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Abstract: A short-term rapid subsidence event occurred in the Bi Guiyuan community in Balitai
Town, Tianjin City, leading to the tilting of high-rise buildings and the emergency evacuation of
over 3000 residents. In response to this incident, INSAR (Interferometric Synthetic Aperture Radar)
technology was swiftly employed to monitor the subsidence in the area before and after the event.
Our observations indicate that the region had maintained stability for 8 months prior to the incident.
However, over the course of the 15-day event, the ground experienced more than 10mm of subsidence.
By integrating the findings from an InSAR analysis with geological studies, we speculate that the
rapid subsidence in the region is related to the extraction of geothermal resources. It is suspected
that during drilling operations, the wellbore mistakenly penetrated a massive underground karst
cavity. Consequently, this resulted in a sudden rapid leakage of drilling fluid, creating a pressure
differential that caused the overlying soil layers to collapse and rapidly sink into the cavity. As a
result, short-term rapid subsidence on the ground surface and tilting of high-rise buildings occurred.
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1. Introduction

Ground subsidence is a common geohazard characterized by long formation periods
and wide distribution. According to existing research, more than 19% of the population in
over 1600 major cities worldwide is directly or indirectly affected by ground subsidence [1].
In China, the three main regions experiencing ground subsidence are the Yangtze River
Delta, North China Plain, and Fenwei Plain [2]. Urban subsidence is influenced by both
natural and anthropogenic factors. Natural factors include consolidation of soft soils and
karst collapses, while anthropogenic factors include the construction of subway lines and
groundwater extraction, among others. Unless in extreme cases, urban ground subsidence
usually develops slowly. However, it has a very strong destructive impact, such as struc-
tural damage to buildings; damage to underground pipelines and facilities; and the sinking
of the ground, which can lead to the failure of drainage systems or obstruction of water
flow, increasing the risk of flooding in cities. In this case, regular monitoring of ground sub-
sidence is crucial, allowing relevant authorities to analyze triggering factors and implement
protective measures based on the severity of the issue [3,4]. Although ground surveys such
as GPS or leveling can provide reliable measurements for monitoring ground subsidence,
these methods lack timeliness and typically involve point-based monitoring. They cannot
cover a large area precisely. Interferometric Synthetic Aperture Radar (InSAR) is a powerful
tool for monitoring surface deformation, with an accuracy of up to millimeters. With the
rapid development of SAR (Synthetic Aperture Radar) satellite systems in recent years,
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a vast amount of data have become available for use. The advantages of SAR data, such
as wide coverage, relatively stable revisiting periods, and high precision, make InNSAR
technology a cost-effective and efficient means of monitoring surface deformation.

On the evening of 31 May 2023, a rare and sudden local ground subsidence event
occurred in Balitai Town, Jinnan District, Tianjin City. This incident resulted in severe
cracking and tilting of buildings, along with visible cracks on roads in the community
and its surrounding areas. Over 3000 residents were urgently evacuated to safe zones. To
investigate the sudden subsidence event, this study utilized time-series INSAR technology to
reveal the sudden subsidence characteristics and combined existing geological information
to infer its triggering cause. The result shows that the area was stable before 25 May,
followed by rapid subsidence between 25 May and 15 June, with a maximum subsidence
of over 10 mm. Through our analysis, we believe that the event was caused by improper
geothermal well drilling, leading to the penetration of a large karst cavity (geological void)
and the occurrence of well leakage. The drilling fluid and overlying soil layers infiltrated
into the cavity, resulting in instability of the upper ground layers, thereby triggering rapid
subsidence and tilting of buildings. This study aims to provide a preliminary report and
inference regarding the cause of this event.

2. Study Area

Tianjin is one of the four direct-controlled municipalities in China, with a population
of nearly 16 million. Based on a review of the existing literature, it was found that Tianjin is
a city severely affected by subsidence. In order to meet the demands of population growth
and economic development, the city has experienced excessive groundwater extraction [5].
Leveling surveys have demonstrated that the maximum subsidence rate in the area has
exceeded 80 mm/year between 1992 and 2008 [6]. Another study indicated that the maxi-
mum cumulative subsidence in Tianjin from 1959 to 2008 reached 3.22 m [7]. Following the
recognition of subsidence as a significant issue, the government implemented measures
such as diverting water from the Luan River into the city and restricting groundwater
extraction to control the subsidence rate in the urban area. Additionally, Tianjin possesses
abundant geothermal resources and is one of the first cities in the country to utilize geother-
mal energy for heating. There are more than 390 geothermal wells throughout the city [8].
Improper scale and methods of extracting geothermal resources can potentially lead to
subsidence issues [9,10]. The incident area is located in the southern part of Tianjin City, as
illustrated in Figure 1a, and it is a newly developed district. This region is rich in abun-
dant geothermal energy, and Tianjin City has a significant history of geothermal energy
extraction. Interestingly, the incident area coincides directly above Geothermal Field No.
52, as depicted in Figure 1b [11]. According to available data, this area was approved for
geothermal energy development at the end of 2022 and construction began in April-May
of this year.
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Figure 1. Research Area map. Map of Tianjin is shown in (a) and the red dot in Jinnan District
represents the specific location of the event. The Red polygon in (b) is the boundary of the district
where the sudden subsidence occurred, and the green rectangle is the boundary of Geothermal Field
No. 52. Field investigation is depicted in (c), showing the damage caused by the event. Photograph
credits: China Central Television (CCTV).

3. InSAR Time-Series Analysis and Results

This study utilized the SBAS-InSAR time-series analysis method to conduct a detailed
analysis of the study area [12]. We used 24 images from the Sentinel-1 satellites operating
in C-band with a wavelength of 5.55 cm, spanning from 15 September 2022 to 18 June 2023.
Each image was combined with others within a 400 m perpendicular baseline and a 90-day
temporal baseline to form five interferometric pairs. Figure 2 depicts the interferoram
network adopted for the processing. The interferograms were downsampled by a factor
of 5 in the range direction and 1 in the azimuth direction, generating ground pixels of
approximately 20 m x 20 m. Precise orbit data from ASF were utilized for Earth plane phase
correction. The SRTM DEM was employed for computing and removing the topographic
phase as well as geocoding the interferograms. To reduce noise, a GAMMA adaptive power
spectral filter with an as value of 0.4 was used for spatial filtering. The two-dimensional
phase was unwrapped using the statistical cost flow method in the SNAPHU software.
During the phase unwrapping process, regions with low coherence in the interferograms
(estimated coherence less than 0.5 based on the filtered interferogram) were masked as
decorrelated areas. To mitigate atmospheric contributions to displacement signals, the
iterative troposphere decomposition model implemented in the Generic Atmospheric
Correction Online Service for INSAR (GACOS) was applied [13,14]. The time-series analysis
was conducted using LiCSBAS [15].

Figure 3a shows the cumulative deformation map of the study area. Based on the
derived settlement map, significant settlement has been detected in three high-rise buildings
i.e., Buildings 37, 38, and 39, and the villa area at the center of the residential community.
These three high-rise buildings were the first to exhibit tilting and were evacuated. On
the right side of these three buildings is the drilling site for the geothermal wells, which
is also the area with the highest settlement magnitude in the entire settlement chart. The
maximum short-term settlement exceeded 10 mm. An analysis of the time-series curves
in these three areas reveals that the region was stable before 23 May. However, in the two
observations obtained after 23 May, rapid deformation was detected, consistent with the
news reports.
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Figure 2. Graph of the temporal network used for InNSAR time-series analysis. Red line marks the
time of the sudden ground subsidence event.
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Figure 3. Cumulative subsidence map of research area. The three different colored triangles in (a) are
the three reference points extracted, and their time series are represented by the same color in (b).
The blue shaded area in (b) is noted as the event period.

4. Discussion

We discovered that the subsidence occurred directly above Geothermal Field No.
52, which is designated for geothermal energy extraction. The reservoir formation for
geothermal energy is the Wumishan Formation of the Jixian Series. The top of the reservoir
is approximately 3000 m deep, with a thickness of 600 m [11]. This indicates that the area
has to be drilled down more than 3000 m using drilling methods to extract geothermal
resources. According to the INSAR monitoring results, the area was relatively stable until
23 May 2023, with no significant subsidence observed. However, in the two images captured
after 23 May;, a rapid deformation of over 10 mm was detected.

This short-term rapid deformation characteristic is consistent with the occurrence
of well leakage in underground drilling. During the drilling process, fractures and karst
caves formed by groundwater dissolution in sedimentary carbonate rock layers such as
the Ordovician, Cambrian, and Jixian formations allow the passage and storage of drilling
fluids. If a void similar to a cavity is encountered during drilling, the drilling fluids may
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leak out completely in a short period of time, resulting in an extensive and rapid subsidence
at the ground surface [16].

Existing studies have indicated that wellbore leakage commonly occurs in the lime-
stone karst formations of the Ordovician and Cambrian, as well as in the dolomite forma-
tions of the Jixian Formation during geothermal drilling in Tianjin. For instance, in Well
DL-76, leakage occurred when drilling reached the Changping Formation of the Cambrian.
To address this issue, three leak plugging operations were conducted at a depth of 1654 m
underground, utilizing a total of 17 tons of cement and 240 cubic meters of grout for
successful sealing. Similarly, in Well DL-81, leakage was observed at a depth of 1959 m
underground, and it required the use of 17 tons of cement for plugging [16].

Therefore, it was speculated that the cause of the rapid ground subsidence in this
case may be similar. During the geothermal drilling in Block 52, drilling penetrated into
carbonate rock layers where large karst cavities (geological voids) formed due to water
erosion [17]. This resulted in the rapid leakage of drilling fluid into the cavities, which,
in turn, caused the overlying sand layers to be flushed into the karst cavities under the
pressure differential. The process is shown schematically in Figure 4.

According to Chinese regulations, the foundation depth for high-rise buildings should
be no less than 1/6 of the building’s height. Based on this calculation, the foundation
depth for a 30-story building experiencing tilting should be around 10-15 m [18]. In
Tianjin, the soil cover exceeds 100 m and consists of a mixture of terrestrial and marine
sediments [19-21] (as shown in the Figure 4). Therefore, the foundation does not reach the
bedrock. The leakage from the underground layers caused the loosening of the foundation
soil, resulting in the tilting of the building.

Additionally, karst formations have strong connectivity, and if attempts are made to
replenish drilling fluids or seal the leaks, a significant amount of cement slurry may be
required to completely fill them and to achieve a reduction in subsidence. Until now, the
subsidence continues.
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Figure 4. A simplified Geological profile of Tianjin and and schematic diagram of wellbore
leakage process.
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5. Conclusions

This study utilizes Sentinel-1 data to detect the sudden ground subsidence that re-
cently occurred in the Bi’guiyuan residential area of Balitai Town, Jinnan District, Tianjin
City. It reveals the spatiotemporal characteristics of this rapid subsidence and provides
a preliminary analysis of its causes. It is speculated that the incident is due to improper
drilling operations for geothermal wells, which penetrated a large karst cave (geological
cavity) layer, leading to well leakage. The drilling fluid rapidly leaked into the cavity,
causing the overlying sandy soil layers to also collapse into the cave under the pressure
differential. This resulted in the occurrence of rapid subsidence. This study only provides
an initial exploration and analysis of the subsidence patterns and movements. However,
due to the complex geological structure, not all underground movements (such as well leak-
age or other soil layers entering the cave) can be directly observed as surface deformation
through InSAR. Therefore, further in-depth inversion studies of the geological structure in
the area are still needed. Apart from this, currently, there is no evidence to suggest that the
subsidence has completely ceased. Long-term monitoring of the area is still necessary to
analyze the stability and safety of the buildings.
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