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Abstract  Land subsidence is the gradual or sudden 
dropping of the ground surface developed by increas-
ing the total stress. Most studies have discussed the 
relationship between land subsidence with ground-
water level. However, there is a lack of discussion on 
groundwater environmental changes after occurring 
land subsidence. This study aimed to evaluate the 
hydrogeological and water chemistry characteristics of 
construction sites with land subsidence. Land subsid-
ence in the Yangyang coastal area occurred suddenly 
on August 3, 2022, when the retaining wall of the con-
struction collapsed. The groundwater level was meas-
ured three times, and water samples were collected 

twice between August 5, 2022, and September 5, 2022, 
for laboratory analysis. After land subsidence occurred, 
the average groundwater level was − 19.91  m ground 
level (GL) on August 9, 2022, and finally decreased 
to − 19.21 m GL on September 05, 2022. The ground-
water levels surrounding the construction site gradu-
ally increased for a month. The electrical conductivity 
value measured at the monitoring wells ranged from 
89 to 7800 μS/cm, and four wells exceeded the meas-
urement limit near the groundwater leaked points. 
The highest mixing ratio of leaked water samples, col-
lected on August 9, 2022, was 27.6%. Furthermore, the 
fresh groundwater-saltwater interface depth was esti-
mated to be above the construction bottom. Although 
groundwater levels recovered, the groundwater qual-
ity continuously is affected by saltwater. This finding 
could contribute to understanding the hydrogeological 
characteristics surrounding construction sites with land 
subsidence and provide insight into the hydrochemical 
evolution process during declined groundwater levels 
in coastal aquifers.

Keywords  Land subsidence · Coastal aquifer · 
Groundwater level · Hydrochemistry · Republic of 
Korea

Introduction

Land subsidence (LS) is the gradual or sudden sink-
ing of the ground surface caused by increased total 
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stress (Galloway et al., 1999). LS caused by changes 
in the underground environment has been studied 
since the early twentieth century and can result from 
various factors, including increased surface load, 
groundwater pumping, drainage (Galloway et  al., 
1999; Herrera-García et al., 2021), and excavation of 
the ground surface (Galloway & Burbey, 2011; Gallo-
way et al., 2016; Guzy & Malinowska, 2020; Marfai 
& King, 2007; Orhan, 2021; Xu et al., 2008, 2012). 
Excavation causes LS to lower the groundwater level 
and causes the salinization of water resources in 
coastal areas. Generally, seawater intrusion (or salt-
water rise) can result in the salinization of domestic 
and agricultural water resources in coastal areas (Jiao 
& Post, 2019; Michael et  al., 2017). Salinization of 
groundwater and soil is a global problem because it 
reduces the amount of available water resources and 
damages agricultural crops (Jeen et al., 2021).

Urbanization and tourism development increase 
groundwater pumping (Galloway et  al., 1999), dis-
rupting the balance between freshwater and saltwater, 
accelerating the aquifer salinization (Cardona et  al., 
2004), and exacerbating the problem. In addition, 
LS significantly affects people’s lives, particularly 
in urban areas, where it can lead to the collapse of 
buildings and frequent flooding in low-lying regions 
(Shirzaei et al., 2021). Once LS occurs, it is not nat-
urally recoverable and can be costly to restore (Gal-
loway et al., 1999; Phien-wej et al., 2006). In recent 
years, the underground environment in urban areas 
has been greatly impacted by building construction. 
Consequently, many countries have faced LS hazards 
from urbanization since the twentieth century. LS in 
urban areas can significantly damage human lives and 
assets.

In East Asia, LS is commonly reported in uncon-
solidated sediments comprising fine grains, which 
are typically located near streams, lakes, and 
oceans (Bagheri-Gavkosh et  al., 2021; Yan et  al., 
2022).  Some of the countries facing such problems 
include China, Japan, and Thailand. LS occurred 
especially in coastal cities, the low-lying land of the 
plains, and basins such as Bangkok and Tianjin. In 
particular, Shanghai (located on the southern estu-
ary of the Yangtze River in eastern China and Chi-
na’s financial and commercial hub) was offered soft 
deposits from the Yangtze River, with a surface eleva-
tion of 2.2–4.5 m (Wei et  al., 2010). These deposits 
are loose with a thickness of 200–320 m (Xu et  al., 

2017). In these cases, the LS gradually occurred at a 
depth of 75 m during the 1990s through the extrac-
tion of groundwater from thick and soft deposits 
(Gong et al., 2009). In Shanghai, dewatering systems 
comprise retaining walls which are buried cutoffs 
shaped in the middle of confined aquifers. Shanghai 
LS was caused by groundwater extraction for the sta-
bilization of the soil and retaining walls. According to 
Wu et al. (2018), Tianjin (a major city in North China 
that is 137 km southeast of Beijing, located along the 
Hai River, which connects to the Yellow and Yangtze 
Rivers) has a soft soil deposit (silt, sand, silty clay, 
and clay) of quaternary sediments approximately 
100–430  m thick. The LS in Tianjin was caused by 
excessive groundwater pumping for urban construc-
tion. Wu et  al. (2018) reported that LS and various 
geohazards, such as water in-rushing, quicksand, and 
piping hazards, occur. To prevent LS, a dewatering 
block system, appropriate foundation pit construc-
tion, and dewatering are required. Excessive ground-
water extraction is the main cause of most LS, and it 
frequently occurs in thick unconsolidated sediments. 
However, most previous studies have considered the 
groundwater level before the occurrence of the LS 
(CITYN, 2020), and the surrounding groundwater 
environment after the occurrence of the LS is lacking.

LS in coastal areas can increase the risk of sea-
water intrusion into aquifers, which can exacerbate 
water quality. The outcome is a significant reduc-
tion in freshwater availability, leading to damage to 
agricultural activities and organisms. Therefore, it is 
imperative to consider seawater intrusion and LS in 
coastal management and planning to protect freshwa-
ter resources and effectively mitigate potential haz-
ards. Seawater intrusion and LS are complex issues 
requiring a comprehensive and integrated approach to 
address them. This includes geophysical and geologi-
cal factors and the social, economic, and environmen-
tal aspects of the problem to develop effective man-
agement strategies.

In recent years, there has been an increasing trend 
in high-rise buildings in coastal areas due to increased 
ocean tourism. However, research on hydrogeological 
assessments of excavations in coastal areas remains 
insufficient. This study aimed to evaluate the impact 
of excavation pits and LS in a coastal area on the 
hydrogeology of the surrounding area. The hydroge-
ology and engineering systems for waterproofing the 
construction area are described, and the effects of the 
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LS around the excavation pit on the groundwater sys-
tem are evaluated using hydrogeological and hydro-
chemical approaches.

Study area

Location and geological characteristics

The study area is Yangyang, located in the coastal 
region of the Gangwon Province in the Republic of 
Korea, 150 km east of the capital city Seoul (Fig. 1). 
The extent of Yangyang County is 629.1 km2, and the 
extent of the constructed site is 2.1 km2. In this study, 
only four of the flowed-out groundwater and fourteen 
of the groundwater level wells around the constructed 
site were considered. The geological setting of Yang-
yang comprises Precambrian metamorphic rocks 
intruded by Jurassic igneous rocks (Park et al., 1997; 
Song et al., 2011; Fig. 1a). Quaternary alluvial depos-
its are unconformably overlying the metamorphic 
rocks. The metamorphic rocks of the Precambrian 

era are complex and comprise biotite gneiss, leuco-
gneiss, and granitic gneiss, which originated from 
volcanic bodies and porphyroblastic gneiss. Meta-
morphic rocks generally contain a low biotite content; 
however, the content varies significantly in the study 
area. They exhibit a partially banded structure with 
a well-developed gneiss structure. Jurassic igneous 
intrusion rocks are referred to as Yangyang igneous 
rocks and comprise medium-textured hornblende-bio-
tite-granite that intrudes into biotite gneiss. Further-
more, Yangyang granite has significant amounts of 
alkaline-to-neutral xenoliths and an equigranular tex-
ture. Additionally, most of the study area comprises 
Quaternary alluvial deposits with an estimated thick-
ness of 17–24  m. The artificial fill has a thickness 
of 2  m in the upper part of the Quaternary alluvial 
deposits. The Quaternary alluvial fan deposits mostly 
comprise a moraine layer with a thin clay layer at a 
depth of 14–17 m. The Quaternary alluvial deposits 
are located on the top layer and are distributed in the 
coastal area and estuary of the Yangyang Namdae-
cheon, a river that flows into the coast.

Fig. 1   Location of the study area showing geological map. a Geological setting with groundwater levels (blue circles mean the refer-
ence samples of groundwater) and b sampling points and monitoring wells
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Hydrogeological characteristics

The study area is affected by a monsoon climate 
and receives rainfall originating from the East Sea. 
It typically experiences high temperatures and 
heavy rainfall between July and October. How-
ever, some regions have relatively low temperatures 
because they are located in mountainous areas. The 
annual mean air temperature in Yangyang from 
2012 to 2021 was 11.1  °C, with a mean tempera-
ture of − 3.5  °C in winter and 24.5  °C in summer. 
The annual mean precipitation is 1361.8 mm, with 
approximately 32.4 mm in winter and 317.7 mm in 
summer (http://​www.​weath​er.​rda.​go.​kr/). The high 
summer precipitation is attributed to the influence 
of the Taebaek Mountains located west of Yang-
yang (Jang et al., 2022).

The study area is characterized by groundwater 
flowing from west to east, originating from the right 
side of the Taebaek Mountains located to the west 
(Fig.  1a). Groundwater near the coast is discharged 
into the East Sea as base flow. However, the precise 
groundwater flow velocity is unknown. The ground-
water level is 2.7 m below the surface at an elevation 
of approximately 0.94 m (elevation level (EL)). The 
groundwater level in the Yangyang area is similar to 
the surface level.

Before excavation, six boreholes were drilled at 
the construction site, and a hydraulic conductivity 
test was performed in the unconfined aquifer layer 
to estimate the hydraulic conductivity. The aver-
age hydraulic conductivity was 9.02 × 10−4  cm/s, 
with the lowest and highest values occurring in 
the clay (9.87 × 10−6  cm/s) and silty sand lay-
ers (3.85 × 10−3  cm/s), respectively. Groundwater 
flow direction and velocity were measured at two 
points located in the northeast and southwest. The 
main groundwater flow directions from the inland 
mountainous region were measured to be towards 
the coastline, with a mean degree of direction of 
76.5°. The mean groundwater flow velocity was 
also measured to be 1.6 × 10−1 m/day.

The Yangyang area is adjacent to the East Sea, and 
tides can significantly affect its quality and ground-
water level. As of 2021, the tide range in this area 
was − 0.09–1.03  m. Due to the difference in tide 
range, the distance from the coast changes to an aver-
age of approximately 15  m inland from the study 

area. The coastline is located approximately 150  m 
from the location where the LS occurred.

Building construction and LS event

Building construction started on June 8, 2021, and 
will be completed on February 1, 2024. The build-
ing will have 26 floors with a height of 72.95  m. 
Below the surface, a parking lot with approxi-
mately six floors will be built. The excavation 
process consisted of 14 gradual excavation stages 
to prevent collapse. In the first stage, a wall panel 
was installed and gradually excavated. The final 
excavation depth was set at − 26.20  m EL, 2  m 
deeper than originally planned (Fig. 2). The cast in 
place (CIP) with H piles and the soil cement wall 
(SCW) were used for the retaining wall method 
and waterproof method, respectively. A wall panel 
was installed using the SCW method to increase 
the stability of the wall, and the inner wall of the 
excavation was reinforced with CIP and H beams. 
The CIP had a diameter of 600  mm, the SCW 
had a diameter of 800  mm, and the H piles were 
350 × 350 × 12 × 19 mm.

The previous survey was conducted before 
building construction (Fig.  3). But there is no 
data for the underground environment. The initial 
groundwater level was measured using ten moni-
toring wells on November 20, 2021, and four new 
wells were installed on March 08, 2022. The LS 
occurred with a size of 8 × 12 × 5 m (width, length, 
and depth) northeast of the construction site on 
August 3, 2022. The quicksand with groundwa-
ter between the fissures of the CIP collapsed at 
a depth of − 8 to − 10  m GL. The LS destroyed 
the nearest building and a water supply pipe; the 
Yangyang County controlled traffic in the neigh-
borhood. After the LS, groundwater leaked into 
the construction site, but the exact amount of dis-
charge could not be measured. Following a safety 
inspection after the LS, the authorities confirmed 
damage to the retaining wall and the infiltration 
of soil and groundwater into the construction site. 
However, water barriers were installed to prevent 
leaks into the construction site. In the case of 
the damaged water pipe after the 2nd field cam-
paign, it is expected that it blocked the water pipe 
2  h after the LS occurred and affected the initial 
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groundwater chemistry. After the installation of 
the water barrier on August 09, 2022, the LS was 
filled with sandy sediment and restored. Since it 
was impossible to collect groundwater samples, 

only the groundwater level could be measured. 
However, LS occurred after the excavation was 
completed, leading to a decrease in the groundwa-
ter level in the surrounding area.

Fig. 2   Schematic showing waterproof systems with groundwater levels (cast-in-place pile, soil cement wall, shotcrete) and geological profile

Fig. 3   Flow chart of field 
campaign about the LS 
on the construction site in 
Yangyang
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Methods and materials

Data collection

The geology of the study area was based on data 
from the Korea Institute of Geoscience and Min-
eral Resources in 2009. Hydrogeological data for 
the Yangyang area were obtained from the Basic 
Survey Report of Groundwater in Yangyang by the 
Ministry of Environment (MoE) and K-Water in 
2021. The hydrogeological data were used to esti-
mate the hydraulic conductivity and permeability 
of the aquifer. The hydraulic conductivity and geo-
logical cross section of the study site are described 
in the pre-construction survey report (CITYN, 2020). 
The groundwater level was described at intervals of 
20 m, starting from 70 m; however, no groundwater 
monitoring wells were present at depths of ≤ 30  m; 
therefore, these points were not described (Fig.  1a). 
The groundwater level was measured twice monthly 
before the LS occurred; however, the records were 
found to be unreliable and were not considered in this 
study. Although some measurement records are avail-
able, some wells were either lost or poorly managed.

Field campaigns

Field campaigns were conducted four times following 
the occurrence of the LS on August 3, 2022 (Fig. 3). 
During the field campaigns, groundwater levels and 
field parameters were measured. Fourteen observa-
tion wells were installed around the construction 
site, including ten observation wells (W-1 to W-10) 
on November 20, 2021, and four new observation 
wells (W-11 to W-14) on March 8, 2022 (Fig.  1b). 
The observation well is 5 cm in diameter with a 30 m 
length, and the screen depth consists of a length of 
1  m from the bottom. The groundwater levels were 
measured three times at each well using a Solinst 107 
TLC meter with a detection limit of 80,000 μS/cm 
and 5% accuracy, water temperature, and electrical 
conductivity (EC). EC and water temperature were 
measured and recorded at 1-m intervals from the sur-
face to the bottom. Field parameters, including water 
temperature, pH, EC, oxidation–reduction potential 
(ORP), dissolved oxygen (DO), and turbidity, were 
measured, and samples were collected twice.

Water samplings and analysis

Samples were collected from three points (YY1, YY2, 
and YY3) where groundwater outflowed from the 
retaining wall and one point (YY4) where groundwater 
was discharged from the bottom of the sump. In addi-
tion, a sample was collected from the ocean located 
approximately 150 m from the construction site (YY5) 
to serve as a reference end member. In 2nd water sam-
pling, samples were collected from three points within 
the construction site (YY1-2, YY2-2, and YY4-2) to 
compare the quality of the leaking groundwater.

After collection, the water samples were filtered 
through a 0.45-m pore-sized membrane filter. The cat-
ion samples were adjusted to pH < 2 using hydrochloric 
acid and stored in polypropylene bottles, whereas the 
anion samples were stored in glass bottles. To prevent 
cross-contamination, all sample bottles were washed 
with distilled water prior to field campaigns in the 
laboratory. The samples were maintained at < 4 °C and 
transported to the laboratory for analysis at the Korean 
Basic Science Institute in Ochang, Korea. The cations 
were analyzed using inductively coupled plasma-opti-
cal emission spectroscopy (Optima 8300, PerkinElmer, 
MA, USA), and the anions were analyzed using ion 
chromatography (Aquion, Thermo Fisher Scientific, 
MA, USA). YY5 (seawater) has a high EC and can 
potentially damage the equipment during analysis; 
therefore, it was diluted before analysis.

The water chemistry indices were used for the 
groundwater evolution process during the LS recovery 
activities. Also, these can be indicated that the under-
ground environment changes in the study area. In this 
study, we used water chemical facies, ionic ratios (Na/
Cl, Cl/Br), and BEX for dividing water chemistry 
indices. The water chemical facies are usually used 
for the determination of water dissolved ion composi-
tion (Piper, 1944). Additionally, base exchange indices 
(BEX) are used to indicate the water evolution process 
based on ionic relationships. They provide informa-
tion on the extent of salinization (negative BEX values) 
or freshening (positive BEX values) reactions in the 
absence of dolomite aquifers. Furthermore, the shift 
of the freshwater-saltwater interface can be estimated 
using memory effects (Stuyfzand, 2008).

BEX = Na+ + K+ +Mg2+ − 1.0716Cl−(inmeq∕L)
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Results and discussion

Groundwater levels

The initial groundwater level was measured on Novem-
ber 20, 2021, and ranged from − 3.46 to − 3.29 m GL 
for wells W-1 to W-10 (Fig.  4). The lowest ground-
water level was at W-10 (northeast of the construction 
site), and the highest groundwater level was at W-5 
(west of the construction site). Normal groundwater 
flow was observed prior to the excavation. On March 
8, 2022, when one new observation well was installed 
in each quadrant around the excavation site, the meas-
ured groundwater level ranged from − 6.07 to − 5.89 m 
GL, with W-14 closest to the sea having the lowest 
level and W-12 farthest from the sea having the high-
est. However, after the LS occurred, and the excavation 
level reached its maximum depth, the groundwater lev-
els measured on August 9, 2022, were − 24.35 m (low-
est) at W-9 and − 16.10  m (highest) at W-14 with an 
average of − 19.91 m GL.

When the 3rd field campaign was on August 17, 
2022, it could not be measured at W-11. The ground-
water level decreased at seven other points and 
increased at six (W-7, W-8, W-9, W-13, and W-14) 
(Fig.  4). Among the points where the groundwa-
ter level increased, W-9 had the largest groundwa-
ter level change, with the groundwater level rising 

by approximately 10.97  m (the highest groundwater 
level was on August 17, 2022). The lowest meas-
ured groundwater level was − 23.98  m GL at W-10, 
and the average groundwater level on the study site 
was − 14.79  m GL. Subsequently, the groundwater 
level increased at three points (W-1, W-2, and W-11) 
and decreased at the other points. The three points 
where the groundwater level increased were located 
near the LS site, and it was estimated that the ground-
water level recovered after the LS site was restored.

The average groundwater level measured on Sep-
tember 5, 2022, was − 19.91  m GL. However, the 
average groundwater level in the 3rd field campaign 
(August 17, 2022) was presumed to have increased 
rapidly owing to rainfall. The average groundwater 
level of the 4th field campaign (September 5, 2022) is 
slowly recovering to − 19.22 m GL.

The groundwater level at the construction site 
decreased (measured on March 08, 2022) as a result 
of the excavation, with an average decrease of 
approximately 3  m compared with the initial meas-
urement taken prior to construction. The average 
groundwater level measured immediately after the 
LS was − 19.91  m GL; however, it has been slowly 
increasing to − 19.22 m GL.

At certain wells, the groundwater level increased 
rapidly after rainfall but fell again at the 3rd measure-
ment when there was no rainfall. The groundwater 

Fig. 4   Groundwater level 
change with increasing 
of the excavation depth at 
monitoring wells and daily 
rainfall during the study 
period
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level in the area slowly recovered, particularly at 
the site where the accident occurred, as the LS was 
restored. These results correlated with the character-
istics of the aquifers. The study area is an unconsoli-
dated sediment layer with higher hydraulic conductiv-
ity (3.85 × 10−3 cm/s) than general bedrock aquifers, 
which can cause the groundwater level to increase 
and decrease faster than that for bedrock aquifers 
(Shen et al., 2020). In addition, the hydraulic conduc-
tivities of the partially included clay layer and saprock 
layer which were estimated at 9.87 × 10−6  cm/s and 
7.10 × 10−5  cm/s, respectively. On the west side of 
the study area, a clay layer is deposited with a thick-
ness of 3 m, and a saprock layer is deposited with a 
thickness of 4.5  m. On the other hand, at the point 
where the LS occurred, the clay layer was deposited 
relatively thinly, with a thickness of 1 m, and the sap-
rock layer had a thickness of 2 m. It is presumed that 
groundwater level changes rapidly at the site where 
the LS occurred because it is deposited thinly unlike 
other sites. As shown in Fig. 2, the LS area comprises 
a thicker sand aquifer and a thinner clay aquifer than 
the other points. This indicates that a thin low-per-
meability layer and a thick layer with high hydrau-
lic conductivity can affect the groundwater level. In 
Fig. 4, the results showed that the groundwater levels 
of W-3, W-4, W-5, and W-6, where the low hydraulic 
conductivity layer in the west of the study area was 
relatively thick, did not change rapidly during the 
study period.

Xu et  al. (2014) suggested five groundwater 
descent patterns using FEM modeling based on the 
excavation depth and retaining wall. In particular, the 
drainage system in the excavation process penetrat-
ing the confined aquifer and aquitard could cause the 
groundwater level to drop; however, the change in 
the groundwater level of the unconfined aquifer was 
not expected to change significantly. However, these 
considerations were considered when a solid retain-
ing wall completely excluded groundwater from the 
surrounding unconfined aquifer. In addition, in this 
excavation, the groundwater drainage system was not 
considered; however, natural seepage discharge was 
considered, and the reliability of the measurement of 
the surrounding unconfined surface aquifer was high.

In Shanghai, artificial cultivation was conducted 
to reduce the pumping water of the groundwater level 
to an extreme level and suppress the LS through arti-
ficial recharge after the LS (Shi et  al., 2016). The 

artificial cultivation began in 1966 to suppress LS, 
and an artificial cultivation of approximately 30 × 104 
m3 was conducted in 1985. However, a groundwater 
level increase due to artificial recharge was observed, 
which could only be confirmed in the free-surface 
aquifer above the impervious layer. This suggests that 
the characteristics of the aquifer were not recovered 
because of the groundwater flow theory and the con-
solidation principle (Terzaghi, 1925) of the aquifer 
due to the LS. However, in this study, although the 
maintenance of the drainage system and inflow of 
nearby waterworks existed, the groundwater level 
only temporarily increased; however, over time, it 
decreased to the groundwater level immediately after 
LS. Although this was a temporarily large amount of 
recharge from the water supply pipe, it was judged to 
be due to the delay in moving to a nearby area.

Water chemistry

The EC of groundwater measured around the con-
struction site during the 2nd field campaign was simi-
lar to general freshwater, except for three wells (W-4, 
W-5, and W-12) (Fig.  5). The EC was measured at 
89–850 μS/cm, indicating that it has the characteris-
tics of freshwater (less than 2000 μS/cm). However, 
the W-4, W-5, and W-12 wells displayed maximum 
values of 2910, 3253, and 7800 μS/cm, respectively, 
indicating characteristics of saline or mixed with 
saline water, while W-4 and W-5 are located on the 
opposite side of the LS but have characteristics of 
saline water which are about 4.4 times higher than 
those measured around points W-4 and W-5. They 
are thought to have the characteristics of general fresh 
groundwater as it is the most distant point from the 
sea, but the measurements were unexpectedly high. 
In the case of W-12, the EC appears as low as 182 
μS/cm up to − 21 m GL, but rises to about 7800 μS/
cm in the screen section. It is considered to be low on 
the upper part of the well because some surface rain-
fall flows into the upper part of the groundwater well, 
and high EC on the bottom surface where groundwa-
ter directly flows in. In addition, W-14 showed that 
the EC of the water surface was 800 μS/cm, but as 
the water depth deepened, it gradually decreased to 
300 μS/cm and then rose to 500 μS/cm at the bottom 
of the well. This is presumed to be due to the direct 
influx of surface materials (such as soil and con-
taminants through runoff), resulting in high electrical 
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conductivity characteristics on the surface of ground-
water, and then gradually lowering general groundwa-
ter characteristics. Groundwater temperatures ranged 
from 15.4 to 23.1 °C. Most of them appeared similar 
to the water temperature of general groundwater, but 
in the case of the point where the groundwater level 
was high (W-3), the water temperature was higher 
due to contact with the atmosphere. The groundwater 
temperature in the study area was measured from the 
bottom, not in contact with the atmosphere, and the 
average water temperature was about 17.1 °C.

The EC can predict total dissolved solids in the 
groundwater, and it can be predicted in the case of 
samples that cannot be analyzed (small amounts of 
samples or cannot be collected). In particular, the EC 
measured at W-2, W-6, W-7, and W-10 exceeded the 
measurement limit (80,000 μS/cm). In particular, W-2 
was affected by seawater despite being about 60  m 

away from the LS, and W-6 and W-7, located around 
it, also appeared to be characterized by saline water 
mixing. This is presumed to be related to the out-
flow points of YY3 and YY4. In the case of 2 points, 
groundwater is leaking from the retaining wall, but 
from − 7 to − 8 m GL. It is also the point of continu-
ous outflow in the cross section. It is presumed that 
saline water rises as the groundwater flows out, and 
thus, saline water flows into the observation well.

The pH of the groundwater at the construction site 
was slightly alkaline, ranging from 7.9 to 8.7. How-
ever, YY2-2 and YY4-2 had lower pH values of 7.5 
and 7.8, respectively, while YY1-2 had a higher pH 
of 8.9 compared to YY1 (7.9). Additionally, the EC 
of YY1 decreased from 8159 to 2096 μS/cm. The 
increased pH in YY1 was likely a result of cement 
reinforcement or mixing with leaked tap water from 
a damaged water supply pipe. On the other hand, the 

Fig. 5   Vertical distribution of electrical conductivity with groundwater depth (blue crosses mean electrical conductivity and red 
crosses mean water temperature)
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EC of other groundwater samples increased (YY2-2 
and YY4-2), and YY2 (9443 μS/cm), indicating a 
highly mixed with saltwater. Furthermore, the DO 
of YY2-2 was influenced by deeper groundwater. 
Despite the increased EC of YY4-2, the DO increased 
due to continuous exposure to the atmosphere in the 
sump. The turbidity of YY4 significantly decreased 
from 62.2 to 22.1, indicating that the soil had flowed 
during the LS event stabilized and deposited over the 
study period. YY5 is a sample from the East Sea and 
showed minimal change throughout the study period.

In Shanghai, excessive pumping of groundwater 
over the long term has resulted in gradual LS. To 
prevent this, artificial recharging of tap water with 
groundwater in the area has begun (Shi et al., 2016). 
This study also changed the groundwater level by 
recharging with tap water at the construction site on 
the northeast side. It showed a temporary increase 
in the groundwater level, which decreased when the 
water supply pipe near the corresponding point was 
closed. In addition, as the TDS of the groundwater 
quality of the effluent near the corresponding point 
decreased, it was confirmed that the tap water was 
recharged.

Water samples were collected from three points 
(YY1, YY2, and YY3) where groundwater out-
flowed from the waterproof wall and one point 
where groundwater was discharged from the bot-
tom of the sump (Table  1). In addition, dissolved 
ions and field parameter data investigated by the 
MoE and K-Water (2021) were used to investigate 
the quality of freshwater and groundwater in the 
study area and were compared with the groundwater 

quality. The reference samples in the Yangyang 
area are of the Ca-HCO3 type and are not contami-
nated (Fig. 6). This may be due to cation exchange 
processes where the Ca2+ from the freshwater Ca-
HCO3 replaces the Na+ from the intruding saline 
water. The abundance of NaCl in the YY1–YY5 
samples could signal high in the groundwater due 
to seawater intrusion. Some agricultural activities 
are conducted in the Yangyang coastal area. How-
ever, NO3

− was not detected (ND) in three sam-
ples (RGW1, RGW2, and RGW5), while RGW3 
and RGW4 had concentrations of 2.2 and 4.0 mg/L 
(Table  2). Cl− is a common pollutant in domestic 
sewage (Raza & Lee., 2019) and is often associated 
with pollution. While it is a mountainous area, the 
anthropogenic impact was determined to be low 
(average Cl− concentration: 9.22  mg/L) (An et  al., 
2023). Nevertheless, RGW1 and RGW4 have a 
higher Cl− concentration than the other reference 
samples (Table  2). It is estimated that domestic 
sewage from nearby residents has flowed in. In the 
case of YY5, seawater samples separated by 150 m 
were used as end members. In the case of ground-
water infiltration, the water temperature was lower 
compared to approximate groundwater, and the 
water temperature and pH were mostly adjusted at 
the point farthest from the seawater. Regarding EC, 
YY1, which was monitored at a point close to sea-
water, had the highest of 8159 μS/cm. Meanwhile, 
the groundwater quality inside the construction site 
is of the NaCl type as it approaches the shoreline. 
The construction site is approximately 150 m from 
the shoreline, and seawater intrusion is generated 

Table 1   Physio-chemical field parameters of water samples measured in the study area

*EC electrical conductivity, **DO dissolved oxygen, ***ORP oxidation and reduction potential

Sample Date (mm/dd/yy) Water tempera-
ture (°C)

pH (SU) *EC (μS/cm) **DO (mg/L) ***ORP (mV) Turbidity 
(NTU)

YY1 08/05/2022 17.8 7.9 8159 9.3 62 0.8
YY2 08/05/2022 17.4 8.2 1472 9.5 78 1.1
YY3 08/05/2022 19.3 8.7 4598 9.1 90 0.7
YY4 08/05/2022 19.2 8.1 13,731 8.5 119 62.2
YY5 08/05/2022 27.7 8.3 48,750 6.8 183 0.1
YY1-2 08/09/2022 19.6 8.9 2096 9.4 117 2.6
YY2-2 08/09/2022 19.6 7.5 9443 5.7 186 0.1
YY4-2 08/09/2022 20.4 7.8 15,487 9.7 163 22.1
YY5-2 08/09/2022 23.9 8.2 48,037 7.2 157 2.3
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by unconsolidated sedimentary layers. Addition-
ally, there has been leakage due to the weakening 
of waterproofing ability during wall collapse. In 
the 1st field campaign, YY2 was found to be mixed 
with saltwater. However, in the 2nd field campaign, 

YY2-2 exhibited increasing concentration of Na+ 
and Cl− increased.

The ionic ratios indicated that the dissolved ions 
in the construction site originated from seawater 
(Fig. 7a). The Na/Cl ratio of seawater (YY5) is 0.91, 

Fig. 6   Chemical composi-
tions of groundwater in 
the construction site and 
the reference samples in 
Yangyang (RGW mean the 
reference samples. And 
the reference samples from 
Moe and K-water, 2021)

Table 2   Chemical 
compositions of water 
samples in the excavation 
site and reference samples 
of Yangyang (reference 
samples from MoE and 
K-water, 2021; units of all 
parameters are mg/L)

*ND not detected

Sample Na+ Mg2+ Ca2+ K+ Cl− HCO3
− SO4

2− NO3
−

YY1 1141.0 136.3 102.7 75.2 1931.7 148.9 325.4 2.5
YY2 189.8 11.4 37.3 16.1 226.9 141.4 138.5 7.1
YY3 764.3 56.4 50.7 47.8 1017.8 171.9 407.7 12.0
YY4 2043.0 203.1 138.5 123.7 3817.9 162.3 691.0 3.5
YY5 9356.0 1039.8 322.6 501.2 17,763.1 129.9 2488.5 14.2
YY1-2 380.2 14.2 28.5 15.8 413.3 150.2 236.6 7.2
YY2-2 1617.2 196.6 135.6 68.1 3046.3 128.1 413.6 6.9
YY4-2 2844.0 302.8 177.7 107.0 4908.3 157.5 764.5 5.6
RGW1 14.9 3.2 22.6 8.6 10.8 107.5 5.0 *ND
RGW2 10.4 5.8 16.7 1.3 16.5 76.6 7.0 *ND
RGW3 9.2 3.5 14.3 1.6 6.1 66.0 4.0 2.2
RGW4 11.3 2.6 18.4 1.4 8.8 88.6 3.0 4.0
RGW5 20.2 8.3 22.4 1.3 3.9 149.9 6.0 *ND
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while the Na/Cl ratio of the other samples ranged 
from 0.82 to 1.4. YY1, located closest to the East Sea, 
changed from 0.91 to 1.4. The Na/Cl ratio of YY1-2 
increased while the TDS significantly decreased. It is 
the effect of dilution when mixed with tap water. Fur-
thermore, the Na/Cl ratio of RGW ranged from 1.0 
to 8.0. It means that RGW originated from other Na+ 
sources such as ion exchange (Fig. 7b). Additionally, 
the water quality of the construction site ranged from 
moderately contaminated to highly contaminated 
groundwater. YY2 and YY4 become worse except 
YY1 because it mixed with tap water (Fig. 7c) (Todd, 
1959). The RGW samples exhibit good water quality 
and are suitable for drinking water.

The hydrochemical characteristics of the construc-
tion site indicate a mixture with saline water, and 
TDS increased over time. Although groundwater 
levels are recovering, the groundwater is undergoing 
salinization. While there is a large difference in the 
TDS and Na+ and Cl− measured in mountainous areas 
where seawater is unaffected, there is no significant 
difference in NO3

−, which is evaluated as the state of 

agricultural activity (An et  al., 2023). The ground-
water in the study area was not polluted by anthro-
pogenic activities (Jang et  al., 2022). However, the 
salinization of groundwater is caused by groundwa-
ter level drop or seawater intrusion. Despite the slight 
rise in groundwater levels, the groundwater continues 
to become more saline.

The salinity of the dissolved ions in the water sam-
ples decreased at a specific point over time. It was 
determined that the tap water was discharged from the 
collapsed water pipe after the LS directly recharged 
the groundwater, and the total amount of dissolved 
ions temporarily decreased. However, as the water 
pipe was later closed, it was estimated that the dis-
solved ions at that point were directly affected by the 
seawater. Although it is constantly affected by sea-
water, it is believed that a significant amount of tap 
water has been recharged into sandy aquifers, tempo-
rarily deionizing the brine groundwater.

According to Banerjee & Skidar (2020), the chem-
istry of groundwater changes rapidly through LS. In 
particular, in the case of LS that occurred near the 

Fig. 7   Ionic ratios indicate 
seawater intrusion in the 
excavation site compared 
to the reference samples in 
Yangyang. a The 1:1 line of 
Na+ and Cl−, b the relation-
ship between Na/Cl and Cl− 
(seawater Na/Cl ratio from 
Schoeller, 1956), c contami-
nated water qualities facies 
suggested by Todd (1959), 
d the relationship between 
SO4/Cl and SO4

2−
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coast and landfill points, soil and groundwater could 
move rapidly along with the rapid groundwater level 
changes. The LS generated in India appeared as a sud-
den or gradual LS on the surrounding surface owing 
to metro tunnel construction in downtown areas, 
causing groundwater contamination. In particular, 
the artificial Cl/Br ratio was found to be 288, which 
identified the groundwater quality caused by anthro-
pogenic pollutants. However, in the case of Yang-
yang, there was no pollution source surrounding the 
study area except the East Sea, and the Cl− concen-
tration significantly increased in the principal compo-
nent analysis, which was estimated to have led to the 

inflow of seawater approximately 150  m away from 
the point where LS occurred.

Saltwater mixing

In coastal aquifers, fresh groundwater and saltwater 
mixing occurs, and the interface of the mixing zone is 
determined by the difference in density between salt-
water and freshwater. Generally, freshwater is defined 
as having an EC of < 2000 μS/cm, whereas seawater 
and brine water can be used as representative samples 
of saltwater. Defining the saltwater-freshwater interface 
is critical for sustainable long-term groundwater use. 

Fig. 8   Changes in groundwater level and freshwater and saltwater interface. a Before excavation and b after land subsidence
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The interface was estimated using the EC and ground-
water level data (Fig. 8). The Ghyben-Herzberg inter-
face has a normal distribution along the coast. Prior to 
construction, the groundwater level was between − 2.51 
and − 2.38 m GL (0.87 to 0.99 m EL.). However, after 
the LS occurrence, the groundwater level in the area 
averaged − 19.22  m GL and cannot be defined using 
the general Ghyben-Herzberg interface depth: The 
EC of W-10, the observation closest to the LS point, 
was > 80,000 μS/cm. However, the EC measured in 
the sump (YY4) ranged from 13,731 to 15,487 μS/cm, 
which was lower than that at the LS point; however, 
the saltwater was steadily increasing.

As the freshwater-saltwater interface rises above 
the bottom surface of the excavation area, the sump 

is characterized by a significantly high EC. Conse-
quently, the groundwater level in the area decreases 
vertically as it approaches the construction site, caus-
ing an increase in saltwater. However, it is assumed 
that the increase in EC, despite the slight rise in the 
groundwater level, is due to the different influence 
times of saltwater and groundwater (Andersen et al., 
1988; Liu et al., 2017; Setiawan et al., 2023).

The RGW samples exhibited BEX values greater 
than 0, indicating a freshening process in the ground-
water of the mountainous region (Table  3). Despite 
the mountainous region being distant from the East 
Sea, where seawater intrusion does not directly 
impact groundwater quality, the study area is located 
near the East Sea and has experienced pre-existing or 
frequent seawater intrusion. This intrusion has led to 
the salinization of coastal aquifers. However, samples 
YY1, YY2, and YY3 show evidence of freshening. 
It can be inferred that the water evolution process in 
this area is characterized by freshening resulting from 
past saltwater intrusions.

Although the increase in saltwater in the study area 
was estimated (Fig. 8), it was compared with seawa-
ter and the average of the reference samples used as 
endmembers in the Yangyang area (Fig.  9). YY4, 
which was assumed to be brackish at this point, was 
approximately 21.4 to 27.6% mixed with the East 
Sea and was continuously increasing. In addition, 
the Cl− mixing ratio of YY1 discharged from the LS 
decreased from 10.8 to 2.3%, which was attributed 
to the effect of mixing of tap water due to damage to 
the LS. Alternatively, in the case of YY2, it increased 
from 1.2 to 17.1% due to the increase in brine. In 
the case of YY4, the change in the Cl− ratio was 

Table 3   Evolution process of groundwater and reference sam-
ples using BEX

Sample BEX Water process

YY1 4.40 Freshening
YY2 2.75 Freshening
YY3 8.35 Freshening
YY4  − 6.62 Salinization
YY1-2 5.63 Freshening
YY2-2  − 3.78 Salinization
YY4-2 3.05 Freshening
RGW1 0.81 Freshening
RGW2 0.46 Freshening
RGW3 0.54 Freshening
RGW4 0.48 Freshening
RGW5 1.48 Freshening
RGW-A 0.75 Freshening

Fig. 9   Mixing of ground-
water with seawater in the 
excavation site (end mem-
bers are YY5 (East Sea) 
and average of reference 
samples (RGW average). 
And red circles mean water 
samples sampled on August 
5, 2022, and yellow circles 
mean water samples sam-
pled on August 9, 2022)
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insignificant compared to the other points; therefore, 
it was assumed that the point was deep groundwater.

As the freshwater-saltwater interface rises above 
the bottom surface of the excavation area, the sump 
is characterized by a significantly high EC. Conse-
quently, the groundwater level in the area decreases 
vertically as it approaches the construction site, caus-
ing an increase in saltwater. However, it is assumed 
that the increase in EC, despite the slight rise in the 
groundwater level, is due to the different influence 
times of saltwater and groundwater (Andersen et al., 
1988; Liu et al., 2017; Setiawan et al., 2023).

In coastal areas, Cl− is a good indicator for seawa-
ter intrusion, recharge, and mixing. The study area is 
near the East Sea and is located in a freshwater-sea-
water transition zone. However, it is difficult to assess 
groundwater flow because groundwater well and level 
data are depleted. Jeon et al. (2015) calculated the mix-
ing ratio of groundwater and stream water through the 
exchange of water isotopes and explained the interac-
tion between streams and groundwater in the hyporheic 
zone. Generally, seawater intrusion assessment uses the 
Cl/Br ratio; however, in this case, the reference samples 
were not analyzed for Br. An increase in the Cl− mix-
ing ratio indicates the degree of salinity contributing 
to the aquifer by providing values for direct saline and 
fresh groundwater. For seawater intrusion assessment, 
Cl− can present the quantitative mixing ratio.

Conclusions

Until now, significant research has been conducted on 
groundwater level changes associated with LS, which 
has contributed greatly to clarifying its cause. In this 
study, the hydrogeological characteristics of the site 
were evaluated using groundwater level and ground-
water quality data from the area where LS occurred. 
LS occurred on August 3, 2022, and although the 
groundwater level was periodically measured, there 
were reliability issues with the data when a new 
observation well was installed. However, the hydro-
geological characteristics could still be evaluated 
using the groundwater level and water quality data 
measured. After approximately 1 month, the average 
groundwater level rose, and it was determined that the 
groundwater level recovered as the groundwater out-
flow was reinforced after the LS occurred. The water 

quality at most monitoring wells deteriorated despite 
the rising water levels. The water quality was char-
acteristic of coastal aquifers. During the study, the 
increase in TDS despite the rise in the groundwater 
level was considered a result of the increase in salin-
ity at depths due to the decrease in groundwater level, 
rather than fast recovery by groundwater level rise. 
In the previous survey, Cl− in the area near YY1 was 
collected. The Cl− concentration before construction 
at the location where LS occurred was 292 mg/L. But 
in 1st field campaign, there was a significant rise in 
the Cl− concentration, indicating a saltwater intru-
sion by the LS. It is estimated that saltwater intrusion 
or rising contributed to this as the groundwater level 
fell. In particular, the EC was the highest in YY1 
when the LS occurred. This suggests that LS had a 
direct impact on the groundwater quality. However, it 
is estimated that the DO of all water samples in the 
excavation site is higher than East Sea (YY5), so it 
is not directly seawater intrusion. It is presumed that 
this increase was influenced by deep groundwater 
rather than mixing with seawater.

Excessive groundwater extraction and utilization 
are known to be the primary causes of LS. The LS has 
significant impacts on the underground environment, 
such as the rise of saltwater. However, the influence 
of LS on seawater intrusion is negligible in this study. 
Unfortunately, the reliability of the recorded ground-
water levels in the previous study was insufficient. 
This limitation hindered the accurate assessment of 
the direct correlation between declining groundwater 
level and the LS. However, through continuous moni-
toring of the underground environment, it becomes 
possible to obtain a comprehensive understanding of 
the recovery process of the local environment. There-
fore, environmental monitoring is an essential ele-
ment for sustainable development and must be con-
tinued even after a geological disaster. This enables 
us to minimize the impact of geological disasters and 
continuously restore the underground environment of 
the region.
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