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ABSTRACT 

 

Carbon dioxide (CO2) is one of the main components of greenhouse gases. 

The carbon cycle and the CO2 sources and sinks are well studied, and fault systems 

are known to play significant roles in the natural C emission, as higher volatile fluxes 

were reported where permeable fracture zones exist. Most of the studies focused on 

the degassing through faults itself, while the role of sedimentary basins along the 

faults is rarely studied. In this study, we carried out a broad-scale CO2 flux survey in 

South Korea along with the Yangsan Fault System (YFS), including some fault-

related natural springs and soil in the riverside. The CO2 flux was measured through 

the accumulation chamber method and associated with the graphical statistical 

analysis and isotope (13C-CO2) analysis. High CO2 flux (119.5 g m-2 d-1 ~ 77,699.5 

g m-2 d-1) was observed in the fault-related carbonic springs, mainly located in the 

northern part of the YFS, while in the central part of the YFS, high soil CO2 fluxes 

(0.5 g m-2 d-1 ~ 1,240 g m-2 d-1) were observed along the Hyeongsan River with 

alluvium deposits. Carbon isotope compositions show that the deep mantle source 

contributes to the carbonic spring CO2 through the fault (-14.03 ‰ ~ -7.44 ‰), and 

soil CO2 originates from shallow biogenic sources deposited in fault-forming basins 

(-22.82 ‰ ~ -13.53 ‰). In addition, in a survey after a small earthquake at the survey 

site, we found changes in soil CO2 flux near the epicenter, that might be associated 

with the earthquake. A simple calculation of the total emission shows that a 

significant amount of CO2 is being released along the YSF and gives an implication 

that faults and fault-related basins could play important roles on the global carbon 

cycle as unknown carbon reservoir. This study along the YSF gave a unique 

opportunity to observe both massive tectonic degassing and biogenic CO2 emission, 
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and investigate CO2 emission comprehensively with the roles of faults, fault-related 

sedimentary basins, and fluvial systems along with the fault system. 
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I. INTRODUCTION 

  

 Carbon dioxide (CO2) is one of the main components of greenhouse gases, 

and the migration of CO2 has been one of the primary research topics in the global 

carbon cycle. The carbon reservoir size and the cycle are fairly accurately quantified. 

Among the natural C sources to the atmosphere, it is well known that the faults and 

fracture zones play significant roles in the emission of CO2 and other volatile gases 

(e.g. Tamburello et al., 2018). Faulting makes fractures, and these fracture zones 

provide permeable pathways for volatiles ascending to the ground. In general, high 

diffusive soil CO2 fluxes are observed in volcanic areas where active degassing vents 

or hydrothermal systems exist nearby (e.g., Chiodini et al., 2020, 2008; Parks et al., 

2013; Robertson et al., 2016), accompanied by the fact that volcanoes are the greatest 

natural sources of CO2 to the atmosphere (Fischer et al., 2019; Tamburello et al., 

2018). However, many studies also reported high soil CO2 flux in non-volcanic areas 

with faults or rift zones. Ascione et al. (2018) reported high soil CO2 flux up to 

34,000 g m-2 d-1 along the fault zone in the Apennines mountain belt, Italy, with 

crustal origin. Doǧan et al. (2009) investigated the seismically active North 

Anatolian Fault zone, Turkey, and reported higher surface biogenic CO2 flux at 

faulted sites up to 309 g m-2 d-1. In the San Andreas Fault, the USA, high CO2 fluxes 

up to 428 g m-2 d-1 were observed in the faulted area, and it is marked that the spatial 

and temporal variability of fluxes were also higher at the faulted area, relative to 

comparable background areas (Lewicki et al., 2003). Higher soil CO2 fluxes were 

also observed in large rift zones such as the East African Rift (Lee et al., 2016), and 

Western Eger Rift in the Czech Republic (Kämpf et al., 2019).  
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Many studies of soil CO2 emission in the fault zones focused on high flux 

with deep origins (e.g. Chiodini et al., 2008; Parks et al., 2013), while some studies 

reported high soil CO2 flux through the shallow crustal degassing with biogenic 

origins (Doǧan et al., 2009; Lewicki et al., 2003). These studies focused on the 

degassing itself, however, the role of sedimentary basins along the fault zones is 

rarely studied. A significant amount of carbon could be accumulated in the basins 

through the weathering and erosion accelerated by faulting, and then, stored soil 

carbon could be released into the atmosphere through contact with the air. In addition, 

fluvial networks could be formed along the fault zones, which can accelerate carbon 

storage and shallow degassing. Recently, it has been revealed that inland water plays 

a significant role in the global carbon cycle (Raymond et al., 2013; Regnier et al., 

2013). It is estimated that the streams and rivers emit about 1.8 Pg C yr-1, and the 

lakes and reservoirs emit 0.32 Pg C yr-1 in the form of CO2 (Raymond et al., 2013). 

Moreover, it has been suggested that the CO2 emission from the dry inland water 

could be the blind spot in the CO2 evasion from the inland waters (Marcé et al., 2019 

and references therein). When sediments along the inland waters are exposed to the 

air permanently or temporarily, they could emit massive CO2 into the atmosphere. 

Due to the global climate change, land-use change, and high demand for water 

resources, the amount of exposed sediment might be increasing. However, the 

scarcity of field data all over the world and the lack of knowledge of the detailed 

mechanism hamper the precise estimation of C fluxes. Therefore, the roles of faults 

and fault-related basins in the global carbon cycle should be investigated focusing 

on the shallow degassing from the stored carbon in the soil, and more surveys are 

needed on the unstudied fault zones all over the world. 
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Here we present the broad-scale CO2 flux survey in South Korea along with 

the Yangsan Fault System (YSF), the huge, complicated fault system located in the 

southeastern part of the Korean Peninsula, including fault-related springs and soil in 

the riverside. In South Korea, there were a few studies on soil CO2 emission, but 

most of them conducted surveys in small areas, such as carbonic springs and adjacent 

areas for CO2 leakage detection (Kang et al., 2020; Kim et al., 2021, 2019) or 

exposed sediments in the hydroelectric reservoir during the extreme drought event 

(Jin et al., 2016). Previous studies have reported deep mantle degassing through the 

natural springs and groundwaters (Kim et al., 2020; Lee et al., 2019) in the YSF. In 

addition, the Hyeongsan River developed along the faults and provided massive 

sedimentary basins, which could act as a carbon reservoir and potential CO2 emitter. 

This unique environment provided us a valuable opportunity to investigate both deep 

and shallow CO2 degassing, and the role of the faults and fault-related basins in the 

CO2 emission and the carbon cycle. Using the accumulation chamber method 

(Chiodini et al., 1998), we conducted CO2 flux surveys over the wide study areas 

and analyzed the origins through statistical flux analysis and 13C analysis of the CO2 

gas samples from the field surveys. Also, we investigated the spatial distribution of 

the flux to detect the relation between faults and CO2 emission. In addition, a small 

earthquake that had occurred near our survey area provided us an additional 

opportunity to investigate the relationship between the earthquake and the temporal 

variation of soil CO2 emission. 
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II. REGIONAL SETTING 

 

 The study area includes Yeongdeok, Pohang, Gyeongju, and Ulju along 

with the Yangsan Fault System (YFS), located in the southeastern part of the Korean 

Peninsula (Figure 1). They are in the Gyeongsang Basin which was formed in the 

Cretaceous period. The Gyeongsang Basin consists of the Cretaceous granite, 

volcanic and sedimentary rocks, together with the Tertiary volcanic rocks and 

deposits (Cheon et al., 2019; Park and Lee, 2018). The YFS is a huge fault system in 

the southeastern part of the Korean Peninsula, mostly consisting of NNE-SSW 

trending dextral strike-slip faults, including Yangsan, Ulsan, Ilkwang, Dongrae, 

Moryang, Milyang, and Jain faults (Figure 1). Also, there are numerous small faults 

associated with the main faults, but the specific distribution of them are not been 

fully studied yet. The main Yangsan Fault show fault trace over 170 km and 20 ~ 30 

km dextral offset, with 2~3 km fault zones (Cheon et al., 2019). Since the 2016 

Gyeongju earthquake (ML=5.8), it has been widely accepted that the Yangsan Fault 

is active, and there have been many studies on determining the distribution of active 

faults in this area (Kim, 2020).  

The Yangsan Fault can be divided into three segments (northern, central, 

and southern) based on paleoseismological studies (Choi et al., 2017). In this study, 

the survey was focused on the northern parts of Yeongdeok and Pohang, and the 

central part of Gyeongju and Ulju, which have different geological settings. The 

northern part of the YSF has much narrower fault valleys and streams along the fault 

trace, while the central part of the YSF shows wider fault zones and rivers with 
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massive sedimentary deposits. In addition, natural springs and groundwaters with 

deep mantle degassing are mainly observed in the northern part rather than the 

central part (Kim et al., 2020; Lee et al., 2019). 

In the central part of the YFS, the Hyeongsan River, one of the large riverine 

systems in the southeastern part of the Korean peninsula, flows along the Yangsan 

Fault Valley, and the wide Quaternary alluvium is distributed along the river, forming 

sedimentary basins (Park and Lee, 2018). The Hyeongsan River is 62 km long and 

drains a 1,140 km2 catchment covered with forests (66 %), agricultural (29 %), and 

urban (5 %) areas (Report on the Basic Plan of the Hyeongsan River 2011, Busan 

Regional Construction and Management Administration). It flows from the south to 

the north in Gyeongju, reaches the Angang area, and then, changes its direction to 

the northeast. The river eventually flows into the East Sea through Yeongil Bay, 

Pohang. It seems that the river formation was deeply connected with the fault 

distribution in the Gyeongju area, while the northern and the southern parts of 

Gyeongju had a little link between them (Park and Lee, 2018). The sediments along 

the Hyeongsan River and connected streams were the main targets of the surveys. 

Due to the high human demand for water resources, the depth and discharge of the 

Hyeongsan River continued to decrease over the decades, and accordingly, the 

amount of sediment exposed to the air increased, especially during dry winter. 
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Figure 1. The map of the research area and the survey sites, including the Yangsan 

Fault System (YFS) and the Hyeongsan River. Major cities are shown as yellow 

boxes. The YFS includes several NNE-SSW trending dextral strike-slip faults and 
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major faults are shown on the map with abbreviated names; YF: Yangsan Fault, JF: 

Jain Fault, MIF: Milyang Fault, MOF: Moryang Fault, UF: Ulsan Fault. Red 

diamonds show natural springs, and green circles indicate survey sites for soil flux. 

Abbreviated names of the natural springs and survey sites are as follows; CS: 

Chosugol, HS: Hansil, HJ: Hwajeon, GD: Geomdan, NJ: Namjeong, SG: Singwang, 

AG: Angang, GD: Geomdan, HG: Hyeongok, DT: Downtown, YD: Yul-dong, NN: 

Naenam, BG: Bonggye. Yellow stars indicate epicenters of the 2016 Gyeongju 

earthquake (ML=5.8) and the 2017 Pohang earthquake (ML=5.5), and black dots 

show hypocenters of the aftershocks of the 2016 Gyeongju earthquake (data from 

Woo et al., 2019). 
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III. METHODS 

 

III-1. Survey sites and plan 

 The CO2 flux surveys were conducted during three periods; June 2020, 

February 2021, and March 2021. Flux measurements were carried out at the streams 

that cross the main Yangsan Fault line and in the Hyeongsan River that flows along 

the fault. As the research area is large, and accessible areas are limited by buildings 

and farmland, a regular grid or spacing for flux measurements was impossible. 

Depending on the accessibility and the soil type (Figure 2), transect-type or non-

regular grid-type measurements were conducted. The spacing between the points 

varied from 40m to 500m. The transect-type was mostly adapted along the streams, 

however, grid-type measurements and samplings were carried out in some areas, 

especially close to the Hyeongsan River, where wide, uncultivated soil areas exist. 

A total of 47 points were measured in June 2020 in the northern part of the 

YSF (Namjeong (NJ) of Yeongdeok and Singwang (SG) of Pohang) and at the 

downstream area of the Hyeongsan River (Geomdan (GD), Angang (AG), and 

Hyeongok (HG) of Gyeongju). In addition, 6 points were measured in 4 fault-related 

natural springs (Chosugol (CS), Hansil (HS), Hwajeon (HJ), and Geomdan (GD)) 

near the streams. In February 2021, a total of 189 points were measured in the central 

part of the YSF. The survey was carried out at the upstream area of the Hyeongsan 

River (Bonggye (BG) of Ulju, and Naenam (NN), Yul-dong (YD), downtown (DT) 

of Gyeongju), and the downstream of the Hyeonsan River (Geomdan and Angang). 

An earthquake of ML=2.6 (±0.2) occurred near the survey area in Naenam 
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(35.76°N, 129.19°E (±0.7km), depth 18km) three weeks after the February survey 

(02:51 KST, Mar-16, 2021), which is also nearby the epicenter of the 2016 Gyeongju 

earthquake. Starting from 14 hours after the earthquake, we carried out 65 

measurements in 53 points close to the epicenter of the earthquake for 3 days, to 

investigate the temporal variation in the soil CO2 flux and 13C-CO2. 
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Figure 2. Representative photos for various soil types in the study area. (a) Rocky 

soil, (b) sandy soil, (c) muddy soil, and (d) fertile soil that contains organic 

compounds such as black soil.  
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III-2. Measurement and sampling 

For the CO2 flux measurement, we used a portable CO2 gas analyzer EGM-

5 (PP Systems, USA) following the accumulation chamber method (Chiodini et al., 

1998). The measurements were carried out at the lowest possible points in each 

region, to reduce the effect of wind through pore space in the soil. The points were 

selected in silt or sand, where biological activity is low, and the chamber was placed 

on the ground after digging 20cm of the soil. Then, we measured the change in CO2 

concentration for 2 minutes. The best fit line for CO2 concentration change was 

selected for each measurement after the survey, and then the flux was calculated. The 

atmospheric pressure and the air temperature for flux calculations were 

simultaneously measured through the flux meter, and the soil temperature was 

additionally measured using a portable thermometer. For the survey after the Mar-

16 earthquake, the flux measurements were carried out at a similar time in the late 

afternoon of each day to reduce the diurnal effect. 

The graphical statistical analysis (GSA) has been used to identify different 

groups with different sources (Sinclair, 1974). The log values of CO2 flux are plotted 

on the cumulative probability plot and divided into groups upon the inflection points. 

In general, high flux is considered to have a deep source such as the mantle, and the 

low flux values originate from biogenic activities in the shallow soil. However, high 

flux values can also result from the shallow sources, therefore, to specify the origins 

of emitted CO2, 13C-CO2 isotopic analysis needs to be accompanied by the flux 

measurements. 

For the gas sampling, a 1L Tedlar bag was connected to the flux meter, and 
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the air sample was collected for 1 minute. The samples were sent to Beta Analytic, 

USA, and the 13C-CO2 of the samples were analyzed using Gasbench Ⅱ & Thermo 

Fisher Delta Ⅴ Advantage IRMS. 5 natural spring samples and 9 soil gas samples 

were taken during the first survey in June 2020, and 1 natural spring sample and 29 

soil gas samples were taken during the survey in March 2021.  

Meteorological factors such as air temperature, wind speed, rainfall 

precipitation, and barometric pressure can have a short-term effect on the CO2 flux. 

The air temperature and the atmospheric pressure were put into the flux calculation, 

while the wind speed is known to have the greatest influence on soil CO2 flux among 

the meteorological factors (Lewicki et al., 2003). To reduce the wind effect, we tried 

to make as little contact with the outside as possible when the chamber was placed 

on the ground. The precipitation might affect the soil CO2 flux by controlling the soil 

moisture, however, each survey in 2020 and 2021 was carried out in a relatively short 

time range, 3 days and 5 days each, in the period absence of the rainfall events.  

This study aimed to focus on the spatial distribution of the soil CO2 flux. 

For that purpose, the following discussion would focus on the origin of emitted CO2, 

and the effect of geological factors like faults. In addition, we will also discuss the 

soil type with the development of the fault. 
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IV. RESULTS 

 

IV-1. Spring flux 

6 spring points were measured in this study (Table 1). Red precipitation and 

travertine deposits were found in all springs, and high fluxes were observed with the 

active bubbling of CO2 gas (Figure 3). Moreover, at the Hansil natural spring, 

bubbling and precipitation were also observed in the nearby stream (Figure 3). The 

minimum value of the CO2 flux was 119.5 g m-2 d-1 at Geomdan, and the maximum 

value was 77,699.5 g m-2 d-1 at Hwajeon. The pH range was from 5.11 to 6.44, and 

the water temperature was between 12℃ and 17℃. 
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Region 
CO2 conc. 

(ppm) 

CO2 flux 

(g m-2 d-1) 
pH T (℃) 13C ± SD (‰) 

Hwajeon 92,667 77,699.5 5.96 17.0 - 7.44 ± 0.07 

Chosugol D 9,825 1,728.3 6.01 13.8 - 9.06 ± 0.05 

Chosugol U 3,787 528.8 5.11 14.6 - 9.85 ± 0.07 

Hansil 9,961 10,360.8 6.44 - - 9.00 ± 0.05 

Hansil 

River 
73,391 8,311.1 - - - 8.17 ± 0.07 

Geomdan 1,423 119.5 6.4* 12.6 - 14.03 ± 0.30 

 

Table 1. CO2 gas and flux data of the natural spring samples in the study area. All 

the data was measured in June 2020, except the Geomdan spring, which was 

measured in February 2021. *pH data of Geomdan spring is from Lee et al. (2019). 
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Figure 3. Natural spring sites mainly located in the northern part of the YSF. (a) 

Hwajeon spring, where the highest CO2 flux appeared in the survey. (b,c) Nearby 

Hansil spring, where active bubbling and precipitation were observed. (d) Fossil 

spring is noticed by precipitation. It coincided with the local CO2 flux peak (Figure 

4a) at Namjeong, Yeongdeok. 
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IV-2. Soil flux 

The study area is divided into three groups. Depending on the degree of 

fault development, it can be divided into the northern and central parts. In addition, 

the central area of the YSF is divided into the upstream and downstream areas of the 

Hyeongsan River. The maximum, minimum, and average fluxes of each region are 

listed in Table 2. 

 

IV-2-1. The northern part of the YSF 

The northern part of the YSF includes Namjeong and Singwang, where the 

fault valleys were much narrower, and the soil types of the streams were mainly 

rocky or sandy (Figure 2). In Namjeong (Figure 5a), the highest flux was observed 

near the fossil spring (48.8 g m-2 d-1), which was recognizable by red precipitation 

on the rock wall (Figure 2d). In addition, the flux decreased clearly around the 

maximum point despite the measurements being performed at narrow intervals 

(Figure 4a). In Singwang (Figure 5b), the highest flux appeared right next to the 

Singwang hot spring. The Yangsan Fault passes in the NNW-SSE direction, and it 

can be found that the flux gradually decreases in a direction along the fault from the 

Singwang hot spring, while the flux rapidly decreases in a direction perpendicular to 

the fault (Figure 4b). 

 

IV-2-3. The downstream area of the Hyeongsan River 

Among the central part of the YSF, the downstream area of the Hyeongsan 

River includes Angang, Geomdan, and Hyeongok. The fault valleys were the widest 
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among the three groups, and the soil type was diverse, but the proportion of muddy 

soil increased approaching the Hyeongsan River. The flux measurements were 

conducted along the streams that are connected to the Hyeongsan River in each area. 

Due to the heavy vegetation in summer, available points were limited during the 

survey in June 2020, while surveys with denser spacing and closer to the Hyeongsan 

River were possible in winter (February 2021). In June 2020, the maximum soil flux 

(1240.2 g m-2 d-1) of the study appeared in Angang (Figure 6a) and the maximum 

soil flux in Geomdan appeared at the closest point to the Geomdan natural spring 

(Figure 7a) and. In February 2021, the highest flux was 350.1 g m-2 d-1 in Angang 

and 181.0 g m-2 d-1 in Geomdan, both appearing in the main Hyeongsan River, where 

a wide, muddy soil area exists (Figure 6b, 7b). 

 

IV-2-3. The upstream area of the Hyeongsan River 

The upstream area includes the downtown of Gyeongju, Yul-dong, Naenam, 

and Bonggye. In the downtown Gyeongju (Figure 8a), the flux measurements were 

carried out in the Hyeongsan River. The soil type was mostly sand, but the average 

CO2 flux was higher than the upper stream of the Hyeongsan River in Bonggye or 

Naenam. Yul-dong area (Figure 8b) was a unique area, where the muddy soil was 

spread out flat along the stream, and the highest average flux during the February 

survey was observed in this area.  

In the Naenam region (Figure 8c), where the epicenter of the 2016 

Gyeongju earthquake is located, the survey was conducted at two sites; at the 

riverside of the Hyeongsan River and in the village near the earthquake epicenter. 

The riverside mainly consisted of sand or gravel, but as it went to the mainstream of 
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the Hyeongsan River, there were more muddy areas, and the CO2 flux was higher 

around such points. Especially, there was a cliff presumed to be the fault plane, and 

a high flux appeared in front of the cliff. In the village, the flux was variable in the 

small stream close to the village, however, the higher flux was observed near the 

epicenter in the non-river sites. For the temporal variation after an ML=2.6 

earthquake in Naenam (Figure 13), the soil CO2 flux was increased after the 

earthquake and decreased suddenly the day after the earthquake. This trend well 

appears at non-river points than river points. Especially, at the sandy point Pl 62, the 

flux increased up to 143 g m-2 d-1, which was 2.1 g m-2 d-1 and 9.0 g m-2 d-1 before 

and the day after the earthquake. 

Bonggye (Figure 8d) is located in the upper reaches of the river and it is the 

southernmost region of this study. The width of the river is relatively narrow, and the 

soil type is mainly sand or gravel. Overall, the soil CO2 flux was low, which was 

within the typical range of biological flux, and the average value was the lowest 

during the survey. 
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Region Points 
Max. flux 

(g m-2 d-1) 

Min. flux 

(g m-2 d-1) 

Avg ± 95% conf.  

(g m-2 d-1) 

Northern part of the YSF 

Namjeong 14 48.8 5.6 19.3 ± 5.9 

Singwang 10 141.9 2.6 30.8 ± 24.8 

Downstream of the Hyeongsan River 

Angang 6 1240.2 1.3 133.8 ± 190.5 

Angang* 33 350.1 0.6 36.2 ± 27.6 

Geomdan 12 43.7 6.0 21.6 ± 9.2 

Geomdan* 23 181.0 0.0 24.6 ± 17.7 

Hyeongok 5 305.0 3.3 80.5 ± 100.6 

Upstream of the Hyeongsan River 

Downtown* 28 278.5 0.0 17.8 ± 18.9 

Yul-dong* 20 240.6 5.4 65.1 ± 32.6 

Naenam* 55 84.5 0.0 12.2 ± 3.6 

Bonggye* 29 32.8 0.0 8.5 ± 2.8 

 

Table 2. The summary of the soil CO2 flux survey of this study. Star marks (*) 

indicate surveys in February 2021, while others are surveys conducted in June 2020. 
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Figure 4. Soil CO2 flux variation in June 2020. Starting and ending points of each 

area are shown in Figure 5-7. (a) Namjeong (NJ). The red arrow indicates the flux 

peak which coincides with the fossil spring (Figure 2). (b) Singwang (SG), (c) 

Geomdan (GD), (d) Angang (AG), (e) Hyeongok (HG) 
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Figure 5. The spatial distribution of the soil CO2 flux by the amount and soil type in 

the northern part of the YSF. The red diamonds indicate natural springs at the survey 

sites, and YF indicates the Yangsan Fault. (a) Namjeong (NJ). The red arrow 

indicates the soil CO2 flux peak (Figure 3) and where the fossil spring locates. (b) 

Singwang (SG). 
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Figure 6. The spatial distribution of the soil CO2 flux in Angang at the downstream 

area of the Hyeongsan River, in the central part of the YSF. YF indicates the Yangsan 

Fault and HS indicates the Hyeongsan River. (a) Flux in summer (June 2020), and 

(b) flux in winter (February 2021). 
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Figure 7. The spatial distribution of the soil CO2 flux in Geomdan (GD) and 

Hyeongok (HG) at the downstream area of the Hyeongsan River, in the central part 

of the YSF. (a) soil flux in summer (June 2020) and (b) flux in winter (February 2021) 
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Figure 8. Continued 
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Figure 8. The spatial distribution of the soil CO2 flux at the upstream area of the 

Hyeongsan River, in the central part of the YSF. (a) Downtown (b) Yul-dong (c) 

Naenam, the yellow and orange stars indicate the epicenters of the 2016 and 2021 

earthquakes, respectively. (d) Bonggye. 
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IV-3. Isotope analysis 

The 13C-CO2 of natural springs ranged from -14.03‰ to -7.44‰ (Table 1). 

Most of the data is located in the narrow range of -7‰ to -10‰ except for Geomdan 

natural spring (-14.03‰). It is in the range of upper mantle end-member value. For 

the Geomdan natural spring, the data coincided with the previous study of local 

natural springs. On the other hand, the 13C of soil CO2 has a broader range from -

22.82‰ to -13.53‰. The data are widely spread over the typical range of CO2 from 

the biological respiration of C3 and C4 plants. 
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V. DISCUSSION 
 

V-1. CO2 sources 

To identify the origin of CO2 emitted in the Yangsan Fault System, 

statistical analysis was conducted using the graphical statistical analysis (GSA). The 

statistical parameters for each survey were listed in Table 3. For the survey in 2020, 

one inflection point appeared at 86% of a quasi-bimodal curve, which indicates 2 

log-normal CO2 populations (Figure 9). The high flux population (HF) includes all 

the spring data and some stream soil flux with an average of 12,543.5 g m-2 d-1. In 

general, such a high CO2 flux is believed to have an endogenous source. (e.g., 

Cardellini et al., 2003; Chiodini et al., 2008, 1998; Parks et al., 2013), while the low 

flux population (LF) is in the range of typical biological origin (Chiodini et al., 2008; 

Raich and Tufekcioglu, 2000).  

For the survey in 2021, all points are from the soil, and an inflection point 

locates at 96% of the cumulative curve (Figure 9). The average flux of 14.6 g m-2 d-

1 indicates biogenic origins for the low flux population, however, the average of the 

high flux population (246.7 g m-2 d-1) is much higher than the general biological 

origin. Several studies reported high CO2 flux, although biogenic origin, especially 

in the fault zones such as the North Anatolian Fault (Doǧan et al., 2009) and San 

Andreas Fault (Lewicki et al., 2003).  

For the specific identification of the CO2 sources, 13C-CO2 was analyzed 

for 6 spring samples and 38 soil gas samples. The result is shown in Figure 10 with 

the CO2 concentration. All samples are plotted in the mixing triangle between 3 end-

members; the MORB (13C= -6.5±2.5‰, Sano and Marty, 1995), the biogenic origin 
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(C3 (13C= -27‰), and C4 (13C= -13‰) plants, Cheng, 1996), and the local air 

(conc.= 427ppm, 13C= -12.8±0.8 ‰, this study).  

The 13C-CO2 of the natural spring samples have a range from -14.03‰ to 

-7.44‰, and most of them are close to the MORB value, except Geomdan spring (-

14.03‰). Previous studies have reported mantle-derived helium and CO2 in 

groundwater wells and hot springs in the Gyeongju and Pohang areas (Kim et al., 

2020; Lee et al., 2019). Along with the previous studies, these results indicate that 

the Yangsan Fault System might extend deep into the lithospheric mantle, and CO2 

gas emitted through natural springs originated from the lithospheric upper mantle. In 

contrast, the soil gas samples have lighter 13C (-22.82‰ ~ -13.53‰), which falls in 

the range of biogenic CO2 (Figure 10), which indicates shallow biogenic origins, 

such as microbial decomposition of organic matter in the soil, plant residues, or root 

respiration (Chiodini et al., 2008).  

Two distinct sources can be observed in Figure 11 with CO2 flux. The 

mixing trends of natural springs and soil CO2 are different. For the natural springs, 

13C-CO2 becomes heavier, as the CO2 flux increases. On the contrary, 13C-CO2 

becomes lighter, as the soil CO2 flux increases. Each trend indicates deep mantle 

origins for the natural springs CO2, shallow biogenic origins for soil CO2 from the 

riverside, and the mixing between the local air and each origin. In the case of 

Geomdan spring, although travertine deposit and red precipitation were observed, 

bubbling was much weaker and 13C-CO2 was lighter than in other natural springs, 

which have typical MORB values. This case could be explained by the contribution 

of shallow biogenic gas to the mantle CO2 while it ascends to the surface from the 
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deep source, therefore the isotope value results in much lighter than the typical 

mantle CO2. 
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Group Ratio (%) Avg. (g m-2 d-1) Max. (g m-2 d-1) Min. (g m-2 d-1) 

June 2020 

HF 14 12,543.5 77,699.5 174.3 

LF 86 24.3 141.9 1.3 

February 2021 

HF 4 246.7 350.1 161.1 

LF 96 14.6 131.9 0.5 

 

Table 3. The results and the parameters of the graphical statistical analysis (GSA) of 

flux data. 
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Figure 10. 13C-CO2 versus 1/CO2 diagram of soil and natural springs data. The 

mantle value (light brown area, MORB 13C= -6.5±2.5 ‰) is from Sano and 

Marty (1995), the biogenic endmember value for general C3 and C4 plants is 

from Cheng (1996), local Holocene soil endmember value (dark brown area, 

-20 ‰ ~ -25 ‰) is from Lim et al. (2012), and the air value (conc.= 400 ppm, 

13C= -8.5 ‰) is from the measurement at the Gosan Station located on Jeju 

Island, South Korea. 
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Figure 11. 13C-CO2 versus CO2 flux diagram with log scale flux axis. 
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V-2. Faulting and CO2 flux 

Faults provide pathways for the volatile gas ascending to the surface due to 

their permeable structures. Many previous studies have reported increases in CO2 

flux at the fault systems all over the world (Ascione et al., 2018; Doǧan et al., 2009; 

Lee et al., 2016; Lewicki et al., 2003). In the YFS, higher CO2 fluxes were observed 

at natural spring sites, mainly located in the northern part of the YFS. Based on the 

CO2 source analysis and previous studies (Section V-1), these springs are related to 

the faults that might penetrate deep into the upper mantle, and provide direct 

pathways for the massive CO2 emission. These aspects were also observed in some 

soil sites. In Namjeong and Singwang areas, some measurement points show higher 

fluxes toward spring or fossil spring (Section IV-2-1, Figure 4), and higher flux could 

have resulted from the existence of the faults, which can be indicated by the existence 

of natural springs. Similar flux trends of soil CO2 flux were observed in other survey 

areas as well, and among them, some points in Angang, Geomdan, and Yul-dong 

coincide with the previously reported structural lines (Park and Lee, 2018). It is more 

ambiguous than the spring-exist sites, but the small active faults might exist in such 

areas that it results in higher flux locally. 

In addition, faults could indirectly contribute to the increase in CO2 flux by 

providing a favorable environment for carbon storage and CO2 formation. High soil 

CO2 fluxes were observed in the overall YFS, but there are regional, and structural 

differences. This will be discussed in connection with the development of the 

riverine system and the differences in the soil type, which are the barometers of the 

development of the overall fault system.  



 

 

 

 

３５ 

The YFS is divided into three segments, and among them, the central part 

of the YFS is a more developed fault system than the northern part of the YFS. In 

the central part, the fault zone is wider, and the large riverine system (the Hyeongsan 

River) developed along the fault lines with massive alluvium deposits. In the 

northern part of the YFS, including Pohang and Yeongdeok, high CO2 flux mainly 

appeared along the fault-related springs, with the absence of a large riverine system. 

In contrast, fault-related springs were rare in the central part of the YFS, including 

Gyeongju, and the higher fluxes were concentrated near the mainstream of the 

Hyeongsan River.  

In addition, the distribution of various soil types is associated with the 

differences in CO2 flux survey and fault developments (Figure 2). In general, higher 

soil CO2 fluxes were observed in the muddy soil rather than the sandy or rocky soil 

in the YFS (Table 4). This could be because muddy soil could provide a more 

favorable environment for biological activities than sandy or rocky soil, and pore 

spaces are denser, so it could accumulate CO2 from soil respiration for a longer time. 

The muddy soil with high CO2 flux is mainly distributed close to the mainstream of 

the Hyeongsan River, while sandy or rocky soil with lower CO2 flux was mostly 

observed far from the Hyeongsan River (Figure 6 - 8, Section IV-2). These trends 

also appeared in the Hyeongsan River itself (Figure 12) that the upstream showed 

lower flux (Bonggye: 8.5±7.6 g m-2 d-1) with rocky soil and a higher flux was 

observed in the downstream (Geomdan: 24.6±43.4 g m-2 d-1, Angang: 36.2±80.9 g 

m-2 d-1) with muddy soil. In short, higher CO2 fluxes were observed in the area with 

more developed faults, rivers and sedimentary basins, and more muddy soil.  

The above discussion could be schematized as follows. As a fault develops, 
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more fracture zone will be formed, which make more permeable pathways for CO2 

gas in the ground. In addition, weathering process would be activated, the soil type 

will be changed to smaller particles, and biological activities would increase, which 

might contribute to the higher soil CO2 flux. If the river starts to flow along the cracks 

of the fault, weathering and erosion will be accelerated, and the above processes 

would be more active. Eventually, the sedimentary basin might form along the fault 

zone after a long time, and significant amounts of biogenic CO2 emissions could 

occur in such sedimentary areas. Emitted gas can be derived from various depths 

depending on how deep the fault zone is connected. Sometimes deep mantle CO2 

could be emitted through the faults, and the YFS seems to be such a case. The deep 

CO2 emission is generally accompanied by higher CO2 flux, therefore it might add a 

significant proportion to the total CO2 emission in the area. Through these processes, 

the fault system might contribute to the emission of CO2 from the geosphere to the 

atmosphere, and these are well observed along the YFS. 
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Figure 12. Average soil CO2 flux along the Hyeongsan River. Angang is the most 

downstream area of the river, and Bonggye is the most upstream area of the river. 
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Soil type Points Avg ± 95% conf. (g m-2 d-1) 

Fertile 32 76.9 ± 33.5 

Muddy 22 31.9 ± 24.5 

Sandy 113 10.8 ± 2.1 

Rocky 21 4.7 ± 2.1 

 

Table 4. Average soil CO2 flux for different soil types in February 2021. 
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V-3. Earthquake and temporal changes in CO2 flux 

After three weeks after the February 2021 survey, a small earthquake 

occurred near the survey area in Naenam, close to the epicenter of the 2016 Gyeongju 

earthquake. Starting from 14 hours after the earthquake, another field survey was 

carried out to investigate the temporal variation of the soil CO2 flux and the effect of 

the earthquake. The temporal variations of soil CO2 flux and carbon isotope 

composition were shown in Figure 13 and 14. The depth of the earthquake was about 

18 km, and the closest survey point from the epicenter was estimated to be less than 

1 km. The temporal flux variation was not clear in the river sites because biological 

activities and the water flow might affect the high variability. However, a noticeable 

change was observed in the non-river sites, especially at Pl 62 and Pl 77. The 

temporary increases in CO2 flux were observed and sharp decreases occurred a day 

later. Both 2 points were composed of sandy soil, and these changes were beyond 

the flux range in sandy soil. In particular, Pl 77 was purely composed of sand, and 

there were no significant grasses or roots around it. Therefore, these changes in the 

flux might be the effect of the earthquake.  

Several studies have reported the change in soil CO2 flux during earthquake 

events. Camarda et al. (2016) investigated the spatial and temporal correlation 

between soil CO2 flux and the earthquakes on a broad scale across 15,000 km2, up 

to 3 years, in the seismically active area of southern Italy, and found that there were 

synchronous sharp increases of the flux and the seismicity. In Nepal Himalayas, after 

the 2015 Gorkha earthquake of MW=7.8, spectacular increases in CO2 emission were 

observed at several sites, sometimes with a delay of several months, associated with 
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the permanent changes in the hydrothermal system (Girault et al., 2018). For 

seismically inactive areas, in Daepyeong, Korea, a rapid increase in soil CO2 flux 

was also reported after the small earthquake of ML=2.1, at a point 7.8 km away from 

the epicenter (Kim et al., 2021). Especially, the Daepyeong earthquake showed a 

similar pattern to this study in that there was an increase in CO2 flux after the 

earthquake and a sudden decrease after 1 day. CO2 stored in the ground may have 

been temporarily emitted due to vibration induced by seismic waves (Kim et al., 

2021; Toutain and Baubron, 1999), or in the other way, the increase of fluid pore 

pressure might have triggered the earthquake (Horálek and Fischer, 2008; Miller et 

al., 2004). A small earthquake in Naenam provided us a unique opportunity to 

investigate the relationship between CO2 emission and the earthquake at a close 

distance from the epicenter, but further research and case studies should be 

investigated for the detailed mechanism. 
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Figure 14. 13C-CO2 variation after the 2021 earthquake in Naenam (NN). The 

locations of each point are shown in Figure 12. 
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V-4. Implications for the effect of faulting on the global carbon 

cycle 

Based on the flux survey, we estimated the total CO2 emission from the 

YFS roughly. The total emission was calculated using the arithmetic mean of soil 

CO2 flux and extent of each area and then expanded into the overall YSF. The 

arithmetic mean has a disadvantage in that when data has high skewness, the 

uncertainty increases and it might overestimate the actual value, nevertheless, it is 

the simplest method for the total emission calculation (Kämpf et al., 2019) and we 

adopted this method due to the limit for the making regular grid during the surveys. 

The average soil CO2 emission is 68 t d-1 for the area of 0.70 km2 in the survey in 

June 2020, and 62 t d-1 for the area of 2.19 km2 in the survey in February 2021. If we 

apply this to each segment of the YSF, the total CO2 emission is 2.8 Mt yr-1 for the 

northern part of the YSF (40 km x 2 km), and 2.1 Mt yr-1 for the central part of the 

YSF (50 km x 4 km). Although the fault zone is larger in the central part than in the 

northern part, the total emission was higher in the northern part of the YSF. This is 

attributed to the seasonal differences that biogenic CO2 flux would be much higher 

in summer than winter. For the conservative calculation, if we use the winter value 

and extrapolate to the overall YSF (200 km x 3 km), the total CO2 emission at the 

YSF would be 6.2 Mt yr-1. It should be noted that the direct CO2 emission from the 

natural springs is not considered in this calculation, therefore, it might add a 

significant portion to the total emission. 

Though it is a rough calculation, it appears that a significant amount of CO2 

is emitting from the YSF (Figure 15). It is well known that degassing of CO2 is 
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related to the active fault systems all over the world, and it is suggested that it might 

contribute significantly to the natural carbon emission (Tamburello et al., 2018). For 

example, The CO2 emission from the East African system (3,240 x 50 km) is 

estimated to be ~ 70 Mt yr-1 (Lee et al., 2016), the Himalayan (2,500 x 300 km) 

metamorphic CO2 degassing would be ~ 40 Mt yr-1 (Becker et al., 2008), and the 

deep CO2 emission from central Italy (~ 0.4 x 105 km2) would be ~ 10 Mt yr-1 

(Chiodini et al., 2004). Considering the CO2 emission from the YSF would be ~ 6 

Mt yr-1, the CO2 degassing from the world fault systems might be higher than the 

previous estimations if unquantified fault areas are included. More research should 

be conducted in the YSF for the precise estimation, and other unstudied fault systems 

over the world. 

Besides focusing on the tectonic degassing from the fault systems, the role of the 

sedimentary basins and the fluvial systems that developed along the fault systems 

should be studied together for a comprehensive understanding of the CO2 emission. 

Primarily, faulting could affect the CO2 emission by providing a permeable pathway, 

and secondarily, it could contribute to the formation of carbon storage through the 

development of sedimentary basins and streams, and rivers, which then could affect 

the biogenic CO2 flux from the shallow sediments. When stored carbon is exposed 

to air, it could act as a significant CO2 source to the atmosphere. Recently, the effect 

of dry inland water (streams, rivers, ponds, and lakes) on the global carbon cycle is 

drawing attention (Marcé et al., 2019; Regnier et al., 2013, and references therein). 

It has been confirmed that inland waters act as net CO2 sources to the atmosphere by 

several studies (Gómez-Gener et al., 2015, and references therein). Especially, the 

emission from dry inland aquatic systems is estimated at 0.22 Pg C yr-1, which would 
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be ~ 10% of the total CO2 emissions from inland waters, but field survey data is still 

insufficient (Marcé et al., 2019). In addition, due to the global climate change and 

anthropogenic changes in aquatic systems, dry areas of the fluvial systems would 

increase, and it might contribute to the increases in natural CO2 emissions. Our study 

was mainly conducted at the streams and the rivers along the YSF, and it appears that 

massive CO2 is being released along with the fluvial system in the fault zone. For 

future studies, inland aquatic systems developed along the fault systems should be 

noted and discussed further for the accurate estimation of the CO2 emission. The 

fracture zones in the fault systems would make favorable environments for the 

creation of fluvial systems and carbon storage through sedimentation. In addition, if 

the fault systems are connected deep into the mantle, it might accompany massive 

tectonic degassing from the deep sources, such as in the North Anatolian Fault, East 

African Rift, Western Eger Rift, etc. This study conducted in the YSF provided us 

with a unique environment in that we could observe both massive tectonic degassing 

and biogenic CO2 emission, respectively from the fault-related natural springs and 

the sediments of the fluvial systems. 
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Figure 15. Total CO2 emission from the world fault systems and this study 

conducted in the YSF. The data were compared with the East African Rift (Lee et 

al., 2016), the Himalaya (Becker et al., 2008), and the Central Italy (Chiodini et al., 

2004).  
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VI. CONCLUSIONS 
 

 The broad-scale CO2 survey was carried out in the Yangsan Fault System, 

and massive CO2 emission was observed at both carbonic springs and soil on the 

riverside. Carbonic springs are related to the fault and are mainly located in the 

northern part of the YFS, while in the central part of the YFS, high soil CO2 flux 

values are shown near the Hyeongsan River, associated with the fault-related basins 

and fluvial systems. Carbon isotope compositions show that the deep mantle source 

contributes to the carbonic spring CO2 through the fault, and soil CO2 originates from 

shallow biogenic sources deposited in fault-forming basins. In addition, in the survey 

conducted after a small earthquake, we found changes in soil CO2 flux near the 

epicenter, that might be associated with the earthquake. A simple calculation shows 

that a significant amount of CO2 is being emitted through the overall YSF. These 

results give us implications about the roles of the fault and fault-related basin on the 

CO2 emission and the global carbon cycle. 
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국문초록 

 

  이산화탄소는 주요 온실 기체 중 하나로 탄소 순환과 그 안에서

의 이산화탄소의 이동은 많이 연구되어왔다. 그 중 자연적인 탄소 배출

원과 관련해서는 단층이 중요한 역할을 한다고 잘 알려져있는데, 이는 

단층대의 파쇄대를 따라서 이산화탄소를 비롯한 휘발성 성분 플럭스가 

높게 관측되었기 때문이다. 그러나 대부분의 연구는 단층대를 통한 기체 

유출 그 자체에만 초점을 맞춰왔고, 단층과 연관된 퇴적 분지의 역할은 

그동안 주목받지 못했다. 이를 위해서 본 연구에서는 대한민국의 양산단

층대를 따라 이산화탄소 플럭스 조사를 실시했다. 조사는 단층과 연관되

었다고 알려진 자연 약수 및 단층대를 따라 분포하는 강변의 토양에서 

실시했고, accumulation chamber method를 이용한 플럭스 측정과 

graphical statistical analysis (GSA) 를 이용한 플럭스 분석 및 이산화

탄소의 탄소 동위원소 분석을 수행하였다. 그 결과 주로 양산 단층대의 

북부 지역에 위치한 자연 약수에서 높은 이산화탄소 플럭스 (119.5 g 

m-2 d-1 ~ 77,699.5 g m-2 d-1)가 관측되었고, 양산단층대 중부 지역에

서는 형산강 근처 토양에서 높은 플럭스 (0.5 g m-2 d-1 ~ 1,240 g m-2 

d-1)가 관측되었다. 또한 탄소동위원소 분석 결과는 자연 약수를 통해서

는 맨틀 기원의 이산화탄소 (-14.03 ‰ ~ -7.44 ‰)가 방출되고, 강변

의 토양을 통해서는 단층 분지에 퇴적된 천부 생물학적 기원의 이산화탄

소 (-22.82 ‰ ~ -13.53 ‰)가 방출됨을 지시한다. 그리고 조사 지역



 

 

 

 

５６ 

에서 발생한 소규모 지진 이후 실시한 조사에서는 지진과 연관성이 있을 

수 있는 토양 이산화탄소 플럭스의 변화가 간측되었다. 총 유출량 계산 

결과는 상당량의 이산화탄소가 양산단층대에서 대기 중으로 유출되고 있

음을 지시하고, 이는 탄소 순환에 있어서 단층과 단층분지가 탄소 저장

소로써 중요한 역할을 할 수 있다는 사실을 함의한다. 양산단층대에서 

수행된 본 연구를 통해서 대규모의 지질학적 그리고 생물학적 기원의 이

산화탄소 유출을 모두 관측할 수 있었고, 단층과 퇴적분지, 그리고 하천 

시스템과 관련해서 종합적으로 이산화탄소 유출을 분석할 수 있었다. 

 

주요어: 이산화탄소 플럭스, 탄소 순환, 양산단층대, 단층, 단층분지 

학 번: 2020-20985 
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SUPPLEMENTARY MATERIAL 

Table S1. Locations and soil CO2 flux data of the Yangsan Fault System. 

Month Area Point ID 
Latitude 

(N°) 

Longitude 

(E°) 
Flux (g m-2 

d-1) 

Jun. 2020 

Namjeong 

NJ-2 36.3528 129.3572 14.4 

NJ-3 36.3519 129.3575 17.3 

NJ-8 36.3483 129.3617 5.6 

NJ-9 36.3492 129.3617 9.4 

NJ-10 36.3489 129.3617 21.8 

NJ-11 36.3486 129.3617 27.7 

NJ-12 36.3478 129.3617 48.8 

NJ-13 36.3475 129.3617 25.0 

NJ-14 36.3469 129.3614 13.4 

NJ-15 36.3467 129.3614 8.9 

NJ-16 36.3428 129.3614 9.2 

NJ-17 36.3406 129.3658 33.6 

NJ-18 36.3383 129.3669 20.9 

NJ-19 36.3325 129.3756 14.6 

Singwang 

SG-20 36.1597 129.2789 11.7 

SG-21 36.1597 129.2783 16.7 

SG-22 36.1600 129.2778 15.1 

SG-23 36.1606 129.2775 2.6 

SG-24 36.1608 129.2772 4.6 

SG-25 36.1625 129.2761 141.9 

SG-26 36.1631 129.2758 54.0 

SG-27 36.1636 129.2758 39.5 

SG-28 36.1639 129.2761 12.8 

SG-29 36.1647 129.2769 8.9 

Geomdan 

GD-31 35.9317 129.2075 43.7 

GD-32 35.9339 129.2100 16.2 

GD-33 35.9369 129.2158 19.7 



 

 

 

 

５８ 

GD-34 35.9367 129.2194 6.0 

GD-35 35.9364 129.2275 26.2 

GD-36 35.9353 129.2325 17.7 

Angang 

AG-37 35.9706 129.1369 38.8 

AG-38 35.9767 129.1400 13.6 

AG-39 35.9917 129.1814 1.3 

AG-40 35.9972 129.1922 7.5 

AG-41 35.9969 129.1950 24.1 

AG-42 35.9950 129.2006 18.7 

AG-43 35.9919 129.2061 1240.2 

AG-44 35.9908 129.2072 4.7 

AG-45 35.9900 129.2097 18.7 

AG-46 35.9872 129.2194 5.1 

AG-47 35.9867 129.2247 174.3 

AG-48 35.9858 129.2275 58.9 

Hyeongok 

HG-49 35.8936 129.1728 3.3 

HG-50 35.8925 129.1756 12.7 

HG-51 35.8911 129.1783 305.0 

HG-52 35.8886 129.1848 70.1 

HG-53 35.8847 129.1892 11.2 

Feb. 2021 Ulju 

UL-A-1 35.7088 129.1953 6.5 

UL-A-2 35.7085 129.1953 8.3 

UL-A-3 35.7083 129.1953 5.3 

UL-A-4 35.7077 129.1952 0.0 

UL-B-1 35.7232 129.2075 32.8 

UL-B-2 35.7229 129.2077 16.0 

UL-B-3 35.7225 129.2077 22.7 

UL-B-4 35.7222 129.2076 21.9 

UL-B-5 35.7218 129.2079 10.8 

UL-B-6 35.7216 129.2081 10.9 

UL-B-7 35.7213 129.2083 0.0 

UL-B-8 35.7211 129.2083 0.9 



 

 

 

 

５９ 

UL-B-9 35.7212 129.2079 3.6 

UL-B-10 35.7215 129.2077 6.2 

UL-B-11 35.7218 129.2074 0.0 

UL-B-12 35.7222 129.2073 1.3 

UL-B-13 35.7230 129.2072 4.3 

UL-B-14 35.7233 129.2072 11.4 

UL-B-15 35.7237 129.2070 1.7 

UL-B-16 35.7218 129.2062 6.2 

UL-B-17 35.7232 129.2062 8.7 

UL-B-18 35.7229 129.2063 2.9 

UL-B-19 35.7226 129.2062 3.9 

UL-B-20 35.7223 129.2062 17.9 

UL-B-21 35.7224 129.2066 12.6 

UL-B-22 35.7225 129.2066 5.5 

UL-B-23 35.7227 129.2067 9.8 

UL-B-24 35.7231 129.2067 8.6 

UL-B-25 35.7234 129.2068 6.9 

Naenam 

GJ-A-1 35.7519 129.2036 2.9 

GJ-A-2 35.7516 129.2033 0.5 

GJ-A-3 35.7512 129.2030 15.9 

GJ-A-4 35.7509 129.2030 2.5 

GJ-A-5 35.7504 129.2028 5.2 

GJ-A-6 35.7498 129.2023 1.8 

GJ-A-7 35.7495 129.2020 20.2 

GJ-A-8 35.7493 129.2014 2.1 

GJ-A-9 35.7491 129.2010 9.9 

GJ-A-10 35.7491 129.2004 6.2 

GJ-A-11 35.7491 129.1996 12.6 

GJ-A-12 35.7491 129.1991 22.5 

GJ-A-13 35.7492 129.1988 13.6 

GJ-A-14 35.7492 129.1984 2.2 

GJ-A-15 35.7495 129.1980 7.6 



 

 

 

 

６０ 

GJ-A-16 35.7495 129.1974 2.3 

GJ-A-17 35.7488 129.2008 15.5 

GJ-A-18 35.7483 129.2011 7.2 

GJ-A-19 35.7513 129.2064 10.5 

GJ-A-20 35.7511 129.2064 6.4 

GJ-A-21 35.7516 129.2048 36.3 

GJ-A-22 35.7517 129.2043 37.3 

GJ-A-23 35.7521 129.2045 14.6 

GJ-A-24 35.7525 129.2044 19.1 

GJ-A-25 35.7521 129.2047 4.6 

GJ-A-26 35.7524 129.2048 47.6 

GJ-A-27 35.7535 129.2055 12.8 

GJ-A-28 35.7532 129.2056 5.3 

GJ-A-29 35.7527 129.2054 33.7 

GJ-A-30 35.7527 129.2059 5.9 

GJ-A-31 35.7580 129.2069 12.6 

GJ-A-32 35.7679 129.1998 2.1 

GJ-A-33 35.7681 129.2002 17.4 

GJ-A-34 35.7675 129.2001 14.1 

GJ-A-35 35.7671 129.2001 9.1 

GJ-A-36 35.7661 129.2002 3.5 

GJ-A-37 35.7658 129.2002 10.4 

GJ-A-38 35.7654 129.2001 18.4 

GJ-A-39 35.7651 129.2000 5.2 

GJ-A-40 35.7652 129.1997 5.5 

GJ-A-41 35.7654 129.1993 3.3 

GJ-A-42 35.7655 129.1990 10.1 

GJ-A-43 35.7657 129.1984 7.1 

GJ-A-44 35.7656 129.1980 14.4 

GJ-A-45 35.7655 129.1974 84.5 

GJ-A-46 35.7647 129.1968 14.5 

GJ-A-47 35.7643 129.1967 6.2 



 

 

 

 

６１ 

GJ-A-48 35.7637 129.1968 14.1 

GJ-A-49 35.7633 129.1968 0.0 

GJ-A-50 35.7666 129.1951 7.0 

GJ-A-51 35.7666 129.1957 9.1 

GJ-A-52 35.7684 129.1987 0.0 

GJ-A-53 35.7687 129.1989 6.9 

GJ-A-54 35.7690 129.1990 2.2 

GJ-A-55 35.7693 129.1990 7.7 

Yul-dong 

GJ-B-01 35.8138 129.1808 21.1 

GJ-B-02 35.8138 129.1810 73.7 

GJ-B-03 35.8136 129.1814 11.1 

GJ-B-04 35.8136 129.1816 55.1 

GJ-B-05 35.8137 129.1824 19.2 

GJ-B-06 35.8137 129.1822 10.7 

GJ-B-07 35.8139 129.1818 5.4 

GJ-B-08 35.8140 129.1813 17.5 

GJ-B-09 35.8129 129.1849 161.1 

GJ-B-10 35.8127 129.1855 239.2 

GJ-B-11 35.8126 129.1860 240.6 

GJ-B-12 35.8126 129.1863 51.2 

GJ-B-13 35.8125 129.1871 32.1 

GJ-B-14 35.8122 129.1847 16.0 

GJ-B-15 35.8121 129.1852 35.0 

GJ-B-16 35.8120 129.1857 73.9 

GJ-B-17 35.8119 129.1862 180.3 

GJ-B-18 35.8119 129.1866 19.5 

GJ-B-19 35.8125 129.1877 8.7 

GJ-B-20 35.8122 129.1886 30.2 

Downtown 

GJ-C-01 35.8366 129.2009 8.2 

GJ-C-02 35.8369 129.2010 3.2 

GJ-C-03 35.8368 129.2010 2.6 

GJ-C-04 35.8287 129.1975 2.2 



 

 

 

 

６２ 

GJ-C-05 35.8294 129.1977 0.0 

GJ-C-06 35.8308 129.1981 0.0 

GJ-C-07 35.8303 129.1984 7.1 

GJ-C-08 35.8303 129.1985 1.8 

GJ-C-09 35.8291 129.1987 9.6 

GJ-C-10 35.8301 129.1989 2.0 

GJ-C-11 35.8304 129.1991 1.6 

GJ-C-12 35.8306 129.1995 278.5 

GJ-C-13 35.8310 129.1997 33.1 

GJ-C-14 35.8315 129.1998 9.9 

GJ-C-15 35.8310 129.1997 2.6 

GJ-C-16 35.8319 129.2004 37.5 

GJ-C-17 35.8313 129.2003 1.5 

GJ-C-18 35.8306 129.2002 0.6 

GJ-C-19 35.8303 129.2001 2.5 

GJ-C-20 35.8296 129.2003 7.8 

GJ-C-21 35.8325 129.1999 12.4 

GJ-C-22 35.8328 129.2003 0.9 

GJ-C-23 35.8332 129.2005 6.8 

GJ-C-24 35.8340 129.2004 11.6 

GJ-C-25 35.8343 129.2005 17.1 

GJ-C-26 35.8346 129.2008 10.4 

GJ-C-27 35.8326 129.2007 22.2 

GJ-C-28 35.8332 129.2009 4.4 

Geomdan 

GJ-D-1 35.9339 129.2094 10.9 

GJ-D-2 35.9329 129.2076 6.2 

GJ-D-3 35.9334 129.2085 11.1 

GJ-D-4 35.9336 129.2094 5.5 

GJ-D-5 35.9338 129.2101 0.0 

GJ-D-6 35.9347 129.2132 3.5 

GJ-D-7 35.9352 129.2136 8.8 

GJ-D-8 35.9360 129.2143 2.3 



 

 

 

 

６３ 

GJ-D-9 35.9379 129.2240 11.3 

GJ-D-10 35.9377 129.2247 3.6 

GJ-D-11 35.9375 129.2255 1.8 

GJ-D-12 35.9369 129.2267 16.1 

GJ-D-13 35.9367 129.2272 1.5 

GJ-D-14 35.9364 129.2275 3.1 

GJ-D-15 35.9361 129.2284 1.4 

GJ-D-16 35.9350 129.2329 27.4 

GJ-D-17 35.9348 129.2339 41.7 

GJ-D-18 35.9347 129.2346 21.6 

GJ-D-19 35.9343 129.2367 131.9 

GJ-D-20 35.9349 129.2375 181.0 

GJ-D-21 35.9356 129.2380 55.5 

GJ-D-22 35.9366 129.2395 2.7 

GJ-D-23 35.9370 129.2394 17.1 

Angang 

GJ-E-01 35.9928 129.2043 0.6 

GJ-E-02 35.9921 129.2054 4.7 

GJ-E-03 35.9917 129.2061 4.0 

GJ-E-04 35.9914 129.2070 2.5 

GJ-E-05 35.9910 129.2077 2.4 

GJ-E-06 35.9906 129.2082 2.8 

GJ-E-07 35.9905 129.2086 3.3 

GJ-E-08 35.9901 129.2093 3.1 

GJ-E-09 35.9891 129.2102 12.3 

GJ-E-10 35.9886 129.2114 18.0 

GJ-E-11 35.9881 129.2127 33.0 

GJ-E-12 35.9876 129.2145 8.3 

GJ-E-13 35.9872 129.2167 14.2 

GJ-E-14 35.9869 129.2188 12.7 

GJ-E-15 35.9871 129.2211 4.6 

GJ-E-16 35.9870 129.2228 6.7 

GJ-E-17 35.9866 129.2248 14.0 



 

 

 

 

６４ 

GJ-E-18 35.9865 129.2258 9.6 

GJ-E-19 35.9857 129.2278 10.2 

GJ-E-20 35.9840 129.2304 15.9 

GJ-E-21 35.9818 129.2331 21.6 

GJ-E-22 35.9806 129.2384 5.6 

GJ-E-23 35.9797 129.2417 350.1 

GJ-E-24 35.9801 129.2435 66.0 

GJ-E-25 35.9804 129.2443 32.6 

GJ-E-26 35.9881 129.2525 5.4 

GJ-E-27 35.9945 129.2504 19.5 

GJ-E-28 35.9964 129.2504 342.5 

GJ-E-29 35.9981 129.2501 3.2 

GJ-E-30 35.9998 129.2490 5.9 

GJ-E-31 35.9864 129.2567 25.2 

GJ-E-32 35.9874 129.2550 53.9 

GJ-E-33 35.9800 129.2467 79.4 

 

  



 

 

 

 

６５ 

Table S2. Soil CO2 flux variation in Naenam before and after the small earthquake. 

Point ID 
Latitude  

(N°) 

Longitude 

(E°) 

Flux (g m-2 d-1) 

Feb. 

2021 

Mar-16 

2021 

Mar-17 

2021 

Mar-18 

2021 

Pl 62 35.7678 129.1996 2.1 143.2 9.0 10.5 

Pl 63 35.7681 129.2002 17.4 10.8 21.1 30.6 

Pl 65 35.7673 129.2001 14.1 59.5 28.2 47.0 

Pl 66 35.7671 129.2001 9.1 8.2 23.4 29.5 

Pl 68 35.7658 129.2001 10.4 6.6 14.1 17.0 

Pl 70 35.7651 129.2000 5.2 37.8 31.4 51.3 

Pl 77 35.7647 129.1967 14.5 47.1 6.5 8.4 

Pl 78 35.7643 129.1967 6.2 11.2 14.7 17.6 

Pl 79 35.7637 129.1968 14.1 13.3 20.2 12.1 

Pl 80 35.7633 129.1967 0.0 0.0 0.0 0.0 

Pl 81 35.7667 129.1951 7.0 31.2 21.3 33.0 

Pl 82 35.7666 129.1957 9.1 44.6 13.2 13.9 

GJ-A-1 35.7519 129.2035 2.9 - 7.4 - 

GJ-A-2 35.7516 129.2035 0.5 - 19.3 - 

GJ-A-3 35.7512 129.2031 15.9 - 3.0 - 

GJ-A-4 35.7509 129.2029 2.5 - 3.5 - 

GJ-A-5 35.7504 129.2026 5.2 - 12.9 - 

GJ-A-6 35.7498 129.2023 1.8 - 20.6 - 

GJ-A-7 35.7495 129.2020 20.2 - 6.2 - 

GJ-A-8 35.7492 129.2014 2.1 - 4.7 - 

GJ-A-9 35.7491 129.2010 9.9 - 12.6 - 

GJ-A-10 35.7491 129.2004 6.2 - 57.8 - 

GJ-A-11 35.7491 129.1997 12.6 - 5.6 - 

GJ-A-12 35.7491 129.1991 22.5 - 25.8 - 

GJ-A-13 35.7492 129.1988 13.6 - 27.6 - 

GJ-A-14 35.7493 129.1983 2.2 - 44.6 - 

GJ-A-15 35.7494 129.1980 7.6 - 2.0 - 

GJ-A-16 35.7495 129.1974 2.3 - 4.4 - 



 

 

 

 

６６ 

GJ-A-19 35.7513 129.2064 10.5 - 5.4 - 

GJ-A-20 35.7512 129.2064 6.4 - 16.6 - 

GJ-A-21 35.7517 129.2048 36.3 - 6.0 - 

GJ-A-22 35.7517 129.2042 37.3 - 17.4 - 

GJ-A-23 35.7521 129.2045 14.6 - 9.1 - 

GJ-A-24 35.7524 129.2043 19.1 - 37.5 - 

GJ-A-25 35.7521 129.2048 4.6 - 10.4 - 

GJ-A-26 35.7524 129.2049 47.6 - 6.8 - 

GJ-A-27 35.7535 129.2056 12.8 - 21.9 - 

GJ-A-28 35.7532 129.2055 5.3 - 33.6 - 

GJ-A-29 35.7527 129.2053 33.7 - 54.1 - 

GJ-A-30 35.7528 129.2060 5.9 - 7.5 - 

GJ-A-31 35.7580 129.2069 12.6 - 10.8 - 

 

  



 

 

 

 

６７ 

Table S3. Locations, CO2 concentrations and 13C-CO2 of soil gas samples from the 

Yangsan Fault System. 

Sample 

ID 
Date Area 

Latitude 

(N°) 

Longitude 

(E°) 

CO2 

conc. 

(ppm) 
13C ± SD (‰) 

NJ-12 

Jun. 

2020 

Namjeong 
36.3478 129.3617 653 -14.77 ± 0.30 

NJ-15 36.3467 129.3614 573 -15.40 ± 0.30 

SG-25 

Singwang 

36.1625 129.2761 2195 -19.51 ± 0.30 

SG-26 36.1631 129.2758 1570 -19.85 ± 0.30 

SG-29 36.1647 129.2769 511 -16.11 ± 0.30 

AG-38 

Angang 

35.9767 129.1400 656 -17.79 ± 0.30 

AG-43 35.9919 129.2061 2935 -17.27 ± 0.30 

AG-47 35.9867 129.2247 2803 -21.05 ± 0.30 

HG-51 Hyeongok 35.8911 129.1783 1042 -17.60 ± 0.30 

Pl 62-1 

Mar-16 

2021 
Naenam 

35.7679 129.1998 1393 -18.22 ± 0.30 

Pl 68-1 35.7658 129.2002 502 -13.53 ± 0.30 

Pl 70-1 35.7651 129.2000 743 -17.91 ± 0.30 

Pl 77-1 35.7647 129.1968 1243 -16.04 ± 0.30 

Pl 78-1 35.7643 129.1967 533 -14.36 ± 0.30 

Pl 82-1 35.7666 129.1957 951 -17.30 ± 0.30 

GJ-A-2 

Mar-17 

2021 
Naenam 

35.7516 129.2035 542 -15.40 ± 0.30 

GJ-A-5 35.7504 129.2026 568 -15.64 ± 0.30 

GJ-A-7 35.7495 129.2020 617 -15.37 ± 0.30 

GJ-A-10 35.7491 129.2004 720 -16.69 ± 0.30 

GJ-A-12 35.7491 129.1991 541 -13.91 ± 0.30 

GJ-A-14 35.7493 129.1983 650 -15.62 ± 0.30 

GJ-A-21 35.7517 129.2048 560 -13.54 ± 0.30 

GJ-A-22 35.7517 129.2042 548 -14.14 ± 0.30 

GJ-A-26 35.7524 129.2049 624 -14.23 ± 0.30 

GJ-A-27 35.7535 129.2056 1350 -18.51 ± 0.18 

GJ-A-29 35.7527 129.2053 2092 -20.68 ± 0.12 

Pl 62-2 35.7679 129.1998 518 -13.81 ± 0.06 



 

 

 

 

６８ 

Pl 68-2 35.7658 129.2002 513 -14.54 ± 0.17 

Pl 70-2 35.7651 129.2000 639 -17.01 ± 0.18 

Pl 77-2 35.7647 129.1968 596 -14.52 ± 0.17 

Pl 78-2 35.7643 129.1967 1065 -17.79 ± 0.10 

Pl 82-2 35.7666 129.1957 525 -14.35 ± 0.18 

Pl 62-3 

Mar-18 

2021 
Naenam 

35.7679 129.1998 521 -13.55 ± 0.17 

Pl 68-3 35.7658 129.2002 512 -14.43 ± 0.10 

Pl 70-3 35.7651 129.2000 933 -19.09 ± 0.17 

Pl 77-3 35.7647 129.1968 644 -14.00 ± 0.11 

Pl 78-3 35.7643 129.1967 1013 -17.19 ± 0.10 

Pl 82-3 35.7666 129.1957 615 -15.19 ± 0.09 
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