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ABSTRACT: The concentration of the atmospheric carbon dioxide (CO») in the limestone cave has been studied
in many foreign countries due to the importance of scientific aspects as well as sociocultural perspectives. However,
despite the fact that there are large numbers of tourist caves in South Korea, the researches on the atmospheric
CO in limestone caves are still insufficient. Here we report cave monitoring results on the concentrations of
atmospheric CO, from Baeg-nyong Cave (Natural Monuments of South Korea, No. 260), Pyeongchang-gun, South
Korea, during a single autumn season. The monitoring program was established to investigate variations in
multi-parameters of atmospheric environments for both of the inside (temperature, relative humidity, atmospheric
CO») and the outside (temperature, barometric pressure, rainfall amount and so on) of Baeg-nyong Cave from
October 11" to November 16", 2019. Total ranges of atmospheric CO, concentrations in Baeg-nyong Cave fell
into those of natural limestone caves for non-tourists in South Korea. It can be readily distinguished as the first
and second half of the monitoring period based on their large (380 ~ 970 ppmv) and small (330 ~ 540 ppmv)
variabilities, respectively. According to the weak correlations between CO, concentrations and most of the potential
sources of CO,, we speculated that the cave air CO, has been originated constantly from soil zone through the
diffusive air and drip water. Regardless of the sources, the high correlation coefficient (r=0.78) between CO,
concentrations and outside temperature strongly suggests that air density flows and cave ventilation processes are
major controls on the variations in atmospheric CO, concentrations of Baeg-nyong Cave. This result provides
valuable information for the management and preservation of limestone caves in the temperate region although
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it is needed to carry out further researches.

Key words: Baeg-nyong Cave, atmospheric CO», monitoring, natural monuments, limestone cave

(Sangyun Kim and Kyoung-nam Jo, Department of Geology, Kangwon National University, Chuncheon 24314, Republic

of Korea)
1. M2
QI7ke] FEo| F2 ol2olA| 1 Y ], A,

EG 9 RtpE ol 2 A RYHY A2EHAE
(critical zone)2 < theFst 7| & U AA=xA 3}
oA B A7} ol ol AT Qou], AT TsAe)
2 F55 931 ltie.g., Critical Zone Exploration
Network, 2020). ©AtE I E]EdEL2 ojiksigrA
o] B84 B B3 =2 s ghaegol
A= 7P 24 399 5 shelth oy
g AN ZE B EE YoM = 7P S 85t £
2Rl AP 37t F shEA H3lsIdS =5 A
o} 352 Y oilEteta s A3lEsEe] %
= ARIAEAY S 1eh2 SH| tste] F25}
A 1 EH= 84 F sholtth

AA A48 YghelAe 52 t7] olitskea 5
=0] M3l Rl o]sfis}7] flaf olitagtase] w3t
BEUEY A7t 2dsiA J8=ar iokBreitenbach
et al., 2010; Sherwin and Baldini, 2011; Wong et al.,
2011; Duan et al., 2012; Luetscher and Ziegler, 2012;
Oster et al., 2012; Breitenbach et al., 2015; Smith et
al., 2015; Treble et al., 2015; Shindoh et al., 2017;
Linan et al., 2018). o]AStErA U E RO $84
& he 3 Aok olkslekat A LRl FiE)
A7k A ATFAR 3 ol o= THE(> 5,000
ppm) 2 tf7] Fof] 2T ¢ Ao B FS 7
A= E74o] Ath(Smith, 1999). W) E= A
ojAlgteta = T2 Y t7] A& AAske 89l
Z sttol7] wiiel, o= =W 7iE 15719 5=
(Cultural Heritage Administration, 2020)2 &
sl BERYAI SHALE Tejsh 29 A%t
Y1 ABAL AUk B 5 Aok S, Al
o] %2 oF 40,000 ppm] o]AlBREHA FES 744
H, o] 7] =gho] Y&siA] o2 WHEH F7H
A A7 AHA 9ES & 5 qlens
NE29 o]itateta: o thgt Wt TS|

d4&o 2 g HTHe.g, Dragovich and Grose,
1990). o371 H3ff H|aLA] WE HA o Bls] 2h
Y= R ddE T2 A2 S0 YstA
= H7] A"l tigt o]siE B Ba s i)
E3 T2 U7 F ol4EEA s FIEAE A
28] ol A BT HEe] Saloh WAL FR 8
Aoy, ol T E(speleothem) o] HE G-
o YlolA A Fe-& FHrh(Baker and Genty,
1998). 71 o]f= T2 EY FAo] 7IZAE A
28-S TR F=(cave drip water) &of &
ol Qe o]italetad] f-2)2-8(degassing) 2=
o| oA, ojuf tf7] F ol4tEleta F=7} R
28-S F2 2A-517] glEo|tl(Holland ef al., 1964;
Fairchild and Baker, 2012). 52 tj7] o]AtslgtA
e e L e et S
o, 202 0 2 ol= T2 EY R3tehy Witz
7|5 c(Fairchild ef al., 2000; Luo and Wang, 2008).
wzhi] 2 tf7] olitetea Fko) Wit AE
T F2ES o83 A SRS s T2
TshA 2A R ARE-E 4= Qlth(Banner et al., 2007).
HEE=] U= S Z0RE U4 (dripstone)
AB 2] T2 =TT offet F= ) (cave shield),
A|2Hanthodite) 5 ThRt S dE3 7P (false
floor) £ SE3 52 v Fo] FAHo] glo] 3
2, 73382 7427t wrhal BrE otk (Woo et al.,
2006). AA7IHE A2605 L= B WEgs=
o AT AFEZEA, o] BEH= Aei5
FolAE BRANES ol87 17 F AT 5 T}
% 77} 74 247 o] %0l EZo|rheg, Jo et
al., 2017). SHA|T, 819)9] T2 A <2l Hlshd
A9 thFdo] mEE 1ol glew, 3] 2010
W AT A5 B2 R olkeeks SEw
shet 28R 9lo] gt olairt Rsatm, @x) 27}
3 e Aol A9 i 7] Bk} eiu) gt
‘gejoltt. g t7] RUE S S A-E o]
NefErs SEo| 22891 Tokirh $eiiet
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Ns=a we 2 HE 23 ARE AN
A= AL =2 7| er}(e.g., Linan et al., 2018). w}=}
Al o]l Atolds WgE=o 7HE 52 Wl
oLIBELL FESHS HfEho 2 o]F ZHsE 2
Q1o Thste] 94 YAl o 2 whotkshi 1Al Bhc

2. AFX| A

=S =Y 57 AN Fd= 3
At vehd whate] W@t wrestar glom (1Y
la), Y= W24t 3P G T o Rt
o} 15 m AHLQ 3 235 m 2ol 2|8 ItHWoo
et al., 2006). WEF=2 72 B sk 7H
7} Q17 =0 1979 H A7 QE A2605 2 =31
o, 20109 74 o] F A7HA] F FIHA F9)
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° 2 A FEEE AFUEHA] CZEN (Critical
Zone Exploration Network)e]| 5-&% o] 2-2|1}z}
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2020; Park et al., 2020).
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Fig. 1. The geographic and climatic settings of Baeg-nyong Cave and the surrounding area. (a) Baeg-nyong Cave
is located in lower part of Mt. Baegunsan in Pyeongchang-gun, Gangwon-do, South korea (37° 16" 19.65” N, 128°
34" 46.03” E). (b) A plan view of Baeg-nyong Cave. B area is the monitoring location with the CO, logger (Vaisala
GM70). (c) The graph shows the monthly average of weather data measured over 25 years at Yeongwol weather
station, 10 km apart from Baeg-nyong Cave (Korea Meteorological Administration, 2020).
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WRE 2019W7kR] 9] 2F 257 Apgof| 2 AH
o 7122 11.1C o, Y 712 8¥ef 24.3C
2 7P B33 190] 38CE 7P Wt
AB T A5FY 739 1,199.6 mm=E A A|A A

23} 27h2(69-99) F W HE WA
SHEE 7= g"-& B $th(Korea Meteorological
Administration, 2020). WE-52 FH |22 14
o 2710 EHE AR ST HESoE
TAEY, =8 FHWFe R F3M 2] A3
o] Z27t & et A3g, A4 A9 W
A3]¢h 229 5& & 4 Uth(Woo et al., 2006).
MEEEe A0 FAYTOR W Qs
THPHY FZ2A 1Y F2(A ) 3 74
7WAZ(B, C, D #9) 2 A= F Zol7} 2F 1,875
mo|tH 1Y 1b). WE5= o= thafdt T/
2 EC] £251H, 53] B oA WEstaL
U= T A OE 7= vl okt ¥
B o] Ffto] dF Ai7to] U E ERS Holerh
I B35 v} QItH(Cho and Jo, 2017). =38 Woo et
al. (2006)0] T2 WBER o] SEL A% o
11.0 ~ 13.5C, AYE== 90 ~ 100% 2 vf-% ¢F
2l T2 W1eEE o|FaL ok HuE wprt
Ao, ojikglera BoFel A9 52 o= 390 ~
510 ppmv, 5= Y= 420 ~ 850 ppmv 1L F
= W= A ot Wakehes S Hof 440 ~
1,370 ppmv &} H S eI

AA7MA] Hud Wgsad ZUEY Shed1E
A, Cho (2018)= W55 ol4tateta F=9 AH
HILE gofshs A BA o2 B 19 3 25 ollA
2016 495 E 2017 109714 € ZUEPS
Pt oF 1A%k ol4kdbgta F= 9 Al Wi}
£ et A2, HEsE drle 52 W YR
2% ztolof] b tf7] 8ol o3 2HE L Y=
Ao A=t ozfgt 13 W oj4lstetAo] ¥
3} F o3t H2 thE Al th=2A 7HEE
FATL oikElea FE A dAbo] Uehdthe
Ao, v AUt HIFFS FH5H] Y =
A B a/do] thFE e wheba] o o]
A= Cho (2018)9] A7k X3 E B 79 5L A4
o4 7He A olAiBeke B 2881 Pohu

A wapdE T2 W7l ZYEZS 38t B
T T2 &) AHo A T2
& AT 7ol woH, B2 AFH EHe=
3N TR A FHEG FZho] Fash A A
o2 5mt 2 AXNEE S Utk B, B
o i 2UEY A¥LE 52 AF=RE A7 A
A2 ¢F 100 m2 EUEPFS 93 Mol F2
(2% 1b), 10.0 ~ 12.8°C H¢|o] AHYE 7| &L B
A A FATE= th2A 123 ~ 129C WS Hol=
5 7187 0] e F o]th(Woo et al., 2006).

3. QiqHi

7HE WEEE U719 olitetea sl
gk 22912 dolHr| 98] 20194 10€¥ 11
3 119 16971 3697 53 -9l o718
24¢ Atk 2L 98 Bk 7ke
wot A7k +HsiT 2 Av1eg 28 5
EREE PEREE PSS PR s
W 5 A7k SRS ojdlseks B WS S4S
wtetsl7] sl Aks tlolE 27| (data logger) = 4
Ptk 27 L B2 r|2EolA B840
A2 (Mattey et al., 2016) Vaisala GM70 (VAISALA
Company Inc., Finland)& ]85} 7|2, A
%, ol4teleha: 3= dhelo] o) 3A1Zkutct 124
Zo19ich. AHSE SOl olAtsleke S
2742 9la) ulaAk Hold F4 EA(NDIR; Non-
Dispersive Infrared Absorption)o] Z2Allx|(Vaisala
GMP222)of| 2-8=3ick S7H $h= 0 ~ 2,000 ppmwv,
4= +30 ppmv |tk H]ZAE A Q) 4 71
< olitstetae) T2 7|4 o] &4 i W
o o3 AR A EF ] M Fi(eg, COx:
4.26 ym)S F3l= EAS 01851 (Luetscher and
Ziegler, 2012), o]AtslgtA B9 A oA S s
T gHlste] et E3L F2 FH 95 7]
AF 27000 wFE 52 Y 7)o olabslRke FE
240908 7] $a A5 78S £
U A2 A5L AW, SANHE wgED
AR B Q12 1S Al
©ow(2 1a), HOBO U30 7142 AH E(ONSET
Company Inc., USA)E o|-83l 7|2, 743 o
716t gl thstel 1055 18] 245Kt 25
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2o that ZA9let HBEE 42t 40 - 75C
(:021°C), A7 0 ~ 12.7 cm (+1.27 mm), 660 ~
1070 hPa (+3 hPa)o|c). A2}l 52 . o)
7@ QRS Gobrr] Sla) 3AKE 271
2470 EAB AT DA EF] ofat ol kshet
& FEWSHE stelsl] $13) WBEE BeAA
oA ATE BRI B +8 ootk T
F WY AT APEE WBELL %
M 2034 512 20099 YA 5 AL Fol §
2872 el Folu, W LAY A9 Fudth

4. A7 at

41 S= W25 07184

= UE 2 R di71ed 582 A 20199
10€ 11L5H 114 164714 Ao, A2
AL 11 3245 7|H O 2 3A7H] S4F7]
of wet % 2= I9 29 =AIEATE &3
717+e] & HE 7142 978 hPa ~ 1,002 hPa2] ¥
oflA H3LE Bl om 517 F7]| 2] wstof A A2
¢l AgL Aol= Yoy 7]20] FokAlE Wole
tj7]qbo] WolA| a1, 7]-20] Yolx|= Aol = tj7]
Qro] ol WishEl S Lrebich e 2a). )%
7122 -3.9C ~ 250C ] W& Uehld, W=
2=7b F1(He 17.9C) dholl= =7 B2 (B4
5.6C) AP 7| 512 7] Fig 2=
315 BYTH I 2b). ¥hHe] T2 Wi 7122 1211C
~1227°C o] R 9leflA] A B&717F 5 +0.16 T2
HIlRS HolFglon, o 7|23} v wstd =3
QPgH0] WishE B rHY 20). o= ZE By
Arfol Lokt ThE 4215 F R ohet 1)
ke Eddo|x] &3] LER k= EXJo|ce.g., Breitenbach
et al., 2015; Kim et al., 2020; Pla et al., 2020).

WE717 5] olaksteta: w330 ppmv ~
970 ppmve] WIS Rom, ANkl Wk
2109 11¢5H 1049 269717 & HE8< 2ol
+ Axk7|(the first half of the monitoring period,
Fh)9} 109 274K 114Y 16L71X] Az oz 2}
2 HFAS Hol= 7| (the second half of the
monitoring period, Sh)2 F3o] FRATHIH
2d). A7) 1547F S E o]itstgh4: F&+= 380
- 970 ppmve] ¥ /o]0, B 555 ppmvE LERY

3z
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ofc}. ofe] v F7] Bk 24 olAlsERA
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Fig. 2. The atmospheric environmental parameters in
the study area and inside Baeg-nyong Cave. The mon-
itoring period for all data is from October 11" to
November 16", 2019. Based on the variabilities of cave
air CO,, it was divided into the first half (Fh) and the
second half (Sh) of the monitoring period. (a) Outside
barometric pressure. The grey arrow indicates an abrupt
increasing trend. (b) Outside air temperature. (c) Cave
air temperature. (d) Concentrations of cave air CO.. (e)
The total number of visitors per day (orange line) and
the number of visitors per cave tour (black bars).
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Bsto e & Bol= 2o & et 1d 4b).

5. E 9
51 WESZ 7| 0|AtatEtALl J|
HARA7HR) Q] FH 7)Y B2 (epigenic caves)of T+

g o7 A=A T W7] oliteiead 71

200

0 confidence level
99%
— 95%
— 90%

160

120

80

Relative power

25.5 hours
40

0

0 0.1 0.2 0.3 0.4 0.5
Frequancy (cycles/hours)

Fig. 3. Results of the spectral analyses for cave air CO, during the Fh (a) and Sh (b). The open-software REDFIT

was used (Schulz and Mudelsee, 2002).
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Fig. 4. Changes in the average concentration of cave air CO; during the Fh (red line in a) and Sh (blue line in b).
The grey lines represent the variations of daily CO; in every days.
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Table 1. Correlation coefficients between the daily mean cave air CO, concentration and other atmospheric environ-

mental factors.

Outside air Outside
Cave air CO, Precipitation Cave visitor barometric
temperature
pressure
Cave air CO, 1 -0.282 0.303 0.788" 0.340
Precipitation -0.282 1 -0.192 -0.477" -0.192
Cave visitor 0.303 -0.192 1 0.128 0.201
Outside air 0.788" -0.477" 0.128 1 0.105
temperature
Outside .
barometric 0.340 -0.192 0.201 0.105 1
pressure

#%p < 0.01, * p<0.05

L 24 EQF 35 (soil respiration) A Ao,
ol thAl Bkl M7y Mo R A4E 43 B
3 37] B8] of3t ollsieke BE 524 &
¢ & o]ik3tekA {-2]2H8(CO, degassing)of| 25t
TIFOE UE 4 Qk(Baldini et al., 2006; Wong
and Banner, 2010; Frisia et al., 2011; Peyraube et
al., 2018; Lyu et al., 2020). 18] 1 7/5=2] F-¢
T2 38 (human respiration) 52 AY2 wt
S uljAIEE 4= YitiDragovich and Grose, 1990; Lifian
et al., 2018). 9J¢} Z-& thekst @ el o5 5=
]2 B ohlslekat B2 8 S A0
9] 5280 2 WAsh= T aE 7|8 (cave ven-
tilation)of] w2} F=7} Aot o|HE F27]
<3S ke 24 T2 W-9R di7lY 2%
ato], F= W- o 718k Zpol, =9 7|8ty
Z(cave geometry) 12|11 B-F (prevailing winds)
o] Qe (Pflitsch ef al., 2010; Fairchild and Baker,
2012; Cowan et al., 2013; Pla et al., 2020), £3] &
A= A2 A-E 7] L=} o3t T2 W
Q) o7 9 WA WA Sk 8] 3ol At
I B3 E v} QIth(James et al., 2015). o]¥H Ao
M ke BEEE o) oliistets SES 2
sk 29l] ekl mhetalr] 98] 2ilr] B4R
291 71, 71, 74 2] 2L T Spof| iRt 4
Y EAS FRSHATHE D).

Baldini ef al. (2006)& 52 9] Eokt]olA2] 1]
ABE SF 9 F71EY Ealgol 3= = BEY
CO,2} PCP (prior calcite precipitation) 2+ & 2t

A== COL9 7, At axtof| oJaf 52 9] 571
o] F5 AlolE SHstAU T2 FH A& W
A A7t 7S et 25 1 8EH FE=
o= AS dastnh 9714 =S ol4tst
g0 F= W F¢ AAl(inflow regime)= &

7] ol4taleta: WSto] ml- F a3 Q%102 A o]
of| Tt sfjAo] HafEojop & Hart qiet whef o]
Arepeao] {3 A7 E7 1K W A|sk= (conduit)
= AP E T8 e 580 2 2EEYHE o]
HEA Zpol T T2 7] oliisteta H=9
37 yehd Aoz oAtEn. shAITE A 71zt
Z WgsaE FH W F4E2 84 mmo|1L
7|S5ERl o[HIEA 97 Y2 R] gtom, o F
et = di7] oliistea F= Abol9] A
EAATHr=-0.28)= tha W2 Ao 2 Ueiith ot
A g2 7] 5 olhEle A T oHEA
Zdaee] oFt SRt St 35 ARl o8] A
A B $24 otk 28 (Treble ef
al, 20153 29k B2 ) §4) A 5 ArHos
L9 339 o & 9FS WS Ao E Y
(Frisia et al., 2011; Lyu et al., 2020). o]&= <5 7<=
9] F0] gl 7I7tol= B 79 Wi ol 9
2|42 ¢l Y= (dripwater) 7} BHYE T2 QI AR
2% F3E 4= Jrk(Cho and Jo, 2017). 3pA|gk
oj2fgt A2 A=E 7719 AlZF Al7]of gt A
BoeA BTt AFEe o5E 7] s ol
B Zpsgoll ot olatdlgta: H= F710) 7He A
= HiAE = glong 25 XEAQ TsitE B
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Fig. 5. Comparisons between the number of visitors and CO,concentration of cave air. (a) and (b) Two cases with
large number of visitors. (¢) and (d) Two cases with similar number of visitors.



HHE

Too

1= M260= ZH: E

X
=] e

=2| 7123 7| OfttafEta st

677

Table 2. Comparison of atmosphere temperature and cave air CO, during the first (Fh) and second half (Sh) of the
monitoring period. The number in parenthesis indicates the mean value.

. Daily CO, Outside air Cave air Daily temperature
. Cave air CO, 7 -
Period variation temperature  temperature Max Min
(ppv) O s pers . fin.
PP (Day) (Night)
(2019}:1%/11 . 380~970 20~480 6.91~25.02 12.17~12.27 16.42~25.02 5.51~14.82
2019/10/26) (555) (141) (14.24) (12.19) (20.91) 9.37)
(2019/81%/27 . 330~540 30~160 -3.90 ~21.65 12.11~12.20 4.53~21.65 -3.90 ~7.67
2019/11/16) (393) (79) (7.93) (12.15) (15.54) (2.76)
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