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Abstract

In Gyeongju, South Korea, local magnitude M;5.1 and M;5.8 earthquakes occurred on 12 September 2016; M;4.5
aftershocks and >500 aftershocks with M} > 1.5 were observed over the next 3 months. Responses of the aquifers were
compared using hydrological and environmental tracer data (noble gases, 5'%0, 5D, *H, and '*C). To assess the hydro-
logic response to the earthquake activity by the shallow (alluvial) and deep (bedrock) aquifers, time series data from the
national groundwater monitoring wells were compared. Groundwater-level changes were not observed in most alluvial
wells, while groundwater level and electrical conductivity (EC) increased in the confined igneous rock for several days
to months after the earthquake activity. Noble gas anomalies in groundwater were closely related to the epicentral
distance, lithology, and aquifer type. The relatively low concentration of *H (<0.8 TU) and depleted values of 5'%0
and 0D in the alluvial and bedrock aquifers suggest they were affected by upwelling of deep and old water. Elevated
values of §'°C and ?*Rn were observed in wells close to the epicenter. Groups resulting from cluster analysis using
environmental tracer data were closely related to the responses of the earthquake on the aquifers of different types
(alluvial and bedrock), lithologies, and distances from the epicenter. Groundwater-level change and geochemical re-
sponse after the earthquake activity showed different correlations depending on aquifer and fault types. Combined use of
groundwater level, EC, and environmental tracer data in groundwater can be useful to understand the origin and
preferential flow paths of water during and after earthquakes.
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Introduction

On September 12, 2016, two earthquakes of local magnitude
M; 5.1 and M; 5.8 occurred at 10:44:32 and 11:32:55 UTC ap-
proximately 1 h apart in Gyeongju, South Korea. The M 5.8
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event was the largest magnitude earthquake since the start of
earthquake monitoring with modern instrumental recording net-
works in South Korea. The earthquake occurred along the
Yangsan Fault System in the Gyeongsang Basin. The Yangsan
Fault System includes the NNE-SSW-trending Yangsan Fault
and a series of branching faults. Detailed information on the
earthquakes can be found in Kim et al. (2016). It is difficult to
understand seismic activity near the Yangsan Fault System based
on short-term earthquake data, but considering long-term histor-
ical earthquake data for about 2,000 years, several researchers
have mentioned relatively high seismic activity near the Yangsan
Fault System (Lee and Jin 1991).

There have been many studies related to changes in
groundwater level before and after earthquakes (Gau et al.
2007; Manga and Wang 2007; Amoruso et al. 2011; Niwa
et al. 2012; Lee et al. 2013; Shi and Wang 2015; Lee 2016;
Liu et al. 2018; Petitta et al. 2018). The redistribution of stress
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and strain induced by an earthquake can change the ground-
water level during the earthquake (Montgomery and Manga
2003; Liu et al. 2018). The groundwater level response to an
earthquake is affected by the magnitude, depth of the hypo-
center, and distance from the well to the epicenter. Thus,
groundwater levels can oscillate during the passage of the
seismic waves, or they can show sustained changes from a
few days to several months depending on the aquifer charac-
teristics (Montgomery and Manga 2003; Wang and Manga
2010; Niwa et al. 2012; Pavin et al. 2014; Yan et al. 2014,
Liu et al. 2018).

Changes in the geochemistry of groundwater before and
after an earthquake can be caused by the result of seismically
induced changes in the hydraulic properties of the crust
(Claesson et al. 2004: Ingebritsen and Manga 2014; Skelton
et al. 2014). Changes to groundwater flow paths and geo-
chemistry prior to or after an earthquake can be explained by
the fluid pressure changes caused by earthquake stress, which
can cause changes in the permeability fields (Manga 2001;
Song et al. 2005; Reddy and Nagabhushanam 2012). The
inflow of new groundwater induced by an earthquake can
affect geochemical properties by changing the fluid sources
and stimulating water—rock interactions caused by alteration
between fracture pathways due to permeability structure
changes induced by seismic waves (Claesson et al. 2004;
Elkhoury et al. 2006; Skelton et al. 2014; Andrén et al.
2016; Barberio et al. 2017; Galassi et al. 2014). Radon count
rates, the values of §'%0 and 8D isotopes, and the concentra-
tions of Na*, Ca?*, Si, CI", SO, and transition metals, show
variations after earthquakes (Igarashi et al. 1995; Skelton et al.
2014; Andrén et al. 2016).

Radiogenic noble gases such as “He and *°Ar are accumu-
lated in mineral grains due to the decay of radioactive ele-
ments and move into the pore fluid by diffusion (Torgersen
and Clarke 1985; Lehmann et al. 2003: Bauer et al. 2016).
Released radiogenic noble gases have been used as a new
tracer to analyze stress and strain in aquifers (Umeda and
Ninomiya 2009; Bauer et al. 2016). Therefore, noble gases
in groundwater have been usefully applied to evaluate mixing
processes and the origins of water in many studies (Tolstikhin
et al. 1996; Sano et al. 2015, 2016; Tomonaga et al. 2017).
The atmospheric *He/*He ratio is 1.384 x 107 and *He and
“He can be produced in the crust. The nonatmospheric noble
gases can be tritiogenic *He (produced by the decay of *H),
terrigenic 4He, and *He from the solid earth (Schlosser et al.
1988; Solomon and Cook 2000). Terrigenic *He/*He and
anomalies after earthquakes have been studied by many re-
searchers (Umeda and Ninomiya 2009; Newell et al. 2015:
Sano et al. 2015, 2016; Tomonaga et al. 2017). The SHe/*He
ratio has been applied to identify sources of terrigenic “He
(Kipfer et al. 2002; Tomonaga et al. 2017); additionally, “He
has also been applied to assess mixing of old and young water
in faults, as *He is a very sensitive tracer to identify upward
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movement of old water through faults (Batlle-Aguilar et al.
2017).

The Gyeongju earthquake was small compared to large
earthquakes in the world, but it was the largest earthquake
ever experienced by Koreans living in the country, and thus
became a national concern. The reason for the Koreans’ spe-
cial concern is that existing nuclear power plants and a newly
planned nuclear power plant site are located about 50 km
away from the Gyeongju earthquake epicenter. Although the
Yangsan Fault System was recognized as having a high prob-
ability of causing an earthquake in Korea, there has been no
major earthquake for decades, so there was no
hydrogeological monitoring around the Yangsan Fault
System before the Gyeongju earthquake. Fortunately, some
observation wells in the national groundwater monitoring net-
work are located near the Gyeongju earthquake epicenter and
time series of water levels, electrical conductivity (EC), and
geochemical data have been collected.

The purpose of this study is to understand how and when
groundwater can reflect earthquake influences. Based on the
water level data and the distance between the epicenter and the
monitoring wells, target wells and reference wells were select-
ed for this study. Using the selected wells, hydrogeochemical
and isotopic analyses were carried out to investigate relation-
ships between parameters, the earthquake, and geological
properties. A new approach presented in this study is the com-
bined assessment of hydrologic and geochemical responses to
an earthquake, considering different types of faults and lithol-
ogies. Combined use of groundwater level, EC, and geochem-
ical change and environmental tracer data (3H, 3 He/4He, 613C,
5'%0, and 8D) were evaluated to understand hydrologic and
geochemical responses to earthquakes in alluvial and bedrock
aquifers composed of sedimentary, igneous, and metamorphic
rock.

Materials and methods
Study area

Two consecutive earthquakes (M1 5.1 and M| 5.8) occurred
along a buried strike-slip fault at a depth of 11-16 km in
Gyeongju on September 12, 2016, and more than 500 after-
shocks up to My 4.5 occurred (Hong et al. 2017). Gyeongju is
located 300 km away from Seoul, Korea (Fig. 1). The south-
eastern part of the Korean Peninsula mainly consists of the
Cretaceous Gyeongsang Supergroup, Upper Cretaceous to
Paleogene granites, and Neogene sediments (Chough and
Sohn 2010). The Gyeongsang Supergroup is divided into
three major lithological units, the lower Sindong, the middle
Hayang and the upper Yucheon groups (Chang 1975). The
study area, where the M; 5.8 Gyeongju Earthquake occurred,
consists of the Yucheon Group, the Paleogene Namsan alkali
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Fig. 1 Monitoring wells in the
study area

granite, and the Neogene Yeonil Group. The Yucheon Group
mainly comprises andesitic to rhyolitic volcanic rocks and
clastic to volcanic clastic sediments juxtaposed tectonically
along the Yangsan Fault (Kim et al. 1971). The Neogene
Yeonil Group, bounded by the Yangsan Fault, is comprised
of siliciclastic sediments. The Yangsan Fault acts as a bound-
ary fault for both the Yucheon Group and the opening of the
Miocene Pohang Basin. The southeastern part of Korea
shows a distinctive NNE-directed geomorphological feature
with several strike-slip fault systems including the Ilkwang,
Dongrae, Yangsan, Morayng, and Milyang faults. The M} 5.8
Gyeongju Earthquake occurred along the N30 °E-directed
hidden branch fault of the Yangsan Fault Zone (Hong et al.
2017). Wells KW8 and KW11 are located close to the
Yangsan Fault. Wells KW7 and KW5 are located close to
the Ulsan Fault, which is a reverse fault and where the epi-
centers of the aftershocks were mainly located (Kim et al.
2016).

Seven national groundwater monitoring stations are lo-
cated around the epicenter and a pair of wells with differ-
ent depths are installed at each station. Seven shallow
wells (6.8-26 m) are installed in the alluvial aquifer, and
seven deep wells (60—100 m) are located in the bedrock
aquifer at each monitoring station. The alluvial aquifers
are composed of sedimentary rock such as sand, gravel,
and pebbles, while the bedrock aquifers are composed of
shale, mudstone, and conglomerate, except for at loca-
tions KW8-2 and KW11-2, where the composition is ig-
neous rock (Table 1). The aquifers in the eastern part of
the study area located in the Ulsan fault (reverse fault)
area are composed of sedimentary rock such as sand,
gravel, pebbles, mudstone, and conglomerate, while aqui-
fers in the western part of the study area located in the
Yangsan, Morayng, and Milyang fault (strike-slip fault)
area are composed of igneous rock.

Legend
* Earthquake Epicenter

L g Sampling points
0 10 20 km

Methods

The depth to the water table ranges from 0.72 to 7.8 m; the
depth to the water table, aquifer type, and lithology of the
aquifers are shown in Table 1. Data loggers were installed in
the national groundwater monitoring stations to measure
groundwater level, EC, pH, and temperature hourly through-
out the year. Hydrogeochemical data were measured at the
national groundwater monitoring stations in 2014 (16
September to 29 October) and 2015 (25 August to 18
November) before the M} 5.1 and M 5.8 Gyeongju earth-
quake. After the earthquake, hydrogeochemical data were an-
alyzed at the same wells in 2016 (19 September—18 October)
and 2017 (16—18 January). Groundwater samples for environ-
mental tracers were collected from 14 wells in January 2017
including seven wells from the alluvial aquifer and seven
wells from the bedrock aquifer (Fig. 1). A YSI probe (USA)
was used to measure pH, electrical conductivity (EC), temper-
ature, dissolved oxygen (DO), and salinity in the field. Water
samples were collected using a Grundfos pump (Denmark)
after three well volumes of water were pumped, allowing
EC, temperature, and DO to stabilize. Water samples were
filtered (0.45 um) and collected in 50-ml bottles for anion
analysis and 6'®0 and 5D isotope analysis. Samples for cation
analysis were acidified using HNO;. HCO;  was measured
using the gran titration method in the field. Samples for tritium
analysis were collected in 1-L plastic bottles, while samples
for noble gas analysis were collected using copper tubes with
metal pinch clamps. Groundwater samples for §'*C-DIC (dis-
solved inorganic carbon) were collected in 50-ml bottles, and
samples for **’Rn were collected in triplicate in 130-ml
bottles.

Cation and anion concentrations were measured using in-
ductively coupled plasma atomic emission spectrometry (ICP)
and ion chromatography at the Korea Basic Science Institute.
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Table 1 Characteristics of wells around the epicenter
Well Aquifer Elevation Total Depth to water Depth of screened Geology

type (m asl) depth (m) table (m) interval (m)
KWS5-1 Alluvial 96.8 12.5 4.7 8.0-10.0 Quaternary sand/gravel
KW5-2 Bedrock 96.8 100 5.96 34-38, 50-54, 58-62, 74-78, 82-86 Paleogene alkali granite
KWeé-1 Alluvial 136.22 26 4.15 22.0-26.0 Quaternary sand/gravel
KW6-2 Bedrock 136.22 73 4.37 54.0-58.0, 58.0-62.0, 62.0-66. Neogene Yeonil mudstone
KW7-1 Alluvial 41.38 8.8 2.6 3.8-7.8 Quaternary pebbles
KWw7-2 Bedrock 42.38 60 2.52 48.0-60.0 Neogene Yeonil conglomerate
KW8-1 Alluvial 200.04 6.8 1.25 1.8-5.8 Quaternary pebbles
KWS-2 Bedrock 200.04 65 0.72 41.0-53.0 Cretaceous Yucheon andesite
KW9-1 Alluvial 89.07 12 3.08 8.0-12.0 Quaternary sand/gravel
KW9-2 Bedrock 89.09 70 3.1 50.0-54.0, 58.0-62.0, 66.0-70.0 Cretaceous Hayang shale
KW10-1 Alluvial 23.76 19.2 7.66 7.5-11.5 Quaternary silt/sand
KW10-2 Bedrock 23.72 79 7.81 24.0-28.0, 32.0-36.0, 40.0-44.0 Cretaceous Hayang shale
KW11-1 Alluvial 198.56 13.5 5.14 8.5-12.5 Quaternary silt/sand
KW11-2 Bedrock 198.59 60 3.73 24.0-28.0, 32.0-36.0, 40.0-44.0 Cretaceous granite

The values of 5'%0 and 8D were measured using a VG prism
II stable isotope ratio mass spectrometer at the Korea Basic
Science Institute, and reported using & notation relative to the
Vienna Standard Mean Ocean Water (V-SMOW) with preci-
sions of +£0.1%o for 5'%0 and + 1%o for 8D (Lee and Lee
1999). The concentrations of **?Rn were measured using
radon/thoron monitor RTM1688-2 (SARAD, Germany) in
the field within 1 day of sampling.

The concentrations of *He, *He, *°Ne, “°Ar, ®Kr, and
31Xe were measured using a magnetic sector field mass spec-
trometer (215-50) at the University of Utah with 1% precision
for *He/*He and 4He, 2% precision for 2ONe and 40Ar, and 4%
precision for **Kr and '*'Xe. Tritium concentrations were
measured using the liquid scintillation counting method at
the University of Waterloo, Canada, with a detection limit of
0.6 TU (tritium units). The values of 5'>C were measured
using a MicroGas-IsoPrime mass spectrometer at the
University of Waterloo and reported relative to IAEA carbon-
ate standards with the precisions of 0.2%o. An annual average
air temperature of 13.4 °C was assumed for the infiltrated
water temperature in the saturated zone and used for the
2ONe/*He ratio in air-saturated water.

Cluster analysis can identify groups of similar variables
using a multivariate dataset. In hydrogeochemical studies,
cluster analysis groups variables with similar physical and
geochemical properties in a groundwater system (Kaown
et al. 2007; Kim et al. 2018). Wells KW10-1 and KW10-2
were not included in the cluster analysis since noble gas data
were not analyzed in those wells. The measured data were
standardized for the cluster analysis to equalize the influence
of each parameter; cluster analysis was conducted using R
software version 3.4.3.
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Results
Groundwater levels and electrical conductivity

In the study area, most wells in the alluvial aquifer and some
wells in the bedrock aquifer showed a rapid response to precip-
itation, while wells KW8-2 and KW11-2 did not show a rapid
response to precipitation indicating characteristics of a confined
aquifer. Groundwater level and EC changes after the earthquake
in each well are shown in Table 2. After the earthquake, in most
wells in the study area such as at KW5-1 and KW5-2, ground-
water levels and EC oscillated slightly and then recovered with-
in a few days (Fig. 2); however, in the bedrock aquifer at loca-
tion KW8-2, groundwater levels increased, and the increase
was sustained for several months after the earthquake (Fig. 2).
In KW11-2, groundwater level decreased before the earthquake

Table 2 Water level and EC change in each well after the earthquake

Aquifer  Sample ID  Aquifer type”  Groundwater- EC
level
change
Alluvial KWS5-1 u Sustained Negative
KW7-1 u Sustained Negative
KW8-1 u Sustained Negative
KW11-1 u Sustained Negative
Bedrock KW5-2 c Sustained Sustained
KW7-2 u Positive Negative
KW8g-2 c Positive Sustained
KWI11-2 c Positive Positive

*uunconfined, ¢ confined
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Fig.2 Groundwater monitoring results from July 2016 to January 2017 in the selected wells: KW5-1, KW5-2, KW7-1, KW7-2, KW8-1, KW8-2, KW11-1, and
KW11-2. Dashed lines indicate earthquakes
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and increased after the earthquake (Fig. 2). The groundwater
levels in the confined bedrock aquifers (KW8-2 and KW11-2)
increased by 1.5 and 15 m, respectively after the earthquake.
This result is consistent with previous study results, showing
that increased groundwater levels were sustained from a few
days to several months in confined aquifers after earthquakes
(Montgomery and Manga 2003; Niwa et al. 2012; Shi and
Wang 2015; Liu et al. 2018). The groundwater level in KW7-
2 did not respond immediately but slowly increased for
3 months after the earthquake without any response to precip-
itation during that time, which is possibly related to the high
frequency of the earthquake aftershocks along the Ulsan Fault
near KW7-2 (Kim et al. 2016).

In most of the wells, EC did not respond to the earthquake
except at KW7-2 and KW11-2. EC in KW7-2 decreased from
310 to 290 puS cm ' right after the earthquake of M; 4.5 and
gradually returned to the original EC (Fig. 2). The EC in
KW11-2 increased from 205 to 300 uS cm ' after the earth-
quake. The increased groundwater level and EC in KW11-2
after the earthquake is likely related to the fact that this well
was affected by upwelling of deep water. The increased EC
and groundwater level in the bedrock aquifer after the earth-
quake is closely related to the earthquake derived stress (King
et al. 2000; Orihara et al. 2014).

Stable isotope and tritium

The values of §'*0 and D in groundwater samples from the
alluvial and bedrock aquifers are compared in Fig. 3. In the
bedrock aquifer, the values of §'*0 and 8D in groundwater
were depleted compared to those in the alluvial aquifer.
Usually, the values of 5'*0 and 8D in groundwater are deplet-
ed in old groundwater recharged at high elevation (Crossey
et al. 2009; Reddy et al. 2011; Skelton et al. 2014; Andrén
et al. 2016). All samples deviated from the local meteoric
water line. The values of §'®0 and 8D were clustered into
two groups: alluvial groundwater and bedrock groundwater.
In the alluvial aquifer, the values of §'*0 and 5D of ground-
water and stream water were enriched, while the values of
5'%0 and 6§D of groundwater from the bedrock aquifer were
depleted. The values of 5'%0 and 6D in some wells responded
after the earthquake, which is consistent with the results of
Skelton et al. (2014).

The lowest values of §'*0 and 5D were observed in KWS8-
2 which is located close to the fault and showed increased
groundwater level after the earthquake (Fig. 2). Groundwater
samples KW8-1 and KW11-1, which were collected from the
alluvial aquifer, were clustered with the bedrock aquifer sam-
ples showing depleted values of 5'*0 and 5D, possibly indi-
cating mixing with deep water. Groundwater sample KW7-1
did not fit into either group but was located between the two
groups, indicating mixing between the groups. Samples from

Fig.3 The values of '30 and 6D -40
in the alluvial and bedrock o Bedrock
aquifers. The local meteoric water i O Alluvial
lines (LMWL) are shown
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Fig. 4 Concentrations of tritium in the alluvial and bedrock aquifers

KW9-1 and KW9-2 showed similar values of '%0 and 8D,
and KW9-2, located in the bedrock aquifer, was clustered with
the alluvial aquifer samples. The similar values of 5'%0 and
OD in KW9-1 and KW9-2 might indicate mixing between
these aquifers.

The concentration of tritium in the deeper wells is generally
low (<0.8 TU), which can be an indicator of old water
(Table 3). Tritium concentrations ranged from 0.8 to 10.2
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TU in the alluvial aquifer and from 0.8 to 4.9 TU in the bed-
rock aquifer (Fig. 4), whereas the concentrations of *H in
KW5-2, KW6-2, KW7-2, and KW8-2 were less than 0.8
TU. Groundwater samples collected in KW7-1 and KW7-2
all showed *H concentration below 0.8 TU, even though
KW?7-1 was collected at 10 m below the surface in a pebble
aquifer (Fig. 4). Most recently recharged groundwater, collect-
ed from depths of 10-50 m, show *H concentrations of 2—10
TU in Korea (Kaown et al. 2009, 2014, 2018; Koh et al. 2012,
2018). The low concentration of *H in KW7-1 is likely due to
upwelling of deep water in the shallow well, which is consis-
tent with the change in EC in KW7-1 (Fig. 2).

Noble gas data

The *He/*He ratio in the groundwater was compared with the
distance to the epicenter for each well in the alluvial and bed-
rock aquifers (Fig. 5a). A decreasing *He/*He ratio was ob-
served with increasing distance from the epicenter, whereas
similar values of *He/*He were observed in the alluvial and
bedrock aquifer in KW6 and KW9 (Fig. 5a). However, higher
*He/*He was observed in KW5-2 and KW7-2 in the bedrock
aquifer compared to the alluvial aquifer in those locations,
while lower *He/*He was observed in KW8-2 and KW11-2
in the bedrock aquifer compared to the alluvial aquifer.
Ratios of *°Ne/*He and *He/*He are compared in Fig. 5b.
Low values of both ?’Ne/*He and *He/*He were observed
after the earthquake in KW8-2 and KW11-2. This is likely
caused by additional radiogenic helium sources in the crust
mixed with an air component derived from the mixing of
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Fig. 6 Geochemical changes after the earthquake for groundwater from the alluvial and bedrock aquifers

shallow groundwater and air-saturated groundwater.
However, the high *He/*He ratio and low *°Ne/*He ratio ob-
served in KW5-2 and KW7-2 can be explained by the addition
of mantle *He due to fluid flow through the fracture (Fig. 5b).

Hydrogeochemical data

The concentrations of Na*, Ca**, SO,*" and HCO; were
compared in groundwater samples from the alluvial and bed-
rock aquifers before and after the earthquake (Fig. 6). In wells
KW5 KW7, and KW10, the concentrations of Ca>*, Na*,
S0,>", and HCO; changed after the earthquake (Fig. 6).

Piper plots using concentrations of Ca®*, Na*, K*, Mg**,
CI, SO4*", and HCO; ™ show that groundwater from the bed-
rock aquifer was predominantly SO,*~ and HCO5 type, and
groundwater from the alluvial aquifer had a higher proportion
of CI” (Fig. 7). The concentrations of Ca®*, Na*, SO,*", and
HCO;5 were higher in groundwater from the bedrock aquifer
compared to the alluvial aquifer. Higher concentrations of
NO; and ClI” were observed in groundwater from the alluvial
aquifer compared to those of bedrock aquifer, since NO;  and
Cl'" mainly originated from anthropogenic sources (Table 3).
However, KW9-2, in the bedrock aquifer, showed high con-
centrations of NO5 , which is likely related to mixing between
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Fig. 7 Piper diagrams for groundwater from the alluvial and bedrock aquifers a before and b after the earthquake

the shallow and deep water. After the earthquake, the concen-
trations of Na*, Cl', and SO427 increased in wells KW6-2 and
KW10-2, which are located closer to the sea (Fig. 1).

High concentrations of **Rn were found in KW8-2 and
KW35-2 in the bedrock aquifers, and **Rn concentrations de-
creased with increasing distance from the epicenter (Fig. 8a).
KW6-2 and KW10-2, located close to the sea, showed low
concentrations of ?Rn. Decreasing values of §'°C were also
observed with increasing distance from the epicenter (Fig. 8a),
whereas usually, values of 8'*C in soil range from —25 to
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—22%0 and 5'*C from CO, in deep water range from —8 to
—4%o0 (Weise et al. 2001; Crossey et al. 2009; Saby et al.
2016). Depleted 5'*C-DIC is observed in recently recharged
waters while enriched §'*C-DIC is observed in deep and old
waters determined by the SH-*He method (Saby et al. 2016).
The concentrations of **’Rn and values of 5'°C showed close
correlations with epicentral distance in the study area.

The values of 5'°C were compared with *?Rn concentra-
tions to differentiate the input sources of CO, (Fig. 9a).
Enriched 5'3C and higher concentrations of *’Rn were
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Fig. 8 The concentration values of a *?Rn and b 5'>C in the groundwater samples, versus distance from the epicenter
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Fig. 9 The concentration of **?Rn versus the values of a 5'°C and b 5'30, in the groundwater samples

observed in KW5-1, KW5-2, KW8-1, and KW11-1 which are
located close to the epicenter, indicating that the groundwater
was affected by upwelling deep water. The values of 5'%0 and
222Rn are compared in Fig. 9b. The groundwater samples with
higher concentrations of 222Rn (KW5-2, KW8-2, KW8-1, and
KW11-1) showed depleted values of 580, further indicating
that the samples were affected by upwelling deep water.

Discussion

In this study, geochemical and hydrological data were eval-
uated to understand the responses to an earthquake of aqui-
fers of different types, lithologies, and distances from the
epicenter. Groundwater level changes were not observed in
most alluvial wells after the earthquake, while groundwater
levels and EC increased in the confined igneous rock aqui-
fer for several days to months. The concentrations of Ca*",
Na*t, SO427, and HCO; increased in groundwater from the
bedrock aquifer compared to the alluvial aquifer after the
earthquake. Environmental tracer data suggest upwelling
of old groundwater and mixing with shallow groundwater
in several wells following the earthquake. Depleted values
of 5'%0 and 8D were observed in the wells showing in-
creased groundwater levels, indicating mixing with up-
welling old water. Low concentrations (0.8 TU) of *H in
the shallow alluvial aquifer also suggest that shallow wells
were affected by upwelling deep water with an old water
component. Deep and old water was transported to the
alluvial aquifer composed of pebbles, up to 8 m below
the surface, from the deep aquifer composed of

conglomerate, which can be facilitated by preferential flow
paths formed by the earthquake. Higher *He/*He in KW5-2
and KW7-2 in the bedrock aquifer could possibly be ex-
plained by the addition of mantle He sources closely locat-
ed in the reversal fault in the eastern part of the study area.
In contrast, the lower 3He/*He ratios in KW8-2 and KW11-
2 could be caused by radiogenic crustal He in the aquifer;
these wells are closely located to the slide slip fault in the
western part of the study area composed of granite and
gneiss.

Cluster analysis was conducted to group wells with sim-
ilar hydrogeochemical properties using environmental
tracer data (6180, oD, 3He/4He, 2ON6/4HG, 3H, 222Rn, and
5'3C). The resulting clustered groups can categorize
groundwater in the aquifer system. The clustered groups
are presented in the form of a heat map (Fig. 10) and spatial
distributions of clustered groups are shown in Fig. 11.
Group A is composed of KW5-1, KW5-2, KW7-1, KW7-
2, KW8-1, KWS8-2, and KW11-1, which all showed high
correlations between environmental tracer data, indicating
responses to the earthquake (Fig. 10). Group B is com-
posed of KW9-1 and KW11-2, which showed moderate
correlations between environmental tracer data, suggesting
moderate responses to the earthquake compared to group A
(Fig. 10). Group C includes the remaining wells, KW6-1,
KW6-2, and KW9-2, which showed a lower correlation
between environmental tracer data suggesting less re-
sponse to the earthquake compared to groups A and B.

Wells in group A were qualitatively assessed to under-
stand the influence of the earthquake on each well. The
values of 5'%0 and 6D in groundwater samples from the
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confined bedrock aquifers (KW5-2, KW8-2, and KW11-2)
were depleted (Fig. 3). Groundwater samples collected in
KW7-1, KW8-1, and KW11-1 installed in the shallow
aquifer also showed depleted values of 5'®0 and 8D, sug-
gesting mixing with upwelling deep water. High radiogen-
ic helium sources were observed in the confined aquifers
composed of igneous rock (KW8-2 and KW11-2) after the
earthquake. The concentrations of *H showed consistent
results with the noble gas data in KW8-2 and KW11-2. A
high concentration of *’Rn was observed in the aquifer
composed of igneous rock (KW8-2) and mudstone
(KW5-2), which is consistent with the 3He/*He data in
those wells.

Mantle-originated helium was observed in the aquifer
(KW5 and KW7) composed of sedimentary rock (mud-
stone and conglomerate) which was affected by preferen-
tial flow paths, possibly due to the earthquake on the re-
versal fault (Fig. 5b). Similar 3He/*He ratios, tritium con-
centrations, and 5'80 and 8D values were observed in the
shallow aquifer composed of pebbles (KW7-1) and the
deep aquifer composed of conglomerate (KW7-2). The
concentration of *H in both wells was below 0.8 TU, indi-
cating that groundwater from the deep aquifer intruded to
the shallow aquifer possibly due to the earthquake because
the location of KW?7 is close to the Ulsan Fault, which
experienced a high frequency of earthquake aftershocks
(Kim et al. 2016) even though the wells are not close to
the epicenter. The terrigenic He signatures in groundwater
after the earthquakes may be related to the presence of

@ Springer

concealed active faults in the study area, in particular in
strata near KW5 and KW?7 that contains mantle He (Umeda
and Ninomiya 2009; Aydin et al. 2015). This also suggests
that further study involving helium isotopes may be helpful
to evaluate the characteristics of numerous faults in south-
eastern Korea; such studies have, so far, been carried out
based on mineralogical analysis and field surveys (Jeong
and Cheong 2005; Choi et al. 2014).

Groundwater level increased after the earthquake in KW8-
2 and environmental tracers including 6180, oD, 3H, 222Rn,
and 5'°C indicated the influence of upwelling water.
Environmental tracers in groundwater of KW5-1, KW5-2,
and KW7-1 also indicated the influence of upwelling water
even though no groundwater level change was observed after
the earthquake in those wells (Table 2). It is noteworthy that
there was a large groundwater level change in well KW11-2,
while environmental tracer concentrations were not signifi-
cantly affected by upwelling of old water after the earthquake.
This result can be explained by the fact that KW11-2 is
screened in a confined aquifer in the slide slip fault composed
of igneous rock, and thus the geochemistry was less affected
by the upwelling of old water compared to the sedimentary
rock aquifer closely located in the reversal fault, represented
by KW7-2, since earthquakes play an important role in
forming preferential flow paths (Kulongoski et al. 2005;
Newell et al. 2015; Wei et al. 2015; Batlle-Aguilar et al.
2017). This indicated that hydrological and geochemical data
should be carefully evaluated to comprehensively understand
the responses of aquifer systems to earthquakes.
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Conclusions

In this study, time series data of groundwater levels, electrical
conductivity (EC), and geochemical data and environmental
tracers, including noble gases, 5'%0, 8D, *H, ?*’Rn, and 5"°C,
were evaluated to understand the hydrologic and geochemical
response to an earthquake in the shallow (alluvial) and deep
(bedrock) aquifer. Noble gas anomalies in groundwater after
the earthquake were closely related to the fault type, epicentral
distance, lithology, and aquifer type. The different distribution
of *He/*He in groundwater from the alluvial and bedrock aqui-
fers indicated crustal mixing in groundwater of the slide slip
fault or upwelling of deep water in the reversal fault. Elevated
concentrations of ***Rn and enriched values of 5'*C-DIC were
observed in the aquifers located close to the epicenter, also
representing the influence of deep water. The resulting groups
from the cluster analysis based on environmental tracer data
were closely related to the effects of the earthquake on the

aquifer, the characteristics of the faults, and the epicentral dis-
tance. Groundwater level and geochemical response after the
earthquake showed different correlations depending on the
preferential flow path due to aquifer and fault types.
Environmental tracer data combined with groundwater level,
EC, and geochemical changes can be usefully applied to under-
stand the hydrogeologic and geochemical response to earth-
quakes in different aquifer types with varying geology. This
study also suggests that hydrological and geochemical data
should be simultaneously studied to fully understand the re-
sponse of aquifer systems to earthquakes.
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