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Abstract

Golbasi1 (Adiyaman) Town, located within a basin along a left-stepping segment of the East Anatolian Fault
Zone in Tirkiye, experienced severe damage during the 6 February 2023 Mw 7.8 and Mw 7.6 Kahramanmarag
earthquakes. Widespread liquefaction, ground subsidence, lateral spreading, bearing capacity failures and build-
ing collapses occurred, with their spatial distribution suggesting a strong association between basin geometry
and ground motion amplification. This study investigates the subsurface geometry and sediment thickness of
the Golbasi Basin using an integrated approach combining microgravity measurements and Spatial Autocorre-
lation (SPAC) analyses. A total of 120 microgravity measurements were conducted to delineate the lateral and
vertical extent of low-density alluvial deposits, and two-dimensional gravity models were constructed along
four profiles. Additionally, SPAC measurements at 20 locations yielded deep shear-wave velocity (Vs) profiles,
from which Vs30 values were derived. Basin-depth proxies (Z, ;, and Z, 5) were subsequently estimated from
Vs30 using empirical relationships. The basin contains up to approximately 700 m of unconsolidated sedi-
ments. Variations in sediment thickness and basin geometry produce significant lateral heterogeneity in seismic
velocity and impedance contrasts across the basin. Areas underlain by the thickest sediments experienced the
most severe structural damage. The results demonstrate a strong spatial association between sediment thickness,
basin geometry, seismic site conditions, and the observed distribution of structural damage. A neighborhood-
based Pearson correlation analysis revealed a very strong positive relationship between the severe-damage
ratio and sediment thickness (r=0.905, p<0.001), a strong positive correlation with Z, ; (r=0.763, p=0.017)
and a strong negative correlation with Vs30 (r=—0.698, p=0.037). Although the correlations with Z, , and the
gravity anomaly did not reach the 5% significance level, they exhibited similarly strong spatial trends. Given
the limited number of neighborhoods analyzed (n=9), these results are interpreted as exploratory spatial asso-
ciations rather than evidence of causal relationships. Nevertheless, the agreement among the gravity-derived
basin geometry, SPAC-derived site parameters, and the damage analysis indicates that sediment thickness and
subsurface basin structure were significant contributors to the spatial distribution of earthquake damage.
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Introduction

The impact of local soil conditions on earthquake motion is a critical research area for seismic hazard assessment
and earthquake engineering. The characteristics of earthquake ground motion, including its amplitude, frequency
content, and duration, are controlled by earthquake source properties, wave propagation effects, and local site
conditions. These processes have long been recognized as one of the primary causes of spatial variability in earth-
quake damage' . Because direct site response analyses are rarely available over large regions, the time-averaged
shear-wave velocity of the upper 30 m (Vs30) has become the most widely used proxy for site classification in
seismic design codes and ground-motion prediction equations>>¢. However, numerous observational and numer-
ical studies have demonstrated that Vs30 alone cannot adequately represent site response in deep sedimentary
basins, where basin geometry, sediment thickness, impedance contrasts and three-dimensional wave propagation
significantly influence earthquake ground motions*’~!°. Consequently, additional proxies such as Z; , and Z, s
have been incorporated into modern ground-motion prediction models to better represent deep basin effects™!!.

While conventional one-dimensional site response models explain amplification through the resonance of
soft soil layers overlying stiff bedrock, observations from large sedimentary basins demonstrate that these sim-
plified models cannot fully capture basin-induced effects. Complex basin geometries generate two- and three-
dimensional wave propagation phenomena, including basin-edge diffraction, wave trapping, and surface-wave
generation, which significantly modify both the amplitude and frequency content of ground motions'”*'?. These
processes often explain spatial variations in earthquake damage that cannot be attributed solely to shallow soil
conditions.

Integrated geophysical investigations combining microgravity surveys with Spatial Autocorrelation (SPAC)
measurements provide an effective approach for reconstructing deep basin geometry and subsurface velocity
structures relevant to seismic site response. Previous studies have successfully applied these methods to sed-
imentary basins such as Adapazari, izmit, Leonessa, Izmir, and Canakkale, demonstrating their capability to
estimate sediment thickness, engineering bedrock depth, and basin architecture for seismic microzonation and
hazard assessment'>~'?. Recent post-earthquake investigations in sedimentary basins have further emphasized the
importance of integrated geophysical approaches for evaluating basin-controlled site effects. In the Oued Mar-
til floodplain (Northern Morocco), microtremor-based investigations demonstrated that thick fluvial sediments
significantly modified local seismic response through impedance contrasts and basin geometry?’. Similarly, fol-
lowing the 2023 Al Haouz earthquake, integrated geophysical analyses of the High Atlas sedimentary basin
showed that variations in sediment thickness and subsurface velocity structure exerted a strong influence on site
amplification and seismic hazard characterization’!. These studies further demonstrate that deep sedimentary
basin geometry should be considered together with shallow site conditions when assessing earthquake ground
motion and seismic risk.

Following the devastating 6 February 2023 Kahramanmaras earthquake sequence (Mw 7.8 and Mw 7.6),
numerous studies investigated structural damage, liquefaction, foundation failures, and post-earthquake geo-
technical conditions in Gdlbasi and Antakya. These studies clearly demonstrated the importance of local ground
conditions in controlling earthquake damage. Nevertheless, the influence of deep basin geometry on the observed
damage distribution has not yet been quantitatively evaluated using integrated geophysical datasets.

This study addresses this knowledge gap by integrating microgravity measurements with SPAC-derived shear-
wave velocity models to characterize the three-dimensional geometry and sediment thickness of the Golbasi
Basin (Fig. 1). Basin-depth parameters (Vs30, Z, ,, and Z, 5) are evaluated together with gravity-derived basin
geometry to investigate the role of deep sedimentary structure in controlling seismic site amplification and the
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Fig. 1 (a) The regional tec-
tonic setting of Tiirkiye and a)
the location of the study area
shown as black rectangular.
(b) Google Earth satel-

lite image of the Golbasi
Basin and surrounding area
(Adiyaman, Tiirkiye). Red
lines indicate active fault
zones within the study area
(obtained from?2.

Google Earth
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spatial distribution of earthquake damage. Unlike previous post-earthquake investigations that primarily focused
on liquefaction, structural performance, and reconnaissance observations, the present study provides a quanti-
tative assessment of deep basin effects and demonstrates that deep subsurface conditions explain the observed
damage distribution more effectively than shallow site parameters alone.

Geological setting and earthquake damage distribution in Golbasi basin

Regional tectonic setting

The Eastern Anatolian Fault System (EAFS) makes a left-lateral step-over around the Golbasi area, splitting into
two different fault segments. These are the Erkenek and Pazarcik Segments, which control the NE and SW mar-
gins of the basin, respectively. The Gdlbasi Basin, developed under the control of these two segments, is a pull-
apart basin formed within the EAFS (Fig. 2). Within the basin, the Pazarcik Segment splits into two branches.
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During the February 6 earthquakes, surface ruptures developed along both traces, but the most prominent ones
occurred on the northern branch. Therefore, this branch has been interpreted as the main strand of the Pazarcik
Segment.

The northeastern continuation of the Golbasi—Tiirkoglu segment is partially covered by alluvial fans and lake
deposits. Therefore, the trace of the active fault around Golbasi is unclear. Although there is a linear NE-SW-
trending morphological scarp to the northeast of Lake Golbasi, no evidence of active faulting has been observed
along this scarp. Considering that the distance between the two segments is approximately 800 m, it is unlikely
that such a step-over would produce a basin longer than 25 km and up to 3 km wide.

Instrumental earthquakes (Mw=>3.0) and historical earthquakes affecting Golbasi and its surroundings are
presented in Fig. 3. In the figure, the epicenters of the 6 February 2023 Kahramanmaras earthquakes (Mw 7.8 and
Mw 7.6) have also been included, and the location of the Golbasi Basin has been clearly indicated. The distribu-
tion of seismicity shows that earthquakes are concentrated mainly to the north and east of Gdlbasi, particularly
in the region bounded by the Cardak Segment of the East Anatolian Fault Zone, the Adiyaman Fault Zone, and
the Pazarcik Segment. The figure provides a clearer illustration of the regional seismotectonic setting of the study
area and highlights the relationship between the Golbas1 Basin and the major active fault systems responsible for
the 2023 earthquake sequence.

Basin evolution and structural characteristics

The Go6lbasi Basin cannot be considered a classical pull-apart basin. The Erkenek and Pazarcik segments of the
EAFS losing their continuity by stepping leftward to the northeast and southwest of the Gdlbasi Basin, can be
listed as the strongest evidence that the G6lbas1 Basin was developed as a pull-apart basin associated with a fault
step-over. Moreover, although these two fault segments displaced together during the February 6 earthquakes,
they did not link up, providing the most significant evidence that the pull-apart process is still ongoing.

The Go6lbasi basin, located between the northeastern end of the Golbasi—Tiirkoglu segment and the southwest-
ern end of the Celikhan—Erkenek segments of the East Anatolian Fault Zone (EAFZ), is a 1.5-7 km wide, 35 km
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Fig. 3 Regional seismotectonic map of the Gdlbag1 Basin showing instrumental earthquakes (Mw=>3.0), historical earth-
quakes, the epicenters of the 6 February 2023 Kahramanmaras earthquakes (Mw 7.8 and Mw 7.6), major active faults, and
the location of the Golbasi Basin.

long, N-NE axis strike-slip faulting basin. The basin narrows and ends at the northeastern and southwestern ends,
while it reaches a width of approximately 7 km at the center.

Basin stratigraphy

The basin deposits consist of various sedimentary facies and basalt flows that are laterally and vertically transi-
tional. The facies other than the basalt flow are divided into two groups according to grain size and depositional
environment: (1) coarse-grained marginal facies and (2) fine-grained basin mid-facies. The marginal facies are
mainly represented by fault terrace conglomerates, fan-apron sediments and fan-delta sediments. The first and
oldest unit of the basin, the terrace sediments, consist of semi-consolidated, variously layered, mostly unsorted,
multi-component conglomerate, sandstone and mudstone alternations. These first sediments of the basin have
been partially deformed by the faults, which also controlled their depositional characteristics. Simply put, they
have been compressed to form pressure ridges or uplifted to form fault-bounded terraces at different elevations
relative to the surrounding bedrock. Sometimes, they have steepened up to 90° adjacent to the faults. These units
were previously dated as Pliocene-Quaternary and named as Pazarcik Formation®’. The fact that these units were
also cut by basalt flows of 1.3—1.5 Ma confirms the age. These consist of fan sediments deposited by streams
flowing into the basin, along the basin margin faults and under their control, and slope deposits accumulated
under the effect of gravity along the fault scarp and foothills.

The sedimentary succession formed by the gradual merging of these two facies and extending across both
margins of the basin represents the fan-apron facies. In general, the fan-apron facies determine the short periods
when the faults are inactive, while the young fans developing on them determine the periods when the faults are
active. The coarse-grained margin facies contain many faults of different sizes that are as old as sedimentation
and younger. The second important facies of the basin fill are the finer-grained sand, silt and organic-rich muds
deposited in the middle of the basin. Fine-grained facies are vertically and laterally transitional with the coarse-
grained margin facies. Except in the vicinity of the marginal faults and pressure ridges, the Gdlbas1 Basin deposits
are generally undeformed and remain nearly horizontal. They unconformably overlie the folded Late Miocene—
Early Pliocene units across an angular unconformity, locally marked by thrust-fault contacts. This observation
indicates that there was a significant change in the tectonic regime during the period after the deposition of the
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Esmepuru and Déndiikler formations®’, before the start of the Gélbasi basin depositional process. These relation-
ships indicate a major change in the regional tectonic regime prior to the initiation of basin sedimentation and
demonstrate that sedimentation evolved synchronously with strike-slip deformation.

Earthquake damage distribution

Golbasi (Adiyaman) was among the settlements most severely affected by the 6 February 2023 Kahramanmaras
earthquake sequence (Mw 7.7 and Mw 7.6). The earthquakes caused extensive structural damage and widespread
ground failures, including soil liquefaction, ground settlement, lateral spreading, bearing-capacity failures, and
sand boils. Numerous residential buildings experienced excessive tilting, differential settlement, partial collapse,
or total collapse, rendering many structures unusable. Although construction quality, structural design deficien-
cies, and non-compliance with seismic design principles undoubtedly played an important role in the observed
damage?® 3!, the thick lacustrine alluvial deposits underlying the Golbasi Basin significantly amplified these
adverse effects. These observations motivated detailed post-earthquake investigations aimed at identifying the
causes of damage and supporting future rehabilitation and reconstruction efforts. Within this framework, the
present study employs integrated microgravity and Spatial Autocorrelation (SPAC) methods to determine basin
geometry, alluvial thickness, and their implications for urban development and earthquake damage.

Historical development of the settlement also provides important context for understanding the earthquake
damage. Until the construction of the railway along the southern shore of Lake Golbasi during the 19305, the
district contained only limited settlements. Since the establishment of the modern town, no major earthquake
had affected the area before the 2023 earthquake sequence. Consequently, neither the seismic performance of
the existing building stock nor the suitability of constructing urban areas on thick lacustrine alluvial deposits had
previously been tested under strong ground shaking.

Representative examples of structural and ground damage are presented in Fig. 4. Severe damage was con-
centrated particularly in areas characterized by weak soil conditions. Field observations indicate that structural
deficiencies, including soft-storey mechanisms, torsional irregularities, inadequate reinforcement detailing, and
other plan and vertical irregularities, acted together with unfavourable soil-structure interaction to increase dam-
age severity. Brittle column failures, shear failures, soft-storey collapse mechanisms, and differential settlements
caused by weak foundation soils were among the predominant damage patterns. These findings demonstrate that
earthquake risk cannot be evaluated solely from seismic hazard, but must also incorporate local geological condi-
tions, geotechnical characteristics, and structural vulnerability.

Following the earthquakes, numerous investigations examined damage in G6lbagi from complementary disci-
plinary perspectives. Structural reconnaissance studies documented widespread collapse, tilting, settlement, and
severe deficiencies in load-bearing systems>>~>. Other studies emphasized that thick unconsolidated lacustrine
sediments combined with the widespread use of shallow foundations substantially increased structural vulner-
ability®°. Soil-related investigations consistently reported extensive liquefaction, cyclic softening, lateral spread-
ing, widespread ground settlement, and bearing-capacity failures, particularly within the northeastern part of
the Golbas1 Basin along the East Anatolian Fault rupture®>*”*°. These observations were supported by detailed
post-earthquake reconnaissance, geotechnical investigations involving 91 boreholes, cyclic triaxial testing, and
LiDAR surveys documenting perishable liquefaction features*'**,

Additional studies further demonstrated that Golbas1 experienced exceptionally strong ground shaking, with
Peak Ground Acceleration (PGA) values approaching 1.0 g and Modified Mercalli Intensity (MMI) levels reach-
ing IX, particularly in areas underlain by weak soils**. Provost*, identified a previously unmapped fault trace
west of the Gélbasi releasing bend, improving the tectonic framework of the basin. Toprak*®, showed that many
failures within the natural gas distribution network occurred where the East Anatolian Fault intersects the district
center and Lake Golbas1 Basin, emphasizing the combined influence of fault rupture, basin geometry, and critical
infrastructure. Collectively, previous studies consistently indicate that severe damage in Golbasi resulted from
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Fig.4 Structural damage
caused by soil conditions in
the study area®.

the combined effects of basin-controlled site amplification, widespread liquefaction, differential settlement, sur-
face faulting, and structural deficiencies.

Official post-earthquake damage assessments conducted by the Ministry of Environment, Urbanization and
Climate Change classified buildings as undamaged, slightly damaged, moderately damaged, heavily damaged,
requiring urgent demolition, or collapsed. According to these assessments, 6,872 buildings were evaluated within
the study area, of which 169 (2.5%) were classified as collapsed, 1,592 (23.2%) as heavily damaged or requiring
urgent demolition, 636 (9.3%) as moderately damaged, and 2,765 (40.2%) as undamaged.

The characteristics of the investigated building stock further explain the observed damage pattern. Approxi-
mately 74% of the buildings were reinforced concrete structures, 26% were masonry buildings, and nearly 70%
had been constructed before 2000, prior to the implementation of modern Turkish seismic design regulations.
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Most buildings consisted of one to two stories (63%), three to four stories (27%) and were commonly founded on
shallow foundations resting on loose, water-saturated lacustrine sediments.

Geophysical methods

Spatial autocorrelation (SPAC) method

Determining the deep subsurface structure in settlement areas that exhibit basin characteristics is critically impor-
tant for ensuring safe habitation during earthquakes. For this reason, it is necessary to obtain bedrock or the
engineering bedrock depths. Additionally, due to the site effects observed in basins during earthquakes, leading
to much higher amplitudes than those expected at site at similar distances from the fault rupture. To assess these
site effects, Vs profiles need to be developed. SPAC measurements are used for this purpose. Previous studies
have successfully identified resonance frequencies, assessed seismic site response, and delineated basin struc-
tures in regions such as Van, Bursa, and northwestern Tiirkiye*’ . These studies demonstrate the reliability and
effectiveness of microtremor-based approaches for seismic microzonation and earthquake hazard assessment.
They were conducted at 20 locations covering the Golbasi Basin to obtain deep Vs values. Pamuk®’, evaluated
the SPAC data obtained and produced Vs30 and Z , distribution maps. However, impedance contrasts trigger-
ing more pronounced local site effects can occur at depths greater than the upper 30 m, which undermines the
effectiveness of Vs30 as a proxy for site effects (°. Notably, Z, 5 can also be interpreted as the depth to seismic
bedrock or the reference rock. In basins, if Z, ;> 3 km, a three-dimensional basin effect is present, whereas if Z, 5
<1 km, a shallow sediment effect dominates. In the case of shallow sediments—meaning small Z, 5 values—if
Vs30 is also low, resonance is expected to occur, influencing the velocity-band behavior of earthquake ground-
motion spectra and increasing the period in acceleration spectra (°. Therefore, Z, , and Z, 5 values are also other
useful proxies that must be considered to accurately assess local site effects.

Data acquisition and processing

Circular-array microtremor measurements based on the Spatial Autocorrelation (SPAC) method were conducted
to estimate the deep one-dimensional shear-wave velocity (Vs) structure beneath the Gélbasi Basin. The SPAC
method derives the phase-velocity dispersion curve of Rayleigh waves from ambient seismic noise recorded by
a circular sensor array. These dispersion curves are subsequently inverted to obtain one-dimensional Vs—depth
profiles using inversion algorithms. Each SPAC array consisted of a central station surrounded by three or four
peripheral stations arranged on a circle. To investigate progressively greater depths, measurements were per-
formed using three or four array diameters at each site. A total of 20 measurement locations were distributed
across the basin to characterize the lateral variability of the subsurface structure. Only the vertical components
of the three-component microtremor recordings were used for SPAC analysis. The vertical-component records
from all sensors within each circular array were processed simultaneously using Geopsy software to calculate
the Rayleigh-wave phase velocity dispersion curve, which was assigned to the center of the array. Subsequently,
inversion of the dispersion curve was performed to obtain a one-dimensional shear-wave velocity (Vs) pro-
file, representing the variation of Vs with depth beneath each measurement location. The array configuration
employed in the Go6lbas1 Basin, together with representative vertical-component (Z-component) microtremor
records from four measurement sites, is shown in Fig. 5. Ambient-noise data were acquired using SMART-
SOLO IGU-BD3C-5 three-component seismometers using internal GPS timing system with a natural frequency
of 0.2 Hz and a sampling interval of 0.25 ms. At each measurement location, microtremor signals were continu-
ously recorded for 60 min, providing sufficient data quality for reliable estimation of the Rayleigh-wave disper-
sion curves and subsequent inversion.
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Fig. 5 Distribution of the 20 37.81
Spatial Autocorrelation (SPAC)
measurement sites superim-

posed on a satellite image of the

Golbasi (Adiyaman) Basin. The
numbered stations (SPAC-1 to

SPAC-20) represent the locations

where ambient-noise measure-

ments were acquired for the

SPAC analysis. 37.79

37.61 37.63 37.65

Basin-depth parameters

In the study, by using the Vs30 values from SPAC measurements along with Egs. 1 and 2 proposed by Chiou and
Youngs'!, the Z, , and Z, 5 contour maps were generated as shown in Fig. 6.

3.82
Zyo = Exp[28.5— ==In (Vs30 +378.7°)] (1)

ZZ.S =519+ 3.595Z1.0 (2)

Here, Vs30 represents the time-averaged shear-wave velocity within the upper 30 m of the subsurface and is
expressed in m/s. Z, , denotes the depth (in m) to the horizon where the shear-wave velocity first reaches 1.0 km/s,
whereas Z, 5 represents the depth (in m) to the horizon where the shear-wave velocity reaches 2.5 km/s.

The empirical relationships proposed by Chiou and Youngs'! were originally developed using the NGA-West1
database, which mainly represents tectonically active regions of western North America. Although these equa-
tions have been widely adopted in ground-motion prediction studies for estimating basin-depth parameters (Z, ,
and Z, 5) from Vs30, their direct applicability to the geological conditions of the G6lbas1 Basin has not been spe-
cifically validated. Therefore, in this study, the Vs30-based empirically estimated Z, , and Z, 5 values are inter-
preted as first-order proxies describing the relative spatial variation of basin depth and impedance contrasts rather
than exact measurements of engineering bedrock depth. Consistent with the gravity results, the central basin
is characterized by relatively low Vs30 values of approximately 280-350 m/s, indicating soft soil conditions,
whereas the basin margins generally exhibit Vs30 values exceeding 550 m/s, corresponding to stiffer geological
units. Similarly, the estimated Z, 5 values exceed 1300 m in the central basin and decrease to approximately 1000
m towards the basin margins, reflecting the progressive shallowing of the seismic bedrock.

Microgravity measurements
The gravity method was most used in oil and gas exploration, especially in the early twentieth century. However,

practice suggested that the method can be used very widely in mapping the thickness of unconsolidated beds
where ground motion amplification can occur. The gravity field is the gravitational force applied to a unit mass
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Fig. 6 (a) Vs30 distribution for the
Golbast district, (b) Depth distribution o 4 :
at which 1.0 km/s Vs velocity is reached e
(Z, ,) and (c¢) Depth distribution at which ; . Golbagi Lake
2.5 km/s Vs velocity is reached (Z, 5). ; :

White squares indicate collapsed build-
ings, black squares indicate heavily dam-
aged buildings, and gray squares indicate
moderately damaged buildings.
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at a point on or near the earth’s surface in space. Gravity is also a geophysical potential field method. Recently,
it has been frequently used especially for loose layer/bedrock modelling of cities with basin settlements. The
gravity method can also detect geological differences and contacts (faults) using density gradient interpretation
techniques. It is mainly dependent on the differences in the density of the ground layers. Variations in the under-
ground rock density led to changes in the observed gravity field.
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Data acquisition and processing

A microgravity study covering the entire basin was conducted to determine the lateral and vertical boundaries of
the Golbasi Basin. With this study, it was possible to distinguish between the low-density sediment part of the
basin and the bedrock. In the measurements made in the study area, microgravity values were obtained at a total
of 120 points with a sampling interval of 400 x 400 m as shown in Fig. 7. The study area covers densely populated
areas and partially vacant lands. During the measurement, four base points were determined and then these points
were combined at a reference point at the midpoint of the area. During the measurement, three readings were
taken at each measurement point and the average of these readings was taken and recorded. Microgravity data
were collected with the Scintrex CG-5 Autograv device, and Leica RX 1250XC and Leica GPS 1200+ equip-
ment sets were used for height and positioning measurements. The corrected gravity values were subsequently
converted into Bouguer gravity anomalies using the standard gravity reduction procedure (Eq. 3), and residual
anomalies were obtained after removing the regional trend by polynomial fitting.

Agy = (8ops — Bbase) T Carist + Crar + Cra —Cp 3)

here,

Ag;. Gravity difference (or residual gravity value) at observation station i (mGal).

g;. Observed gravity value at observation station i before corrections (mGal).

8pase:. Gravity value measured at the base (reference) station (mGal).

Crife. Instrument drift correction, applied to compensate for temporal variations in the gravimeter response
during the survey (mGal).

Cuur ¢ Latitude correction, which removes the effect of the Earth’s ellipsoidal shape and rotation on gravity
(mGal).

Cr4 : Free-air correction, applied to compensate for the elevation of the measurement point above the reference
datum (mGal).

C; : Bouguer slab correction, which removes the gravitational attraction of the rock mass between the mea-
surement point and sea level, assuming an infinite horizontal slab of constant density (mGal).

Regional effect makes it difficult to process gravity data with potential field data evaluation method. Therefore,
it is necessary to obtain residual anomaly data by eliminating the regional effect in the data. One of the techniques
used in the separation of regional-residual anomalies is trend analysis. This analysis is done with linear, orthogo-
nal, etc. polynomials. The process of determining the general trends of underground structures at a regional scale
is called trend analysis. For this, the relationship coefficient between the measured data and the data calculated

Fig. 7 Distribution of micro-

gravity measurement points

in the Golbast (Adiyaman)

Basin. Red triangles repre-

sent microgravity stations 378
acquired on a 400 m x

400 m grid.

37.58 37.62 37.66 37.7
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Fig.9 Trend removed (residual) gravity anomalies of the study area. Layout of the four 2D gravity modeling profiles across
the Golbas1 Basin (Adiyaman, Tiirkiye). The profiles, oriented in different directions, were used to investigate subsurface
density variations and basin geometry.

with polynomials is calculated. In this calculation, the degree of the polynomial with the highest curvature of the
parabola is taken as the trend degree, that is, the degree of the polynomial that will give the regional anomaly.
The data of the regional anomaly calculated with this degree is subtracted from the measured data and the
residual anomaly data is calculated. Regional and residual gravity anomalies were separated using polynomial
trend analysis. Several polynomial orders were examined, and the final trend surface was selected based on the
best agreement between the calculated regional field and the long-wavelength gravity variations while preserv-
ing the short-wavelength anomalies associated with basin-scale structures. In this study, the regional trend of
the Bouguer gravity anomaly (Fig. 8) was represented by a second-order polynomial trend surface, and residual
gravity anomalies were obtained by subtracting this trend from the observed data. The resulting residual gravity
anomalies are shown in Fig. 9. The two-dimensional gravity models were constructed according to the criteria
proposed by Nettleton (1940)°!.
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There are various methods for calculating the gravity effect created by irregularly shaped two-dimensional
structures. These methods are divided into two categories. The first method includes mesh, point representation
and some calculation aids. However, the application of these methods is difficult and time-consuming in practice.

The second method is to divide irregular structures into simple geometric shapes and calculate the gravity
effect more easily. The structure is divided into rectangular blocks, as suggested by Vening Meinesz>. However,
the large number of blocks makes calculations difficult. At the same time, since the reduction of block sizes
may cause the calculation of neglected values at distant points, it may increase the error rate in calculations. An
irregular two-dimensional structure can be easily approximated to a closed polygon by keeping the number of
edges high. The horizontal and vertical components of gravity at any given point can be calculated by analytical
methods thanks to this polygon. There is no limitation on the size and location of the structure in the method.
The important thing is to be able to draw a polygon that fully adapts to the structure and to increase the number
of edges of the polygon as necessary. In order to create 2-dimensional gravity models from the residual gravity
anomalies obtained as a result of microgravity measurements performed at 120 points, sections were taken along
4 profiles from the gravity anomaly map in Fig. 9. Two-dimensional gravity models were constructed along the
profiles denoted as P1, P2, P3, and P4 in Fig. 10, and the resulting models are presented in Fig. 10. The SPAC
measurement locations intersecting each profile were incorporated into the modelling, and the depth estimates
derived from the SPAC analyses are also shown on the profiles. Accordingly, the two-dimensional gravity models
were constrained and validated using the independent depth information obtained from the SPAC measurements.

The density values used in the 2D gravity models were selected based on the geological characteristics of the
Golbas1 Basin. The basin fill consists mainly of unconsolidated to weakly consolidated lacustrine and alluvial
deposits, including clay, silt, sand, gravel, and organic-rich fine-grained sediments. Therefore, an average density
of 1.6 g/cm?® was assigned to the sedimentary cover. In contrast, the underlying basement was represented by a
density of 2.72 g/cm?, corresponding to relatively compact and older bedrock units surrounding and underlying
the basin. These values were used as representative average densities to define the contrast between the low-
density basin fill and the higher-density basement in the gravity modelling. Although local lithological variations
may occur, the adopted density contrast is consistent with the geological setting of the study area and provides
a reasonable first-order approximation for modelling the basin geometry. Although moderate variations in the
assumed density contrast would affect the absolute sediment thickness estimates, the overall basin geometry,
including the location of the principal depocenters and basin margins, remains robust. In addition, the grav-
ity models were constrained by independent SPAC-derived shear-wave velocity information along the model
profiles. The agreement between the gravity-derived sediment thicknesses and the SPAC-derived subsurface
structure substantially reduces the ambiguity commonly associated with gravity interpretation and increases con-
fidence in the inferred basin geometry. The dashed lines in the sections show the discontinuity boundaries (pos-
sible faults) of the sediments settled unconformably on the inferred bedrock. However, since there are no surface
faulting traces supporting these discontinuities, there is no possibility of direct correlation.

It should be noted that gravity inversion is inherently a non-unique problem, since different combinations
of subsurface geometry and density contrast may produce similar gravity anomalies. Consequently, the two-
dimensional gravity models presented in this study should not be interpreted as unique solutions but rather as
geologically constrained representations of the basin structure. To reduce this ambiguity, the modelling incorpo-
rated available geological information, including the distribution of unconsolidated basin-fill sediments and sur-
rounding basement rocks, together with representative density values for each lithological unit. Furthermore, the
gravity-derived basin geometry was independently evaluated using SPAC-derived shear-wave velocity profiles
and basin-depth proxies, which provide complementary constraints on the subsurface structure. The consistency
between the gravity models, the SPAC results, and the observed geological setting increases confidence in the
interpreted basin geometry, although some uncertainty associated with gravity inversion inevitably remains. The
Bouguer gravity anomaly map shows a clear spatial variation across the basin. The central part of the basin
is characterized by relatively low gravity anomaly values ranging between approximately— 16 and —18 mGal,
indicating the presence of thick low-density sedimentary deposits. Towards the basin margins, gravity anomaly
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Fig. 10 Two-dimensional gravity models
of the study area. The upper panels show
the comparison between observed (red)
and calculated (green) gravity anomalies,
indicating a good fit with low RMS misfit
values. The lower panels present the cor-
responding subsurface density models,
where gray represents sedimentary depos-
its with a density of 1.6 g/cm? and brown
denotes basement rocks with a density of
2.72 g/lem?.
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values gradually increase, reflecting shallower basement depths and thinner sedimentary cover. The calculated
gravity responses closely match the observed anomalies, with RMS misfit values ranging from 0.12 to 0.24 mGal,
indicating satisfactory model performance.

In the 2D A-A’ gravity section of the P1 profile, 3 different sectors are observed. The deepest sediment with
a thickness of 660 m was identified in the western section. Sediments of approximately 300 m and 400 m thick
make the central and eastern sectors, respectively (Fig. 10a). In the 2D B-B’ gravity section of the P2 profile,
quite a “wavy” shape of the inferred bedrock top is observed. The deepest sector (west side) shows 700 m of
sediments. The sediment bottom becomes relatively shallow (ca. 300 m deep) in the middle parts of the section.
It becomes shallower towards the east of the section and deepens again to 300 m, eventually reaching a depth of
35 m on the basin edge (Fig. 10b). In the 2-dimensional C-C’ gravity section of the P3 profile, very sudden and
frequent sediment thickness changes are observed in the sediment bottom. A valley-like sedimentary geometry
with a maximum sediment thickness of approximately 300 m is observed in the western part of the basin. In the
central part, sediment thickness decreases to 10-250 m, whereas it increases again eastward, reaching depths
of approximately 500—600 m (Fig. 10c). In the 2D D-D’ gravity section (Profile P4), quite variable depths are
observed of the sediment floor. The deepest part is the area with 700 m sediment thickness in the west. The sedi-
ment thickness becomes relatively shallow in the middle parts of the section, reaching depths of 200-250 m.
Eastward, the sediments thicken again to 600-650 m becoming very thin (60 m) at the basin edge (Fig. 10d). In
order to better pinpoint the structural boundaries and discontinuities in the study area, an edge-detector filter, in
particular the Total Horizontal Derivative Filter (THD) was applied to the gravity anomalies shown in Fig. 10, as
represented in Fig. 11. The filtered gravity data clearly enhance the basin boundaries and emphasize the lateral
density contrasts between the sedimentary fill and the surrounding basement. Several local gravity lows become
more distinct after filtering, indicating thicker sediment accumulation zones. In the same figure, the spatial dis-
tribution of building damage caused by February 6, 2023, earthquakes are superimposed on the interpreted basin
geometry. The comparison reveals a clear spatial correspondence between the areas of severe damage and the
thickest parts of the Gdlbas1 Basin. In particular, the highest concentration of damaged buildings is observed
where the sedimentary fill reaches its greatest thickness, suggesting a strong spatial association between deep
basin geometry and the observed damage distribution. While other factors, such as building characteristics and
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Fig. 11 Damage distribution from the February 6, 2023 earthquakes on the total horizontal derivative map resulting from the

application of the THD filter to the Bouguer gravity anomalies. White squares indicate collapsed structures, black squares
indicate heavily damaged structures, and gray squares indicate moderately damaged structures.
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local geotechnical conditions, also contributed to the damage distribution, the observed spatial relationship high-
lights the importance of basin structure in the seismic response of the study area.

Results and discussion

Microgravity measurements reveal that the Golbasi Basin is characterized by a pronounced low-density sedimen-
tary fill overlying a high-density bedrock. Residual gravity anomalies and two-dimensional models constructed
along four profiles indicate that the thickness of unconsolidated alluvial deposits reaches up to approximately
650—700 m in the central and western parts of the basin. Toward the basin margins, the sediment thickness
decreases sharply, reflecting a strong lateral heterogeneity of the basin geometry, controlled by faulting. In fact,
the gravity-derived basin geometry shows a pronounced asymmetric structure, consistent with the pull-apart
mechanism associated with the releasing bend (left-stepping geometry) between the Celikhan—Erkenek and
Golbagi—Tiirkoglu segments of the East Anatolian Fault Zone>*>*. The sudden changes in sediment thickness
observed along several profiles suggest the presence of buried structural discontinuities and fault-controlled
depocenters, even where surface fault traces are not evident. These geometric characteristics are typical of strike-
slip basins®>°° and have been widely recognized as factors that can influence seismic wave propagation and
ground-motion amplification’”¥, The gravity models are subject to uncertainties arising from the assumed den-
sity contrasts and the inherent non-uniqueness of gravity inversion. Although alternative density distributions
may produce similar anomaly patterns, the overall basin geometry is constrained by regional geology, surface
observations, and independent SPAC-derived velocity information. Consequently, while absolute basin depths
may vary within a limited range, the interpreted spatial pattern of deep depocenters is considered robust.

SPAC analyses provided deep Vs profiles across the basin, enabling the estimation of Vs30 as well as depth
parameters Z, , and Z, 5. A limitation of this study is that Z, ; and Z, 5 were estimated using empirical equations
derived from the NGA-West database rather than measured directly. Because basin sediment properties, deposi-
tional environments, and velocity gradients in the G6lbas1 Basin may differ from those represented in the original
calibration dataset, the estimated depths are subject to uncertainty. Nevertheless, these parameters provide useful
relative indicators of deep impedance contrasts and basin geometry, which are consistent with the independently
derived gravity models.

The measurements exhibit generally low Vs30 values over the basin interior, indicating soft soil site condi-
tions consistent with the lacustrine and alluvial nature of basin fill. However, the observed structural damage
patterns cannot be solely attributed to variations in Vs30 values. Although Vs30 remains an effective proxy for
near-surface site classification, its relatively limited spatial variability across the Golbasi Basin contrasts with the
pronounced variations observed in Z, , and Z, 5. These deeper parameters exhibit a closer spatial correspondence
with the gravity-derived basin geometry and the concentration of earthquake damage, suggesting that deep sedi-
mentary structure exerts an additional control on site response beyond that represented by Vs30 alone. Vs30-based
empirical estimated Z, , and Z, 5 values also increase significantly toward the central parts of the basin, where
sediment thickness is greatest. In several locations, Z, , exceeds a few hundred meters, indicating that impedance
contrasts extend well below the shallow subsurface. The integration of microgravity-derived basin geometry with
Vs-based parameters highlights the critical role of basin-induced ground motion amplification in Golbagi. Thick,
low-velocity sediments overlying stiff bedrock may provide conditionsfavourable for resonance and seismic
energy trapping within the basin. However, these mechanisms were not directly evaluated in the present study.
In addition, the lateral heterogeneity of the basin enhances surface-wave generation and amplification, particu-
larly at longer periods. The seismic bedrock depth (Z, 5) varies approximately between 1000 and 1400 m. These
values suggest that the Golbas1 Basin does not belong to the class of extremely deep sedimentary basins where
strong three-dimensional basin effects are generally expected to dominate. Nevertheless, the combination of
thick unconsolidated sediments, pronounced lateral heterogeneity, and fault-controlled basin geometry, may have
contributed to site conditions influencing the observed damage distribution, although the underlying mechanisms
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were not directly evaluated in this study. Therefore, the observed damage distribution is interpreted as resulting
from the combined influence of shallow site response and basin-controlled wave propagation, rather than from
purely three-dimensional basin effects. These quantitative observations demonstrate that the deepest part of the
basin, characterized by Bouguer gravity anomalies of —16 to —18 mGal, Vs30 values of 280-350 m/s, and Z, s
depths exceeding 1300 m, spatially corresponds to the area where earthquake damage was most concentrated. In
contrast, the basin margins are characterized by relatively higher gravity anomaly values, Vs30>550 m/s, and
shallower Z, 5 depths of approximately 1000 m, indicating more competent subsurface conditions.

Previous studies have demonstrated that while pronounced three-dimensional basin resonance is generally
associated with very deep sedimentary basins (> 3 km), shallower basins with sediment thicknesses of approxi-
mately 500—1500 m may still experience significant amplification due to resonance, basin-edge diffraction, wave
focusing, and strong impedance contrasts between sediments and basement!**!%!4_ Considering the estimated
sediment thickness (~ 700 m) and Z, 5 depth (~ 1000-1400 m) of the G6lbas1 Basin, the observed spatial asso-
ciation is consistent with conditions that may favor relatively shallow basin-related amplification rather than
from fully developed three-dimensional basin resonance. It is important to note that the gravity-derived sedi-
ment thickness and the estimated Z, 5 parameter represent different physical interfaces within the subsurface.
The gravity models delineate the boundary between the relatively low-density sedimentary fill and the denser
basement rocks, whereas Z, 5 is an empirical proxy representing the depth to the horizon where the shear-wave
velocity reaches 2.5 km/s, estimated from Vs30-based empirical relationships. Therefore, the greater Z, 5 depths
(approximately 1000-1400 m) compared with the gravity-derived sediment thickness (~ 700 m) do not represent
a contradiction. Rather, they reflect the different physical properties (density versus seismic velocity) and cor-
responding subsurface interfaces represented by these two parameters.

These results are consistent with previous studies demonstrating that two- and three-dimensional basin struc-
tures can significantly amplify ground motion relative to one-dimensional soil column models. The G6lbasi Basin
exhibits characteristics of a deep, laterally heterogeneous basin, where long-period amplification is expected
to dominate, especially during large-magnitude earthquakes with rich low-frequency content, such as the Mw
7.8 and Mw 7.6 events. When the spatial distribution of earthquake damage is compared with the gravity and
derivative maps, a clear correlation emerges between zones of severe damage and areas of maximum sediment
thickness. Damage concentration is particularly evident in regions where gravity models indicate deep dep-
ocenters and where Vs30-based empirical estimates of Z, , and Z, 5 values are high. Conversely, areas near the
basin margins, where bedrock is shallow and Vs values are higher, generally experienced less severe damage.
This spatial correspondence suggests that basin geometry and sediment thickness exerted a first-order control on
damage distribution, amplifying ground motions beyond what would be expected from shallow site conditions
alone. While construction quality and building vulnerability undoubtedly contributed to the observed damage, the
strong agreement between geophysical indicators and damage pattern emphasizes the dominant influence of local
and basin-scale site effects. To further evaluate these spatial relationships quantitatively, a neighborhood-based
statistical correlation analysis was performed between the severe building damage ratio and the geophysical
parameters derived in this study.

To provide a quantitative assessment of the relationship between subsurface basin structure and building dam-
age, the building inventory and damage data were aggregated at the neighbourhood level. The combined number
of collapsed, immediately-to-be-demolished, and heavily damaged buildings was divided by the total building
stock in each neighbourhood to calculate the severe-damage ratio. Neighbourhood-scale mean values of Vs30,
Z, 0, Z, s, gravity anomaly, and sediment thickness were then extracted from the corresponding maps. Pear-
son correlation coefficients were calculated between the severe-damage ratio and each geophysical parameter.
Because the analysis included only nine neighbourhoods, the results were interpreted as exploratory spatial asso-
ciations rather than direct evidence of causality (Table 1).

The neighbourhood-based analysis revealed a very strong positive correlation between the severe-damage
ratio and sediment thickness (#=0.905, p<0.001), indicating that neighborhoods underlain by thicker sedi-
mentary deposits experienced substantially higher levels of damage. Similarly, Z, 5 exhibited a strong positive
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Table 1 Pearson correlation Parameter Pearson’sr  p-value Strength of Correlation  Statistical Significance

analysis between neighbor- (2=0.05)

hood-based severe building vy, -0,698 0.0365  Strong negative Significant

damage ratio and the geo- Zio 0,662 0.0520 Strong positive Marginally significant

physical parameters derived Zys 0,763 0.0167 Strong positive Significant

for the Gélbagt Basin. Gravity Anomaly —0,643 0.0618 Strong negative Not significant (borderline)
Sediment thickness 0,905 0.00079  Very strong positive Highly significant

and statistically significant correlation (#=0.763, p=0.017), while Vs30 showed a strong negative correlation
(r=—0.698, p=0.037), suggesting that lower near-surface shear-wave velocities are associated with increased
damage. Although Z, , (r=0.662, p=0.052) and gravity anomaly (r=—0.643, p=0.062) also displayed relatively
strong correlations, these relationships did not reach the 5% significance level. Given the limited sample size
(n=9 neighborhoods), these results should be regarded as exploratory; nevertheless, they provide quantitative
support for the observed spatial association between basin structure, seismic site conditions, and earthquake
damage.

The findings obtained for the Go6lbasi Basin are consistent with observations from other tectonically active
sedimentary basins worldwide. For example, ambient-noise and microtremor studies conducted in the Kashmir
Basin (NW Himalaya) demonstrated that local seismic response is controlled not only by shallow site conditions
but also by deep basin geometry, sediment thickness, and strong lateral velocity contrasts>”®°. In addition, Gupta
et al.%!, showed that the complex two- and three-dimensional basin architecture significantly influence wave
propagation, resonance characteristics, and the spatial variability of seismic amplification. Similar to the Kashmir
Basin, the Golbas1 Basin exhibits a deep asymmetric sedimentary structure, where gravity-derived basin geom-
etry and SPAC-derived velocity models indicate substantial lateral heterogeneity. The concentration of severe
earthquake damage over the thickest sedimentary deposits suggests that basin-controlled amplification, together
with local site conditions, plays a significant role in the observed damage distribution. These similarities indicate
that the influence of deep sedimentary basin geometry on seismic ground motion is not unique to the Golbasi
Basin but represents a common characteristic of tectonically active sedimentary basins.

The low Vs30 values indicate soft-site conditions that may have contributed to the observed structural dam-
age. However, the underlying mechanisms, including possible resonance effects, were not directly evaluated
in the present study. In regions like Gdlbasi, deep basin geometry and sediment thickness should be explicitly
considered when evaluating seismic site conditions and earthquake damage patterns, particularly in sedimentary
basins. The combined use of microgravity and SPAC methods provides an effective and relatively rapid approach
for characterizing deep subsurface conditions relevant to earthquake engineering applications. These findings
have important implications for seismic microzonation, urban planning, and risk mitigation strategies in Tiirkiye
and other tectonically active regions with similar basin settings. Incorporating basin-scale effects into hazard
assessments can lead to more realistic predictions of earthquake ground motion and, ultimately, to safer and more
resilient urban development.

Although the present study demonstrates a clear spatial relationship between basin geometry, sediment thick-
ness and the observed damage distribution, earthquake damage cannot be attributed solely to subsurface geologi-
cal conditions. Building age, structural type, number of storeys, construction quality, foundation characteristics,
liquefaction-induced ground deformation, and distance from the surface rupture also influenced the observed
damage patterns. Previous post-earthquake investigations in Gdlbasi documented widespread liquefaction, dif-
ferential settlement, shallow foundation problems and structural deficiencies, all of which contributed to build-
ing performance during the 2023 earthquake sequence. Therefore, the geophysical parameters evaluated in this
study should be considered as one component of a multifactorial earthquake damage process rather than the sole
controlling factor.
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Conclusions

This study investigated the role of basin geometry and sediment thickness in controlling seismic site conditions
and their spatial relationship with earthquake damage in the G6lbasi (Adiyaman) Basin using an integrated micro-
gravity and SPAC approach. Microgravity measurements clearly delineate a deep, laterally heterogeneous basin
filled with low-density alluvial and lacustrine sediments reaching thicknesses of up to approximately 700 m. The
basin geometry is asymmetric and strongly controlled by strike-slip faulting associated with the East Anatolian
Fault Zone. SPAC-derived shear-wave velocity profiles indicate low Vs30 values across the basin; however,
spatial variations in earthquake damage cannot be explained by Vs30 alone. Quite high Vs30-based empirical
estimated Z, , and Z, 5 values suggest that impedance contrasts extend to significant depths, highlighting the
importance of deep basin effects. The spatial correspondence between maximum sediment thickness, deep basin
parameters, and observed damage concentrations, together with the statistical correlation analysis, suggests that
basin geometry and associated site conditions may have been important factors contributing to the spatial distri-
bution of damage during the 6 February 2023 Mw 7.8 and Mw 7.6 earthquake sequence. The results suggest that
one-dimensional site response models based solely on shallow soil parameters may not adequately characterize
site conditions in tectonically controlled sedimentary basins. Incorporating basin geometry, lateral heterogeneity
and basin-controlled site conditions may improve the assessment of seismic demand. The integration of micro-
gravity and SPAC methods offers an efficient and practical framework for characterizing deep subsurface condi-
tions relevant to earthquake engineering applications, particularly in urban areas where invasive investigations
are limited. Overall, the findings emphasize that basin-scale effects should be considered as an important compo-
nent of seismic hazard assessment in tectonically active regions. Incorporating deep basin geometry into seismic
microzonation and urban planning has the potential to improve the characterization of site conditions, support
more reliable ground-motion assessments, and contribute to earthquake-resilience planning for communities liv-
ing in tectonically controlled sedimentary basins.

Supplementary Information The online version contains supplementary material available at https://doi.org/10.1038/
$41598-026-74086-2.
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