
base of a tree located on the fault (location: 37 49 13.692 N; 37 41 7.2852 E; 
near Gölbası).
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cumulative effects cannot be ruled out over the wider region either. 
Similar issues have been raised for other recent complex events such as 
the 2016 Kaikoura earthquake and pose issues for the interpretation of 
EEE data both for recent and historical earthquakes (c.f., Grützner et al., 
2019).

This raises the question of why the magnitude and intensity of this 
event is significantly greater than preceding ones. Is it because these 
earthquakes are unprecedented? The result of ‘supercycles’ as suggested 
by Carena et al. (2023)? Or is it that the historical records are not 
detailed or accurate enough?

With bias towards urban areas in modern DYFI reporting (Hough, 
2021; Hough and Martin, 2021), it is not unreasonable to assume that 
the same issue effects historical reports leading to an 

underrepresentation of EEE’s in remote and sparsely populated areas. 
Furthermore, given the level of disagreement between some catalogues 
on the date, location and size of events in earlier written accounts it is 
possible that natural complexity and large doublet type earthquakes 
could be mistaken for errors in historical documents. As case in point is 
the 1114 CE earthquake (Fig. 2a), that as Carena et al. (2023) highlights 
has resulted in significant disagreement in the literature about number 
of foreshocks, main shocks and aftershocks, and timing of this 
earthquake.

Therefore, the geological record is required to fill in the missing in
formation and verify the records. However, there are few published 
palaeoseismic studies on the EAFZ. Yönlü and Karabacak (2024) iden
tified only two events on the Pazarcık segment based on two trench sites. 

Fig. 15. Summary figure showing all recorded EEEs from the EEFIT mission and published literature with inferred ESI 2007 Intensity indicated by colour; yellow =
XI; green = X; blue = IX and purple = VIII. LND = Landslide Number Density. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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This includes the 1114 CE earthquake potentially suggesting this event 
may have been comparable to the 2023 earthquakes. Although, limita
tions of dating techniques means that the short time (hours) between the 
events such as the doublet that occurred in February 2023 would not be 
resolvable from palaoeseismic dating. In addition, trenching studies can 
only define potential earthquake intensity along the fault. Yet, without 
such data, assessing the recurrence interval and behaviour of the fault 
system is not possible and the questions posed above cannot be satis
factorily answered.

Finally, the continuous rupture of the EAFZ and Amanos Fault has 
implications for the understanding of the geodynamics of the region. 
The linkage of the structures allowing rupturing across fault segments 
firstly suggests that previous models separating structures in the vicinity 
of Türkoğlu (Şengör and Yilmaz, 1981; Perinçek and Çemen, 1990; 
Yürür and Chorowicz, 1998; Yönlü et al., 2017) are potentially less 
feasible than models proposing the continuation of the EAFZ along the 
Amanos Fault, meeting the DSFZ at the southern end in the Amik Plain 
(Arpat and Saroglu, 1972; Şengör et al., 1985; Duman and Emre, 2013). 
Secondly, along with other recent strong earthquakes (i.e., Kaikoura, 
New Zealand), the complex rupture has implications for fault behaviour 
and segmentation in plate boundary zones.

7. Conclusions

Following the February 6 earthquake couplet, the EEFIT Hybrid 
mission sought to map and characterise a range of natural and built 
environmental effects caused by the event. These primary (fault rupture, 
uplift-subsidence) and secondary environmental effects (landslides, 
tsunamis, liquefaction etc) as reported by EEFIT are synthesised here 
with similar data from other field and remote-sensed studies of the 
event, thus allowing the robust determination of the Environmental 
Seismic Intensity 2007 scale. This data compilation demonstrates the 

significant nature of the earthquakes determining the maximum 
epicentral and site intensity as XI. These values are higher than estimates 
from other methods, consistent with other recent evaluations of ESI, 
demonstrating the effectiveness of this method for strong earthquakes. 
Additionally, comparisons to other recent and historical events suggest 
that this complex, multi-fault rupture does not have clear precedent, 
although potentially the 1114 CE earthquake could be comparable, and 
calls into question existing geodynamic models for the region. Conse
quently, it is clear that further research is required on the EAFZ/DSFZ 
system to fully understand the regional seismic hazard. This event, and 
other recent multi-fault ruptures, also serve as a tragic warning to other 
regions with long, complex structures but with short instrumental re
cords or a history of only relatively small earthquakes.
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deprem.afad.gov.tr/.

Aktas, Y.D., Ioannou, I., Malcioglu, F.S., Kontoe, M., Parammal Vatteri, A., Baiguera, M., 
Black, J., Kosker, A., Dermanis, P., Esabalioglou, M., Cabuk, E., Donmez, K., 
Ercolino, M., Asinari, M., Verrucci, E., Putrino, V., Durmaz, B., Kazantzidou- 
Firtinidou, D., Cotton, D., O’Kane, A., Ozden, A.T., Contreras, D., Cels, J., Free, M., 
Burton, P., Wilkinson, S., Rostami, R., D’Ayala, D., 2022. Hybrid reconnaissance 
mission to the 30 october 2020 aegean sea earthquake and tsunami (izmir, Turkey & 
samos, Greece): description of data collection methods and damage. Front. Built 
Environ. 8. https://doi.org/10.3389/fbuil.2022.840192.

Aktas, Y., So, E., Johnson, C., Donmez, K., Ozden, A., Parammal Vatteri, A., O’Kane, A., 
Kalkan, A., Andonov, A., Verrucci, E., others, 2024. The Türkiye earthquake 
sequence of February 2023: a longitudinal study report by EEFIT. Available at: https 
://www.istructe.org/resources/report/eefit-mission-report-turkey-february-2023/.

Al-Tarazi, E.A., 1999. Regional seismic hazard study for the eastern mediterranean 
(trans-Jordan, levant and antakia) and sinai region. J. Afr. Earth Sci. 28, 743–750. 
https://doi.org/10.1016/S0899-5362(99)00042-1.

Allen, M.B., Armstrong, H.A., 2008. Arabia–Eurasia collision and the forcing of mid- 
Cenozoic global cooling. Palaeogeogr. Palaeoclimatol. Palaeoecol. 265, 52–58.

Allstadt, K.E., Thompson, E.M., Jibson, R.W., Wald, D.J., Hearne, M., Hunter, E.J., 
Fee, J., Schovanec, H., Slosky, D., Haynie, K.L., 2022. The US Geological Survey 
ground failure product: near-real-time estimates of earthquake-triggered landslides 
and liquefaction. Earthq. Spectra 38, 5–36. https://doi.org/10.1177/ 
87552930211032685.

Ambraseys, N., 2009. Earthquakes in the Mediterranean and Middle East: a 
Multidisciplinary Study of Seismicity up to 1900. Cambridge University Press.

Arpat, E., Saroglu, F., 1972. The East Anatolian fault system: thoughts on its 
development. Bull. Miner. Res. Explor. Inst. Turk. 78, 33–39.

Atanasova, M., Raykova, P., Nikolov, H., 2023. Determining the deformations of the 
earth’s surface after the earthquakes in Turkey-Syria of 06 february 2023-initial 
results. In: Proceedings of the Bulgarian Academy of Sciences, pp. 554–562.

Barbot, S., Luo, H., Wang, T., Hamiel, Y., Piatibratova, O., Javed, M.T., Braitenberg, C., 
Gurbuz, G., 2023. Slip distribution of the february 6, 2023 Mw 7.8 and Mw 7.6, 
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İnan, S., Çetin, H., Yakupoğlu, N., 2024. Spring water anomalies before two consecutive 
earthquakes (Mw 7.7 and Mw 7.6) in Kahramanmaraş (Türkiye) on 6 February 2023. 
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Papaioannou, C., Tatevossian, R., Locati, M., Meletti, C., Viganò, D., Giardini, D., 
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