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ABSTRACT: Karst hydrogeology is one of the challenging fields in which hydrochemistry and hydraulic
connectivity are difficult to understand due to complex flow processes. This study attempts to unveil not only the
hydrochemical characteristics of cave, stream water and groundwater but also hydraulic connection through
sinkholes and caves in a karst region of Korea. In most cases, the ratio of Ca®>" and HCO5 is high because the
dissolution of carbonate rocks. However, the concentration of Ca>" and HCOj5" are lower than stream water and
cave water. It is presumed to be affected by surface geology in the case of shallow groundwater, which affects stream
and cave waters, and metamorphic rocks existing in unconformity in the case of deep groundwater. Furthermore,
anewly proposed tracer test confirmed the hydraulic connectivity in an area where sinkholes, where well and surface
water do not exist, are distributed. The injected fluorescent tracer was found around 903 m below a cave by a distance
from the injection point. The tracer crossed the watershed and reached in a short time. It was possible to estimate
the flow rate of 0.8-9 cm/s during transport. This study effectively understands hydrochemical and estimates the
groundwater flow velocity in a karst environment using a fluorescent tracer test.
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Fig. 1. Geological setting and topography in study site. (a) distribution of carbonate rock with metamorphic rock
and (b) distribution of elevation. F.I. is a point that tracer injected and F.D. is a point that tracer detected.
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Fig. 2. Concept model of intermittent hydrologic con-
nection and fluorescent mineral tracer test. (a) case of
complex karst structure, (b) method of fluorescent min-
eral tracer injection and (c) expected tracer flow result.



352 NS 0B - QN - 2

ol

Table 1. Statistical results of physicochemical characteristics in Samcheok region.

Stream water n=19

min  max med* SD** min

Cave water n=32

max

Groundwater n=11

med* SD** min max med* SD**

T(C) 36 271 125 55 5
pH 69 87 82 04 66
(ug/fm) 204 40321 291 8202.5 199
(rﬁil,) 2757 444 364 422 88
(n?g%) 43 138 77 26 5
ngt%i%i;y 0.1 683 48 1565 0.1
(HC]ZZ) 227 2916 499 523 245
(ng;[j) 23 8063 48 1659 1
(nlfga;L) 35 74474 57 15277 19
(mlgm) 04 2834 21 608 03
(Ifncg% 268 2111 1309 496 30.5
(rsn(;}i) 53 12315 96 26753 28
(ggi) 33 17464 62 4053 34
(mcgl}L) 03 314 58 65 4

19.6 129 33 10

541 279

269 173

904 1

113.2

129 49 2.5 3.6

353.6

59.3 6.2 16.8 6.2

264 59 6.3 0 86.1 1.5

203 158 3
8.5 7.8 0.5 59 7.7 6.9 0.6

989 135 417 300 81.7

487 49 122 87 69.9

13.8 7.8 2.4 1.6 9.3 6.1 2.5

183.1 0.2 65 11 20.5

50.5 16 58 654 216 183

10.7 3.6 23 2.9 13.8 7.7 32

40.8 12.8 10.2
8 1.3 1.9 0.6 5 24 1.4
137.5 59.7 268 2054 585 62.1
643 19.1 187
28.4

27 106 54 82 241 151 4.9

2, pH, EC, Eh, B=¢} 8 3o 9 54
49 7leA A = & 19 Fsih pHY
785 Ak(F4ak: 6.9)7F s (FSgk: 8.2)¢}
= FEF(EFSRE 7.9)90 vlE) W2 Ao g e
Sk ol et TE & d71e S35t
o /%= HCO; Y] S71o] w2 Zo|thRyu et al.,
2019). EC9] ¢ o] A H9] tjFE 9 A2 vl
o E0 2 YT SS1 AL B 14,143
S/emO.2 4 EC 9432l 291 uS/eml o2
ARl vl A3 =4 SHE AR Vet
ol= SS1 AN sl 221 FFe Wot
U7 7|59E FAske A= Yeyth sHA|T
2021 999 ECE 336 puS/cmO2 1435 1E &
F7F st B2 47t e eoe=Re W
2 957t PR FAE o] Al7]oll= sk

o] F7Isle] o] FFE A B Aew
UEeRgtth Ehes B35 200 mV oJAFe 2 ey
SGIAIF 9 A% A% 29 #(F: 1648 mV)&
2 Uepdtt DOY A et 53 fE57t
H|3E 202 YeTth(EEd g 7.7 mg/L, A5}
41 6.9 mg/L, 32§54 7.8 mg/L). 3] g9
o= 0.1-904.0 NTUR 2 W54 B4t of
A AL 97)1E A|eJstar Fat 5.8 NTUO|U 74 2]
$ 365.8 NTUR Yebgtt 53] 204 253
o= g7t st 52 &7 fredte T
o] 317 9 Aof| gt £A|7} A7) =)7] = gt
F ol BEE AR A3k, B2 HES
o] A9 Ca*" ZARN(EFHS W9 22.7-291.6 mg/L,
A5l MY 5.8-65.4 mg/L, 52 =5 WY 24.5-
113.2 mg/L)o] 7P AlsHA Lebsdtt. o] % shH<,
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59} Z|3=2] AL CI (314 H9: 0.3-31.4 mg/L,
A3k MY 8.2-24.1 mg/L)o] v]3] SO, (3HAS
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Fig. 3. Hydrochemical composition and the main process of controlling hydrochemistry of Samcheok. (a) durov

diagram and (b) gibbs diagram.
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Table 2. Pearson’s correlation analysis results of physicochemical parameter. Values over 0.5 are in bold.

Temp. pH EC DO Eh Ca* Mg* Na* K' Ak CI' SO/ NOy
Temp. -0.11 -0.01 -0.56 0.04 -0.06 025 0.08 008 030 -0.04 0.04 -0.03
pH  -0.11 0.08 044 013 046 -0.12 -0.13 -0.18 0.19 -021 -0.21 0.18
EC -0.01 0.08 0.05 0.07 059 0.66 061 057 0.1 070 075 027
DO -0.56 044 0.05 034 032 -0.18 -0.15 -0.19 -0.13 -0.13 -0.16 0.02
Eh 004 013 0.07 -034 0.19 -0.19 -0.10 -0.06 0.00 -0.13 -0.06 0.29
Ca®* -0.06 046 059 032 0.19 022 0.03 008 017 012 0.18 0.2
Mg 025 -0.12 0.66 -0.18 -0.19 022 078 0.65 0.09 0.78 0.82 -0.03
Na*  0.08 -0.13 0.61 -0.15 -0.10 0.03 0.78 0.80 0.13 0.88 0.89 0.09
K'* 008 -0.18 0.57 -0.19 -0.06 008 0.65 0.80 0.14 081 0.85 0.10
Alk. 030 019 0.1 -0.13 0.00 0.17 009 0.13 0.14 0.03 0.04 0.13
Cl' -0.04 -021 070 -0.13 -0.13 0.12 0.78 0.88 0.81 0.03 0.89 0.14
SO~ 0.04 -021 0.75 -0.16 -006 0.18 0.82 089 085 004 0.89 0.11
NO; -0.03 0.8 027 0.02 029 052 -003 009 0.10 0.13 014 -0.03 0.18

Zro) 78.3%=2 7K Wil the o 2= CI+NO5 (16.4%)
>8047(5.3%) 2] 24L& ZH=t} CI+NO; 2AJH]7}
=2 A& B0l A9 LHY FI Ao E #
= ti(Devic et al., 2014; Moquet et al., 2014). A
Shr0] ofo| & AJH| 9] ¢ Ca®' FUgho] 41.2%
2 TR0 = Na+K'(29.4%)>Mg* (27.7%) & Na'+K"
9] 2/3H|7} shet T2 FrEell vlsl FdstAl
=2 s 1T 5= ok ol 24H] 4%t
9] 7$- HCO5(56.2%)7} 71 B2 &= A5}
I CI+NO5(24.64%)>S0,7(11.7%) 2 T}E o] &5
of v AFs] B2 24 AR el A ko A
= Na'+K'¢] 244u7} $71 A2 A 259 74
S BAEY e E LAY E oy AR S AT
Helopr]|o] WA e s 4 Aoz FHETHWon
et al., 1994). BAEOA TjHEO] LML} B2
&5 3¢ Ca-HCO; 139 FARE 999 =
A= AS ER1E 4= Sl o= A& AE Y g4t
G g3i= Q8 FARE 2= UEhdt 513
Tk A7 ) 9 CI+NOs 9k SO,79] Bl-go]

AL T 5 Y} E3FSG1Y A3k Al 2=
LT Bet 2GHIE e Zlem
Uehted ol skt S= e AR A5
o] A T 718 dFol ALY A g2 A

Gibbs HAE(1Y 3b) 3} B ]3]0

EEH9] Q= F8 2ol TDSE o835t
g Aol FFS A= BHHQ a4E A5t
+= HH & 3P}olti(Gibbs, 1970; Marandi and Shand,
2018). spd<pe} Ao, T2 =25 B dF
= oA F3E AR AR e WA A
HO| Aot TR SG7Y A Fol= =/dH|7}
As AT 23S 2= AL 2 Yepdth SC6
= 27 SRR Y= SR 1
23] At SC62] TDSS] A< 534.5 mg/LE U
9] G ol g0l 250] FtEo] Y= A
o2 gt 53] SS1 2|3 e] A 32 TDS
220219 99S ALt 2,846-14,729.1 mg/LE
o] FFS W= A0 & Yepdt

sols ATEAL 247ke] £1 GBS WA

S 2 AR 7k) Sl BAY

B B4 wso] WA A greth E2k A
}

A A3E =AIRE Aotk 22 DO%} r=-0.562
2 2o AATAE 23 9lon, Mg (1=0.25)7}
HCO; (1=0.30)2 oF{F o) A E 2=t} vt
A U] a0 tfsf r=0.1% YEpRdt) pHO
72 DO (1=0.44)¢} Ca*'(1=0.46) 0.2 ko] Abyayt
AE 2= AeE Yehal oE 5 19 A
AF7t 1<0.212 AFdo] A9 YehtA] d=tt
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EC2] <% HCO5 (1=0.11)2} NO5 (r=0.27)E A<
gt HE o] &3} 73t oFo AA(r>0.57)F UE
Wit} o]= HCOy 9| F=7} thE o250 vl ¢
58| =ob dBAdo] gl AR Ueid AeE =
¥t Ca’', HCOy, NOy, pHE A 23 b #] o]
252 29| ARAeT e =2 e At
A E(r=0.59-0.75) 2= A © 2 Jepdr}.

FE A9 A0S 7 39 AT AR
B4 A3 1xgko] 1 o)Al &S Adgsiger
(9 4), o] 99 =2& 2Hd= T2 27
A2 AR 5 QU PCI(F HFF 5 47.2%)2
Mg®, Na', K', CI', SO,*¢] £3}H(loading)7} &-2]m]

Table 3. Loadings of two principal components. Values
over 0.3 are in bold.

BUYES 23 AT S5 42I212Y

Parameters PC1 PC2
pH -0.10 0.60
Ca** 0.08 0.62
Mg** 0.42 0.03
Na* 0.45 -0.02
K* 0.41 -0.01
Alkalinity 0.05 0.38
cr 0.45 -0.03
SO~ 0.47 -0.01
NOy 0.05 0.34
0 4
20
F3
% 40
£ 601 5
80 -
100

Principal components

Fig. 4. Cumulative % variance and eigenvalues of each
principal components. The bar indicates the cumulative
% variance of principal components and cross symbol
indicates the eigenvalue.
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= —_

3F 22z 02 Uehdt) I ZrSS 0.42, 0.45, 0.41,
0.45, 0.472 0.3 o] A< g olu)sicta Bt
o} o] YL FtEAE A HYo| = Ekal ghit
Y T2 24tk olREY Tl A2 A&
ol AN FEY &3l o3t ajlow 7Y
4= It Choi et al., 2005; Marghade et al., 2012).
o= Ca*'2} HCOy 7} T2 o] 250 ul3) &2 &
L2 25t AL B0l AR EA0A vdE
& 3t Axfo|t}. o] PC1L 712 2E X Foj|A]
A FEY 24 o|2E0| AN FFEE T U
= A& Yu)git

E3F PC2(ZE W £ 20.27%)2] A% pH, Ca™
9} HCOy, NOy = FEE T 53] PC29] ¢
pHS} Ca> 7} AFat 9Fo] H510.59-0.62)2 2
T T AS ZRAT = Uk v =20 Bt
7} et A2 A 9ge] £-S FAsh= Cat's
2S4S BaflolA] 2= Ao g waE
HhH o] HCO5 9 NOs= 0.33, 0372 @ 220
2 Uehgtth g9 832 HCO; 7 Y7 2
T A2 S 9lou Ca’ o] o] 20 ]3| uj$ &2
Fo g EAZIT}. ol HCO; 7} ghita el &5
ol9jofl = 714l fredo] Sl& AL ® FE =,
NOy &} FARE H31E 2= AS &3l 9F 449
FYoR FHHEE NOs+= 32 A¥H A&
29 2 shkLee ef al., 2019)2 ALK FHo|
FHEEol SEHA HAWEH L Q-2 AAET Al
E PHAH L 52 =571 Fotsh gt st
A A5 B3R F2==d, o] sk FH=
Y &0l 23] APHet ol 5 ol
A AMEEl= HE 9 {7189 FY2 s skl
NO;y & T3 A2 FkeEth(Ryu et al., 2019).

3342|4 AZY U 95 54
YYFE FANE FUT o3 209) 44

o ABH 17.8 mm, LE| RS 87 mm (2021
399 19)olch. 17 5 EoFAo] WAdh A=
20| K| W3S yehdnh sig AR BA e
65 E 10€71A] 471 F¢He] EdRaEd= &<l
gk o]F AR AIFE ST 6o AHAE
27] Ryl 0.13 m’Z 8¥9] 0.33 m’, 10€o]=
0.60 m’2 17} S713F 21-& 313k 4= 9let. 474
Y7kl & Hu)o] sl 2 7] Hujo| 4] oF4.5u) 2
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Aok 3 Eokgae s8o 02 m', 1099 2
$ 027 m’ EkgAlo] MAISISATE. o] 2 4
Yol 6Lt Zaol Z71HE ) Bkl
o] Z71e AL BT 4 otk A ol
0.001 m' 0.2 EopGAIE 2z} Hojo] of 270
W ATk o]ul A Aak Y 9 A WS
7 EABIA) Qb frole] AAES o EFFAL
og3te] o 2 2R AAYTH A5 §5
S58 vjolet 4 98 Aoz J|dEr.

ol AFA A3E Z]F(Fluorecent mineral
Injection; F.1)3} &33505 222} A% 2 (Fluorecent
mineral Detection; F.D.)-2 A X7 2|2 903 m ©|Z
=ik F1AEL %= 295 mof] YJX|3kaL 9L,
FD. AL 165 mof YAttt 1 AFolof 340 m
solo} Eepaio] ERjsto] bl Aok fEO.

Fig. 5. Soil loss volume change through sinkhole point.

= B59S 9ol oE frYlez olEdte A
ojg& ot} o] 99 FF fETE dHe
2 BRES Aot f5skA gtk sAT g
= GO A7 HAT A HE-2e 27)9 AR}
S| F2 AIZF Yol FEHTthHWoo e al., 2000).
FAAE TET FEAHCEREH H R E2E T
2} oF 150 m o]AE X[ Foj|A YAE Ut THE
FAAE AR oA B EE ST 5
st Thte wE 9 52 A E HHEER o]Fod
EFEA YA HAYE AR EAE U EF
o] EA g4 2 27|98 FARTHTAE e H,
A XA E&E 300 g= F St S22
£ ERlsiict THE A= F 23707 BEH
Ron o] F o]-g3to] Erp7 g A7) Y] FES
5 S5 4T 5 Ut
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I 62 Hjulstrom (1935)0] AgksE 7oA
Ehts EAEY A= EAE AR 50 2A
£ 493 mAzoltt Hjulstrom BAEE 14 &
ES g2 HYEJATE Hu ef al. (2021)2] 7
L 7I2AE X)99] RJ5l4= E4 2(conduit, cave)
oA shHI} ZL f52 Tt Sk vl
A E-2] 9Jx}o] F7|(grain size; Gs)= 1% H]9H)
TFE 2= YAE AlYsto] -2<Gs<1 9] JA7}t
T TF T 94.6%E UEth 4= 7|2 o] X
AL 1.5-18 cm/sE 58192 4T 4= 9ok
SHA|TE A2 AEE EHE9] A= -2<Gs<0

HALE FAUA NS S 2|HBYE Gt 357
Gs<0 OO 2 ¢F 64.5% = 7<= o]F E|¥H Aoz

EA=EC a8 -2<Gs<-1 O =
2] 5.3%% 7o ZA5HA] Askeh 212t Yake]
429] AL -1<Gs<0 0= 5, 0<Gs<1 ®=4, 1<Gs<2
= 11712 A&k o]& S8l F1. A8 FD.
RIS £ 9] Ao Pubael 42
50| E7FESHAINE 2] FF o= PAIH QI
o 7ol gtk A % 5 Ik FF AEY
A5 2718 Bol Aok §4E 2HT 5 9
on F22P7} o]FHE == 0.8-9 em/s2 UE
Sttt o] g ESAo] EVRsTHERAT HA] )

W Hag g

O UEton 0<Gs<l @ T7]9) 22A= A% Ao} B Aol 948 ZHeE 7Y OE%}Q—
S0 Q3ih Tl % o1 YA I 2= B4 9E AL AN
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FF2AE X Hof| A Ak FUES AFA| FH )

F 2Ao ARt B il ashr] ol =x Aol
A|gk, eFzte] Fog 71 Lo BRE AT 4= 9L
t}. o] Ao HAHL2 BRE WA|5] g
NZE ANT 5 A& Aoz AAE Aot §
BFE A AL Edfale] WAt 432
i3l =Fetct LA G wid 47 Wil A
T Erh Aste] o) 5 WR|sh] S8 A= Sl

1) g A G| =22t Ca-HCO; 3L
2 245 ECY| 297H2 289 pS/cm=E ehakg ¢9te]
S A3 FAIEYG A FET} 52§02 5 E
£ HQlth o= AFAFY gitgedo] =4 &
PFE FE= J o= A 53] 47 52 &
9] FHo] 4] FABHA Uehdth ARt
FAL 7t FET 22 W7 SR RS
ARE AL AN Edv 57 fEF= A
7t U 2 5e] A RE Algeka e Haks 2
Lozt Qi Aoz vepdth Aot Ud 25 5
= FE59 pHY a9 gr 9] 7 Yehde
AL ARZ Y 7t mEA FFEE AS A
Agteh E3F 2|3HR0] A9 Na'+K'e] w7} o}
TARES FFE W A2 & Yepgtt E8k SCI
T} SC3L 1o WA vl f-E7Fo| As] ot
79 QRZRE FA=EE AT S 7Fel
Et} AN 5F FEFY 3k EA4L SCTS
A eJstal B FARSHA Ut o] & o83t =24
AAE H7Iel7] of#fgo] Slck

2) BA BAE B3l A A9 A A
© 2 Br1atet. 2ARE 204 Ca® 9 HCO 7}
S LA FFE F= AR Yt F
AR BN S 53 2248 A= 27 ARz
F&T 5 3lch PC1E - Ca’'e HCOs & A
9|3t o] 23k TAIE Fall ZF A olA FFAFE
FFS HIFE o QS Wk opyzl, PC29] - &
At gafjo]] olgh =ohihg-o] FekS F1g = Qi

3) FL 2139 EFFAL oid 2Adsta glon
EY o5 AR dial WA @Fusiet. EF
TE FEFY 3 540] fARSHA vrEhd
ol& o] g3t el F AAA BHrh= SAE ik 1
B AEA Ak FFFE 2R AIES B3
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AR Agtert Sle Ao FE3EL ST
SHAIEE o 2ARE S F9& dol ATt &
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AIZECHRRE §25E FJUD F9
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