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 A B S T R A C T

Sinkholes pose serious hazards to public safety and urban infrastructure, yet their dynamic failure processes 
remain poorly constrained due to the lack of direct subsurface observations. We investigate an urban sinkhole 
collapse that occurred in April 2025 in the southeastern suburbs of Seoul, South Korea, using dense near-field 
seismic observations acquired from a local seismic network. Detailed analyses of seismic waveforms, source 
characteristics, and spectral properties provide new insights into the dynamic failure mechanisms for sinkhole 
collapse. The seismic records reveal that the event comprised two successive major collapse phases separated 
by approximately 1.4 s, accompanied by prominent high-frequency impulsive signals. These high-frequency 
components are interpreted as small-scale brittle failures associated with cracking and fracturing within the 
collapsing ground mass. The inferred failure sequence involves an initial lateral expansion of an underground 
cavity, followed by vertical roof collapse and subsequent progressive brittle fracturing. Ambient-noise cross-
correlation analyses further show clear traveltime perturbations and modifications of Green’s functions in the 
frequency range of 0.5–4.0 Hz, indicating changes in near-surface elastic properties induced by the collapse. 
These observations demonstrate that dense near-field seismic monitoring provides a sensitive and non-invasive 
approach to resolving the dynamic evolution of sinkhole failure processes in urban environments. The results 
highlight the potential of urban seismic networks to improve the assessment of ground stability and support 
hazard mitigation strategies for sinkhole-related risks.
1. Introduction

Sinkhole formation and collapse represent a progressive geotechni-
cal failure process governed by subsurface material degradation and 
stress redistribution, capable of causing severe damage to infrastructure 
and posing significant risks to public safety, particularly in densely 
populated urban areas. Sinkholes develop through a combination of 
gravitational deformation, internal erosion, and dissolution of sub-
surface materials, triggered by natural or anthropogenic factors, and 
often culminate in sudden ground-collapse events [1,2]. Sinkhole phe-
nomena are commonly characterized by their dimensions, subsidence 
displacement, and deformation kinematics [3], and frequently result 
in the failure of buildings, roadways, and underground utilities [4–7]. 
Despite extensive observational and modeling efforts, the underlying 
mechanical processes governing sinkhole initiation and collapse remain 
insufficiently constrained.

In recent decades, anthropogenic sinkholes have become increas-
ingly prevalent in urban regions due to intensive underground de-
velopment, leakage from buried utilities, and excessive groundwater 
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withdrawal. Early detection of sinkhole formation is therefore crit-
ical to minimize potential hazards and economic losses. However, 
despite extensive studies on sinkhole mechanisms and triggering pro-
cesses [2,8], reliable real-time detection and monitoring techniques 
remain limited. A detailed understanding of the mechanical and phys-
ical processes operating during sinkhole evolution is essential for the 
development of effective monitoring and early-warning systems. In 
particular, mechanical signals generated during collapse may contain 
diagnostic information on subsurface failure processes and precursory 
deformation leading to sinkhole formation.

Sinkhole processes involve complex deformation of the surrounding 
medium and changes in subsurface mechanical properties associated 
with the creation and evolution of underground voids. Catastrophic 
collapses generate seismic waves that can be detected at local distances, 
suggesting that seismic monitoring offers a promising approach for 
identifying and characterizing sinkhole events. High-frequency surface 
waves are particularly sensitive to shallow subsurface anomalies, and 
multichannel surface-wave analysis has been successfully applied to 
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Fig. 1.  (a) Map of the Seoul metropolitan area (SMA), Seoul, sinkhole event and seismic stations. The sinkhole event occurred in the southern outskirts of Seoul. 
Seismic stations near the sinkhole site are marked by triangles. Stations used for waveform inversion and wavetrain analyses are labeled by station name. The 
inset presents the location of the sinkhole site within the Korean Peninsula. (b) Enlarged map of the area surrounding the sinkhole. The boxed region indicates 
the location of the sinkhole site. (c) Photograph of the sinkhole site. The road surface is vertically displaced downward. (d) Schematic subsurface structure of 
sinkhole site. The sinkhole event occurred on a subway construction site. Satellite maps were retrieved from Google Maps.
detect underground voids and weak zones [9]. Moreover, analyses 
of local seismic waveforms allow inference of source mechanisms for 
non-earthquake events, providing physically meaningful constraints 
on subsurface collapse processes [10–12]. Seismic observations can 
therefore be used to infer changes in near-surface stiffness, damage 
accumulation, and failure mechanisms associated with sinkhole devel-
opment. Nevertheless, urban seismic monitoring is often challenged 
by high levels of anthropogenic noise that obscure weak signals from 
small-scale collapses [13].

The Seoul metropolitan area provides a unique environment for 
investigating anthropogenic sinkhole processes (Fig.  1). A dense ur-
ban seismic network deployed in this region enables high-resolution 
monitoring of small seismic events, even under strong ambient noise 
conditions [14,15]. Unlike previous sinkhole studies that rely primarily 
on geotechnical surveys or post-collapse investigations, this study ex-
ploits near-field seismic waveforms and ambient-noise interferometry 
to directly resolve the collapse sequence, constrain the sinkhole failure 
mechanism, and quantify associated changes in near-surface mechani-
cal properties. In this study, we analyze a sinkhole event that occurred 
in Seoul using data from this dense seismic network, demonstrating 
the potential of continuous urban seismic monitoring for sinkhole 
detection, ground stability assessment, and hazard mitigation.

2. Sinkhole event and data

Seoul is the capital city of South Korea. As of 2023, the population 
of the Seoul metropolitan area exceeded 26 million. A catastrophic 
sinkhole collapse occurred in southern suburban Seoul on April 11, 
2 
2025 (Fig.  1). The sinkhole event occurred in a subway (Shinansan 
Line) tunnel construction site. A six-lane road above a subway tunnel 
under construction collapsed in a U-shape, producing a sinkhole with 
a diameter of ∼25 m (Fig.  1(c),(d)). The subway tunnel is located ∼30
m below the surface. The two-lane subway tunnel has a dimension of 
∼24 m height and ∼25 width. The length of damaged tunnel is ∼50 m.

The subway tunnel collapse occurred in a mechanically weak sub-
surface environment dominated by weathered soil and rock. The
medium above the tunnel has high water content, which leaks dur-
ing tunnel construction. The high water produces weight above the 
tunnel, making vertical pressure on the tunnel. Anomalous increases 
in deformation, accompanied by progressive crown settlement, tunnel 
cross-sectional distortion, and partial failure of internal support struc-
tures occurred prior to the sinkhole. The event is interpreted as the 
result of combined weak ground conditions and progressive instability 
during tunnel excavation.

A dense seismic network is available in the Seoul metropolitan area 
(Figs.  1(a) and 2(a)). The seismic network in the Seoul metropolitan 
area comprises 55 permanent stations and 60 temporally deployed 
stations, all equipped with broadband seismic sensors. There are 79 
stations in the region within a 50 km radius of the sinkhole site. The 
interstation distances range from 0.9 to 23.1 km. We collect seismic 
records from the stations. The surface collapse of the sinkhole was 
recorded by seismometers at local distances (Fig.  3).

We additionally collect seismic records from collocated surface and 
borehole seismometers at depths of 0 m, 300 m, and 600 m to examine 
waveform variations with sensor depth (Fig.  3(e)). The collocated 
seismometers are installed in the Earth Observatory, Yonsei University. 
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Fig. 2.  (a) Map of seismic stations in the Seoul metropolitan area and neighboring regions. The sinkhole site is marked by a circle. (b) Reference 1-D P- and
S-wave velocity models for the Seoul metropolitan area, and (c) the corresponding reference density model.
Fig. 3.  (a) Vertical seismic waveform records for the sinkhole event. The traveltime curves of major phases (P, S, Lg, Rg) are presented (solid lines). Three-
component seismic waveform records at stations (b) SNU, (c) SEO3, (d) Y021, and (e) collocated seismometers (YSI, YSI3, YSI6). The locations of stations are 
marked in the map (Fig.  1(a)). The seismic waveforms are bandpass-filtered between 0.5 and 5 Hz. The distances (𝑑) are presented. The theoretical arrival times 
of major phases are indicated (vertical solid lines). The surface-wave amplitudes in the collocated seismometers decrease with increasing sensor depth.
We also compile 1-D S-wave velocity (𝑉𝑆 ) models for 72 stations in the 
Seoul metropolitan area derived from receiver function analyses [16]. 
These models are used to construct local reference seismic velocity 
models (Fig.  2; Fig. S1 in the Supplementary Materials).

3. Methods

We conduct a long-period waveform inversion to find a source 
mechanism solution (moment tensor solution) for the sinkhole. The 
seismic source can be decomposed into three sets of moment tensors, 
representing a double couple, isotropic, and compensated linear vector 
dipole (CLVD) components [17,18]. We determine the full moment 
tensor solution using a parabolic source time function for the observed 
waveforms [18,19]. The parabolic source time function is useful for 
inversion of non-natural seismic events [20]. The parabolic source time 
3 
function, 𝑠(𝑡), is given by [18] 
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(1)

where 𝑡 is the time in seconds, and 𝑇0 is a constant that controls the 
source duration time. The synthetic waveforms are calculated using a 
normal mode summation method based on a reference 1-D velocity 
model [18,21,22]. We apply the representative 1-D velocity model for 
the Seoul metropolitan area from a receiver function analysis for the 
reference velocity model [16].

The sinkhole event may be composed of a series of subevents. 
We identify major subevents from the observed wavetrains, deter-
mining their source mechanisms individually. The full sinkhole event 
is represented by combining the individual source mechanisms. We 
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verify the full sinkhole source mechanism by comparing the synthetic 
wavetrains with the observed wavetrains. The synthetic wavetrains are 
additionally calculated using the reflectivity method, which is effec-
tively applicable to layered media [12,23–25]. The reflectivity method 
effectively considers the reflected phases and trapped waves, as well as 
direct waves, which are well observed at local distances for near-surface 
sources.

We extract the Green’s function of seismic waves traveling between 
two stations using an ambient-noise cross-correlation technique [21,22,
26,27]. Waveform cross-correlation function is given by [26,27] 

𝐶𝑖𝑗 (𝑡) =
∫ 𝑢𝑖(𝑡 + 𝜏)𝑢𝑗 (𝜏)𝑑𝜏

√

∫
[

𝑢𝑖(𝑡 + 𝜏)
]2 𝑑𝜏

√

∫
[

𝑢𝑗 (𝜏)
]2 𝑑𝜏

, (2)

where 𝑡 is the delay time, 𝐶𝑖𝑗 is the waveform cross-correlation function 
between stations 𝑖 and 𝑗, and 𝑢𝑖(𝜏) and 𝑢𝑗 (𝜏) are the waveform records 
at time 𝜏 for stations 𝑖 and 𝑗. The Green’s functions are obtained 
by stacking of noise cross-correlation functions. The stability in the 
Green’s function increases with an increasing number of ambient-noise 
cross-correlation functions. We empirically determine the number of 
stacking ambient-noise cross-correlation functions [21,22]. The num-
ber of stacked ambient-noise cross-correlation functions increases with 
frequency. The Green’s functions are compared to examine temporal 
changes in medium properties.

4. Analysis

The sinkhole event was captured by the dense seismic network in 
the Seoul metropolitan area. Seismic stations located near the sinkhole 
site are used for waveform, spectral, source-inversion, and ambient-
noise analyses. These primary stations include SNU, Y021, SEO3, YSI, 
YSI3, YSI6, Y034, Y039, Y042, and Y053 (Fig.  1(a)). The raw seis-
mic records are obtained in three components (NS, EW, and vertical 
components). The horizontal components are then rotated from the NS-
EW coordinate system into radial and tangential components using a 
standard coordinate rotation.

For the examination of waveform features, we analyze seismic 
records from all stations in the Seoul metropolitan area (Fig.  2(a)). The 
seismic waveforms are bandpass-filtered between 0.5 and 5.0 Hz (Fig. 
3). We distinguish individual subevents based on waveform character-
istics prior to conducting moment tensor inversions. We examine the 
wavetrains of the sinkhole event. The Rg wavelets, along with their 
phase velocities and spectral contents, provide important information 
about the number of individual subevents. Moment tensor inversion 
is then applied to each subevent. We finally verify the identified 
subevents by comparing the combined synthetic waveforms with the 
observed waveforms.

The source mechanism may provide insight into the sinkhole pro-
cess. We determine the source mechanism and event magnitude from 
a long-period waveform inversion. We constrain the source mechanism 
of the sinkhole event using seismic records from seven local stations: 
SEO3, SNU, Y034, Y039, Y042, Y043, and Y053 in Fig.  1(a). The 
source time function 𝑠(𝑡) for moment tensor inversion is represented 
by a parabolic function. The source duration time 𝑇0 is determined by 
searching over a range of duration constants to achieve the optimal fit 
between the observed and synthetic waveforms.

Spatially heterogeneous distributions of noise-inducing sources lead 
to anisotropic ambient seismic wavefields, causing retrieved surface 
waves to exhibit preferential propagation along specific directions [28,
29]. Anthropogenic activity in urban areas commonly generates more 
spatially uniform and isotropic high-frequency surface waves [13]. 
Such conditions facilitate the stable reconstruction of high-frequency 
Green’s functions from ambient-noise cross correlations in urban re-
gions.

We perform the interstation ambient-noise cross-correlation anal-
ysis using continuous seismic waveform records. All waveforms are 
4 
corrected for the instrument response and band-pass filtered for a fre-
quency range between 0.01 and 10 Hz. Running-absolute-mean normal-
ization and spectral whitening are applied to the waveforms to suppress 
transient signals, minimizing the influence of frequency content on 
the analysis. The crosscorrelation functions are computed for consec-
utive 2-hour-long time windows. Here, time windows including data 
gaps are excluded from the analysis. The calculated cross-correlation 
functions are then stacked over the targeted time period, yielding the 
representative Green’s function for that period.

Ambient noise varies with the time of day, day of the week, season, 
and long-term environmental conditions [29–32]. Thus, the optimal 
stacking duration should be determined empirically considering the 
characteristics of local ambient noise field (Fig. S10 in the Supplemen-
tary Materials). The required stacking duration is selected to achieve 
stable cross-correlation functions under the prevailing noise condi-
tions. High frequency noise is difficult to be stabilized from stacking 
process (Fig. S11 in the Supplementary Materials). Thus, the high 
frequency data require stacking over more days (see the Supplementary 
Materials).

The stacked ambient-noise cross-correlation functions yield em-
pirical Green’s functions that correspond to wavetrains composed of 
wavelets traveling between stations. The amplitudes of wavelets are 
strongly affected non-ideal factors such as the distribution of ambient-
noise sources, temporal variations in source strength, and waveform 
preprocessing procedures. Thus, these waveforms are regarded as re-
liable primarily for their phase information including traveltimes, dis-
persion characteristics, and relative waveform shapes. The waveforms 
are presented as normalized wavetrains without indication of absolute 
amplitudes.

The reference 1-D shear-wave velocity (𝑉𝑆 ) model is constructed 
by averaging the collected 1-D S-wave velocity models for 72 sta-
tions in the Seoul metropolitan area (Fig.  2). The reference P-wave 
velocity (𝑉𝑃 ) model is then determined using the reported average 
crustal 𝑉𝑃 ∕𝑉𝑆 ratio of 1.73 [16]. In addition, the reference density 
model is derived from the reference velocity model using an empirical 
relationship [16,33]. These reference 1-D 𝑉𝑃  and 𝑉𝑆 models are used 
to calculate Green’s functions and theoretical traveltime curves for the 
long-period waveform inversion and theoretical traveltime calculations.

5. Seismic waveform features

The observed wavetrains are mainly composed of major local phases 
at distances of <100 km (Fig.  3; Fig. S2 in the Supplementary Mate-
rials). We observe apparent P waves that are followed by S, crustally 
guided shear waves (Lg), and fundamental-model Rayleigh waves (Rg). 
The wavetrains suggest efficient transmission of seismic phases across 
the Seoul metropolitan area.

The P waves are strong in the radial component at near distances, 
while weak in the vertical component. The dominant P energy in the 
radial component agrees with the effective lateral energy propagation 
from shallow-focus events at short distances (Fig.  3). The P polarization 
directions are subparallel to the radial directions, presenting apparent
P energy in the radial components (Fig.  3; Fig. S3 in the Supplemen-
tary Materials). Also, the P energy is observed in various azimuths, 
suggesting azimuthally isotropic source excitation.

The surface waves (Lg, Rg) are strong events at distances less than 
5 km. The Lg phase is clear in the tangential component. The Lg
phase arrives earlier than Rg. The apparent phase velocity of Lg is 
3.32 km/s, and that of Rg is 2.95 km/s. Thus, the Rg andLg waves 
are not fully separated at local distances, presenting mixed wavetrains. 
The Rayleigh waves present elliptical retrograde particle motions in the 
vertical–radial plane (Fig.  4; Fig. S4 in the Supplementary Materials).

The phase arrivals reasonably match the theoretical traveltime 
curves based on the reference 1-D velocity model (Fig.  3). Note that the
P and S wave velocities in the reference velocity model are 5.67 km/s 
and 3.28 km/s, respectively. The traveltime agreement confirms the 
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Fig. 4. Three-component (R, T, Z) wavetrains and particle motions of Rayleigh waves (shaded parts in wavetrains) in frequencies of 0.5–3.0 Hz at stations (a) 
Y039, (b) SNU, (c) Y042, (d) Y043, (e) Y053, and (f) Y045. The locations of stations are marked in Fig.  1(a). The distances (𝑑) are indicated. The Rayleigh waves 
are polarized in the radial (R) direction, presenting retrograde elliptical particle motions on the R-Z plane.
origin time and location of the sinkhole event. The P energy is relatively 
strong in the radial component at short distances, <10 km. By contrast, 
the P is relatively weak in the vertical and tangential components. At 
larger distances (>10 km), the P energy in the radial component is 
low in amplitude due to the influence of heterogeneous media near the 
surface during its lateral propagation.

We determine the energy polarization of surface waves (Fig.  4). 
The seismic-wave energy dominantly appears in the radial component 
relative to the tangential component due to the preferential devel-
opment of Rg. The Rg waves are strong in both vertical and radial 
components (Fig.  4). The Rg phase presents the characteristic retro-
grade particle motions on the vertical plane (Fig.  4). The decreasing 
5 
phase amplitudes with increasing sensor depth in the radial and vertical 
components of the co-located stations verify the Rg phase (Fig.  3(e)). 
We observe Lg waves in the tangential component, with site-to-site vari-
ations (Fig.  3). The site-dependent Lg development may be associated 
with local crustal heterogeneities. The strong Rg and weak Lg suggest 
azimuthally-isotropic energy radiation with weak SH energy.

The waveforms of major phases at similar distances are similar, 
varying little with azimuth (Fig.  3). The observation suggests nearly 
azimuthally homogeneous energy radiation from the source, imply-
ing source activation of a minor double-couple component and major 
non-double-couple (i.e., compensated linear vector dipole (CLVD) or 
isotropic) component. The weak double-couple component suggests 
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Fig. 5. Long-period waveform inversions for two major events. The comparison between synthetic and observed waveforms in (a) vertical (Z) and (b) radial 
(R) components. The locations of stations are marked in Fig.  1(a). The focal mechanism solutions are presented with seismic moments and moment magnitudes. 
The parabolic source time functions for the two major events are presented separately. The synthetic waveforms match well with the observed waveforms. The 
constant time lapse (1.4 s) between two Rg wavelets supports the occurrence of two events. The second major event occurs successively after the first event.
that the source may be hardly related to shear faulting (i.e, natu-
ral earthquake). The azimuthally homogeneous waveforms and strong 
surface waves may support effective vertical shallow mass movement 
along with azimuthally homogeneous energy radiation, which may be 
expected during the sinkhole event.

6. Multiple major events

We analyze the waveforms at three co-located sensors (YSI, YSI3, 
YSI6) with vertical separation located 18.33 km from the sinkhole (Fig. 
1(a)). The arrival times of body waves are synchronized among the 
seismometers (Fig.  3(e)). However, we find characteristic waveform 
changes among the sensors at different depths (Fig.  3). The amplitude 
of surface waves in the radial component appears to decrease with in-
creasing station depth. By contrast, the surface-wave amplitude changes 
are minimal in the vertical component. The effective amplitude change 
in the radial component suggests that the waveforms are composed of 
Rayleigh wavetrains.

We observe two consecutive Rg wavelets with similar apparent 
phase velocities, maintaining a nearly constant time separation of 
approximately 1.4 s across stations (Fig.  5). These two Rg phases 
exhibit different spectral characteristics (Fig.  6). The later Rg presents 
relatively high frequency content, while the earlier Rg phase displays 
relatively low frequency content. This feature indicates that these Rg
wavelets are not part of a single dispersive wave packet but are more 
likely generated by two successive source processes. The long-duration 
nondispersive Rg wavelets may be interpreted as a set of successive 
multiple events at the sinkhole site. This observation suggests that such 
a feature can occur when a series of single events occurs in the same 
source location. We thus invert the two wavelets independently.

7. Source mechanism inversion

The two Rg wavelets with the same phase velocities suggest the 
successive occurrence of two different events during the sinkhole (Fig. 
5). We determine the source mechanisms of two events. The waveform 
inversions are conducted for the two events independently considering 
the frequency contents of wavelets. We first conduct the waveform in-
version for the later major event (the larger event). We use a parabolic 
6 
source time function with a duration constant (𝑇0) of 0.2 s. The seismic 
moment tensor for the later event is given as (Fig.  5) 

𝐌 = 𝑀0 ×
⎛

⎜

⎜

⎝

0.863 −0.108 −0.230
−0.108 0.645 −0.560
−0.230 −0.560 −0.284

⎞

⎟

⎟

⎠

, (3)

where the seismic moment is 𝑀0 = 2.80 × 1011 N m and the magnitude 
is 𝑀𝑊  1.54. The synthetic waveforms match the observed waveforms 
reasonably well. The event origin time for the later event is determined 
to be 06:10:57.9 on April 11, 2025 (UTC). The source mechanism 
suggests lateral expansion with vertical compression (Fig. S5 in the 
Supplementary Materials).

We then find the source mechanism parameters for the earlier major 
event (the smaller event). We apply a parabolic source time function 
with a duration constant (𝑇0) of 0.3 s (Fig.  5). The seismic moment 
tensor for the earlier waveforms is given by 

𝐌 = 𝑀0 ×
⎛

⎜

⎜

⎝

0.907 −0.087 −0.163
−0.087 0.922 −0.276
−0.163 −0.276 0.326

⎞

⎟

⎟

⎠

. (4)

Here the seismic moment is 𝑀0 = 2.08 × 1011 N m, and the magnitude 
is 𝑀𝑊  1.47. The event presents dominant volumetric expansion. The 
two events present dominant lateral expansion, with a possible differ-
ence in vertical deformation. The two events are separated by ∼1.4 s, 
which is clearly observed in the wavetrains among the stations (Fig. 
5). Additionally, the two events present a characteristic difference in 
frequency content. The synthetic waveforms from the two source mech-
anisms match reasonably with the observed individual waveforms. The 
observed 𝑇0 values (0.3 s for the earlier event and 0.2 s for the later 
event) are consistent with the durations of the observed Rg wavelets.

We first calculate the synthetic waveforms for the source mech-
anisms of the two major events using the normal-mode summation 
method. We then combine the wavetrains to produce the full wave-
trains for the sinkhole event (Fig.  7). The combined synthetics reason-
ably reproduce the observed wavetrains, and the waveform comparison 
verifies the successive occurrence of the two events and their source 
mechanisms. These observations suggest two successive collapse pro-
cesses. We crosscheck the wavetrains using the reflectivity method, 
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Fig. 6. Three-component spectrograms of wavetrains at stations (a) Y039, (b) SNU, (c) SEO3, and (d) Y021. The distances (𝑑) are indicated. The arrival times 
of major phases are marked (vertical solid lines). Impulsive signals (I1, I2, ⋯, I𝑛) are observed, overlapping with major phases in the spectrograms.

Fig. 7. Modeling of seismic waveforms based on a normal-mode summation method for two successive events at stations (a) Y039, (b) Y042, (c) YO53, and 
(d) Y034. The distances (𝑑) are indicated. The waveforms are bandpass-filtered between 0.5–5.0 Hz. The synthetic waveforms agree well with the observed 
waveforms.
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Fig. 8. Modeling of seismic waveforms based on a reflectivity method for two successive events at stations (a) Y039, (b) Y042, (c) YO53, and (d) Y034. The 
distances (𝑑) are indicated. The waveforms are bandpass-filtered between 0.5–5.0 Hz. The synthetic waveforms generally agree with the observed waveforms.
which is effective for waveform synthesis in a layered medium (Fig. 
8). The synthetic wavetrains match well with the observed wavetrains, 
supporting the phase identification.

We further examine the possible representation of the wavetrains 
using a single source with a long-duration source-time function that 
combines the major events. We search for the best-fit source duration 
time to produce the best-fit wavetrains. The best-fit time interval 
between the two major events is 1.3 s, which is close to 1.4 s, the 
time interval inferred from the long-period waveform inversions. We 
find that the vertical and radial synthetic waveforms reasonably match 
the observed waveforms. The waveform simulation based on a single 
event with a long-duration source time function produces similar results 
to those based on two separate independent sources. This observation 
suggests that the two major events may constitute a successive process 
of a single complex sinkhole event.

8. Stability tests of moment tensor inversions

We examine the stability of long-period waveform inversion results 
with respect to station selection. We repeatedly perform moment tensor 
inversions while excluding one station at a time from the full station set, 
keeping the source location, filtering band, time window, source-time 
function, and reference velocity model fixed. The results consistently 
reproduce the main source characteristics. The earlier event is char-
acterized by vertical compression accompanied by lateral expansion, 
whereas the later major event is characterized by volumetric expansion. 
These features suggest that the sinkhole formed through a series of 
consecutive events.

We also examine the sensitivity of the inversion results to the 
adopted 1-D velocity models (Fig.  9). The inversions are repeated using 
the global average 1-D velocity model ak135 [34]. We further test 
perturbed models with velocity variations of ±3 % relative to the 
reference model (Fig.  9(a)–(c)). For the larger event (the later major 
event), the global average and perturbed velocity models consistently 
reproduce the dominant source characteristics, with only minor vari-
ations in component amplitudes (Fig.  9(e)–(g)). All inversion results 
indicate vertical compression accompanied by lateral expansion and 
volumetric expansion.
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We further assess the stability of the inversion results by excluding 
individual stations (SEO3, Y042, Y043, and Y053). The inversion results 
remain consistent for all cases (Fig.  9(h)–(k)). Finally, we conduct the 
same tests for the smaller event (the earlier major event). All results 
consistently present volumetric expansion. These observations support 
the robustness of the main source interpretation.

9. Minor associate events

The spectral contents may reflect the source physics. We infer addi-
tional source properties from the spectral contents of the waveforms at 
stations in short distances (<20 km) (Fig.  6). The constitutive energy 
is dominant at frequencies of <5 Hz, and it is similar among the three 
components. The surface waves are strong in frequencies at <2 Hz, and 
mild in frequencies at 2–5 Hz. The spectra of the surface waves present 
a dispersive feature (Fig.  6).

We find a series of impulsive energy at 3–15 Hz that appears in the 
surface-wave wavetrains at both permanent and temporally-deployed 
stations (I1, I2, ⋯, I𝑛 in Fig.  6). The impulsive energy is particularly 
strong at short distances (<20 km). The impulsive energy is strong up 
to 15 Hz, which is higher than the spectral contents of the apparent 
seismic phases of the sinkhole event. We observe impulsive energy 
continuing even after the surface waves. Furthermore, we consistently 
observe impulsive energy within common seismic phases at different 
stations, supporting the conclusion that they share the same origin.

The impulsive energy is apparent in the surface-wave wavetrains, 
while it is weak in the body-wave phases. The inconsistent appearance 
of impulsive energy among three components (𝑅, 𝑇 , 𝑍) and its consis-
tent appearance in common phases at different stations suggest that the 
energy is delivered with the seismic phases. The impulsive energy may 
represent successive minor collapses (such as mass drops) that occur 
during and after the catastrophic main collapse.

10. Sinkhole formation process

The waveform and spectral analyses suggest that the sinkhole event 
is comprised of two successive major collapses and minor associated 
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Fig. 9.  Collections of (a) P-wave velocity (𝑉𝑃 ) models, (b) S-wave velocity (𝑉𝑆 ) models, and (c) density models. Sensitivity tests of long-period waveform 
inversion for seismic velocity models using (d) the reference velocity model, (e) the global average 1-D velocity model ak135, (f) a 3% faster model, and (g) 
a 3% slower model relative to the reference velocity model. Leave-one-station-out tests excluding stations (h) SEO3, (i) Y042, (j) Y043, and (k) Y053. All tests 
yield consistent source mechanisms, supporting the stability of the inversion results.
 

events. The observed source mechanisms provide information on the 
physical mass movement during the sinkhole event. The two linked suc-
cessive major collapses enable us to understand the sinkhole process. 
The source mechanisms suggest two stages of collapses: an initial lateral 
expansion (first collapse stage) followed by a subsequent vertical col-
lapse with lateral expansion (second collapse stage). This observation 
suggests that initial lateral tunnel expansion induced successive vertical 
collapse and additional lateral expansion (Fig.  10).

The source mechanism indicates sudden mass collapse with suc-
cessive or coincident lateral mass movement. The source mechanism 
solutions and wavetrains suggest lateral expansion sustained for 1.3 s. 
Eventually, the surface load (e.g., cemented cover) collapsed into the 
void space beneath the surface. The collapse produces vertical com-
pression and further lateral expansion. The proposed source mechanism 
is consistent with the reported internal collapse characteristics and 
the resulting surface deformation. The inferred source process suggests 
that the collapse generated vertical surface subsidence accompanied by 
progressive outward failure around the excavation zone (Fig.  10). Also, 
the tunnel collapse was associated with outward structural deformation 
and related mass movement.

The spectral contents suggest the constituent mechanical activity 
during the sinkhole process. The low-frequency energy suggests the 
entire duration of the sinkhole process. Multiple impulsive energy 
(spectral streaks) may indicate a series of small-scale subsurface col-
lapses or fracturing that may be associated with the main collapse. In 
particular, the observed major and minor events may be associated with 
9 
brittle medium deformation (collapse) and suffosion with downward 
mass movement in subsurface voids [2]. Thus, the observed sink-
hole wavetrains may be the combined result of vertical surface-layer 
collapse and associated subsurface brittle medium deformation.

It is noteworthy that we observe mild energy in the tangential 
components. The tangential-component energy suggests laterally in-
homogeneous energy radiation that may be associated with vertically 
tilted mass movement and laterally anisotropic energy excitation. Ad-
ditionally, laterally heterogeneous media may also contribute to the 
development of the tangential-component energy.

11. Near-surface damage and velocity perturbations

Sinkholes may cause medium perturbations. The strength of medium
perturbations may depend on the size of the sinkhole, which may 
be reflected in the event magnitude. Green’s functions are sensitive 
to variations in medium properties. We estimate seismic traveltime 
and phase variations in Green’s functions retrieved from ambient-
noise cross-correlation functions for paths crossing the sinkhole site. 
High-frequency Rayleigh waves are particularly sensitive to changes in 
shallow subsurface structures (Figs. S6 and S7 in the Supplementary 
Materials).

Stable estimation of changes in medium properties requires ap-
propriate selection of the frequency band based on wavelength and 
depth sensitivity. We analyze ambient-noise cross-correlation functions 
in the 0.5–1.0 Hz, 1.0–2.0 Hz, and 2.0–4.0 Hz frequency bands (Fig. 
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Fig. 10.  Schematic model of sinkhole sequence: (a) crack and hole formation 
before the sinkhole event, (b) the internal-medium collapse for 1.4 s (first 
collapse stage), and (c) subsequent surface collapse (second collapse stage) and 
sinkhole formation. The first procedure excites seismic waves for a volumetric 
expansion source. The second procedure forms a vertical compression source 
with lateral expansion.

11). Stable Green’s functions are retrieved from the stacked ambient-
noise cross-correlation functions (Figs. S8 and S9 in the Supplementary 
Materials).

We examine temporal variations in the daily Green’s functions (Fig. 
12). Daily stacking is applied to the 0.5–1.0 Hz frequency band, while 
7-day stacking is employed for the 1.0–2.0 Hz and 2.0–4.0 Hz frequency 
bands (Figs. S12 and S13 in the Supplementary Materials). Stable 
Green’s functions are observed in the 0.5–1.0 Hz frequency band along 
all paths in the NE-SW and NW-SE directions. Similar Green’s functions 
are identified for paths with comparable orientations, including Y039-
Y034 and SEO3-Y034 along the NE-SW direction, and Y032-Y042 and 
Y032-Y047 along the NW-SE direction.

The daily Green’s functions exhibit stable phase velocities, consis-
tent wavelet shapes, and nearly constant travel times over most of 
the observation period before the sinkhole event (Fig.  12). Noticeable 
abrupt waveform distortions and travel-time perturbations are consis-
tently observed across all analyzed frequency bands around the day 
of the sinkhole event. These variations are particularly pronounced at 
higher frequencies, reflecting the greater sensitivity of high-frequency 
surface waves to shallow subsurface structural changes. These obser-
vations suggest that temporal changes in the Green’s functions can be 
evaluated using different empirical threshold levels.
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Changes in waveform, wavelet composition, and phase are inter-
preted as temporal variations in the Green’s functions. We observe 
apparent changes in Green’s functions over the sinkhole event day 
(A, A’, B, B’, C, and C’ in Fig.  12). The highlighted portions of the 
Green’s functions exhibit pronounced temporal changes during the 
days surrounding the sinkhole event. The observations suggest that the 
sinkhole incorporates noticeable changes in medium properties.

The Green’s functions in the 1.0–2.0 Hz and 2.0–4.0 Hz frequency 
bands are weakly reconstructed from 7-day ambient-noise cross cor-
relations. We find mild changes in the Green’s functions over the 
sinkhole event day in 1.0–2.0 Hz and 2.0–4.0 Hz (Figs. S12 and S13 
in the Supplementary Materials). The observed features suggest that 
ambient-noise cross-correlation functions can be used to detect changes 
in medium properties caused by sinkholes.

12. Discussion and conclusions

The seismic analysis of the 11 April 2025 sinkhole event in the 
southern suburbs of Seoul provides new insights into the dynamic 
mechanical processes governing anthropogenic sinkhole formation in 
urban environments. The dense near-field seismic network enabled 
high-fidelity resolution of waveform characteristics and source mech-
anisms, allowing the temporal evolution and dynamic behavior of the 
collapse sequence to be examined in unprecedented detail.

Seismic waveform and spectral analyses indicate that the sinkhole 
collapse consisted of two distinct sub-events separated by approxi-
mately 1.4 s. The first sub-event is interpreted as the lateral expansion 
of a pre-existing underground cavity, likely driven by tunnel deforma-
tion or progressive void enlargement. The second sub-event represents 
vertical roof collapse, reflecting the ultimate gravitational failure of the 
overlying ground materials. This two-stage collapse sequence suggests 
that sinkhole formation is controlled by progressive subsurface weak-
ening and stress redistribution, followed by abrupt structural failure. 
Such behavior is consistent with previously proposed progressive sink-
hole development models, in which gradual cavity growth precedes 
catastrophic collapse [2,8].

High-frequency impulsive seismic signals accompanying the two 
major collapse phases are interpreted as small-scale brittle failures 
associated with cracking and fracturing of the surrounding materials. 
These signals likely reflect localized stress concentrations and dam-
age accumulation during both cavity expansion and roof collapse. 
The occurrence of multiple minor seismic bursts indicates that sink-
hole collapse is not an instantaneous process but rather a complex 
failure sequence involving both large-scale structural collapse and dis-
tributed brittle damage. This finding underscores the importance of 
high-resolution near-field seismic monitoring for capturing secondary 
and precursory failure processes that may not be observable through 
conventional geotechnical investigations.

Ambient-noise cross-correlation analyses reveal measurable post-
collapse modifications in Green’s functions, particularly within the 
0.5–4.0 Hz frequency range. These temporal changes indicate alter-
ations in near-surface elastic properties, likely associated with stiffness 
reduction and damage accumulation induced by cavity growth and 
collapse. The observed frequency-dependent sensitivity highlights the 
effectiveness of high-frequency surface waves for detecting shallow 
subsurface perturbations, demonstrating that continuous ambient-noise 
monitoring provides a viable, non-invasive tool for tracking subsurface 
property changes related to sinkhole development in urban settings.

Overall, this study demonstrates the effectiveness of dense urban 
seismic networks in characterizing sinkhole failure mechanisms and 
monitoring subsurface cavity evolution. The integration of seismic 
waveform analysis, source mechanism interpretation, and ambient-
noise interferometry provides a robust framework for resolving both the 
dynamic collapse process and associated changes in ground properties. 
Such an approach has significant potential to enhance ground stability 
assessment and hazard mitigation strategies in densely populated urban 
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Fig. 11. (a) Map of interstation paths across the sinkhole site, and stacked ambient-noise crosscorrelation functions for interstation paths (b) Y032-Y042 in 
frequencies of 0.5–1.0 Hz, (c) Y032-Y047 in 0.5–1.0 Hz, (d) Y032-Y042 in 2.0–4.0 Hz, (e) Y032-Y042 in 2.0–4.0 Hz, and (f) Y032-Y042 in 2.0–4.0 Hz. The 
time periods for crosscorrelation function stacking are indicated. The stacked ambient-noise cross-correlation functions yield wavetrains composed of wavelets 
traveling between stations. The amplitudes do not have absolute physical values. The Green’s functions for the interstation paths are retrieved stably.
areas, where anthropogenic sinkholes pose increasing risks to public 
safety and critical infrastructure.

The identified two-stage failure mechanism comprising lateral cav-
ity expansion, vertical roof collapse, and distributed brittle damage rep-
resents a fundamental process governing anthropogenic sinkhole col-
lapse in urban environments. The results further demonstrate that seis-
mic properties are directly linked to subsurface mechanical degrada-
tion, including stiffness reduction and damage accumulation. This link-
age provides a transferable framework for incorporating seismic moni-
toring into ground stability assessment and sinkhole hazard mitigation 
practices.
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Fig. 12. Daily variation of 1-day-stacked ambient-noise crosscorrelation functions in frequencies of 0.5–1.0 Hz: (a) map of interstation paths in NE-SW, and results 
for paths (b) Y039-Y034 and (c) SEO3-Y034, and (d) map of interstation paths in NW-SE, and results for paths (e) Y032-Y042, and (f) Y032-Y047. Crosscorrelation 
functions for one day are stacked. Stable Green’s functions are retrieved. The timing of sinkhole event is indicated (dotted line). Apparent discontinuity in daily 
Green’s functions occurs over the sinkhole occurrence date (A, A’, B, B’, C, C’).
Data availability

Data will be made available on request.
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