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Abstract

In this study, the change of temperature, chemical composition, and helium gas of thermal water in

Pohang area was observed from January 2018 to June 2019 in order to interpret the relationship with

earthquake events. During observation period earthquakes above M 2.0 within 100 km in a radius from

a geothermal well occurred 58 including two earthquake events with a magnitude of 3.0~3.9 and two

earthquake events with a magnitude of 4.0~4.9. We introduce a g-factor and earthquake effectiveness

(&) to express the influence of each earthquake as magnitude and distance factors. The geothermal

well of 715 m deep was developed in the Bulguksa biotite granite, and the water temperature was

observed in the variation from 51.8 to 56.3°C during monitoring period. At M 4.1 and M 4.6 earthquake

events, the increase of geothermal water temperature (4T 2.6~4.5°C) was recorded, and slight change

in specific ionic components such as SO4 and Cl, and of chemical types on the Piper diagram were

observed. In the *He/*He vs *“He/**Ne diagram, the original mixing ratio of helium isotope before and

a OPEN ACCESS after the magnitude 4.1 earthquake was slightly changed from 83.0% to 83.2% of crust-origin ‘He,
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the increase of 6.93~7.72% and 1.65~4.94% of hot water ratio at E1 and E2 earthquakes, respectively.
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271 9] FFHEE A F e}t A G- A B4-F A2l E FHETT g-factore} earthquake effectiveness( & ) gL 2 H3koto] XX FFA| =2 AL-8-5F
Ak A F4 T2 BAA SRS R A X 715 m 2380 2 WS F 422 51.8~56.3°C Mol A 5ol ERIE|gl om, 1
4.1, 4.6 AZIUAY A] 819 2 A5 AT 2.6~4.5°C) 0] TEEIL, SO, Cl}F =2 £ o] 2/d4-0] WSt} mo]m &t AJofl x| o] afah] &
o] et Hslrt =it 2| o] AEC] Mok 112 4.1 A HE AE7A0] 7|9 E9-S Hoj5 = "He/'He vs. *He/*'Ne TH|
EeolA] 217} 7199] *He 0] 7ol 83.0%°11A 83.2%= WIAGHA] F710FA THE 71999] *He-2 16.3%0114] 16.7% 0.2 BlA|gH 7+ H ik
A G4o] 2rrsle] W2 Aejykqlgn] Eendo] 49 9 Z Yy = 34 olgste] 2|70 Qe A4 TS ARl
i} El, E2 AU 5 A=) HI7F 242 6.9~7.72%, 1.65~4.94% S7Foh= 10 & ARtESiek. 21 B4-0] 2ot a7t iEd e
o] HslE FsH= A3 1 4.1 oV, R-E. g-factor FE30.0 o0& SRIE| ]t

F0L: A4, 2, DE7IA, A, Ael-Agn] 22k, g-factor
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[

20161872017 d0] T 2}&12] 9 12% HFAZ(THL 5.4), 119 15Q A Z (T 4.9) 7 o] f 451 gk o] 7lo]
ST ofl A EAietol| whet A1 A 9 Q14 msizh i gstGiet. o]l fbtte= 2 RIA sl = e QPR 7 ofd 2t 14
Y EEo] 7R50 Eebde sllaskal A tlujshof ot thefet g ket 12 A1 A Fd i (2016), 22F 2130
A ZEAIE(2019)2 S=HFHTHMPSS, 2016; MOIS, 2019). ©]21¢t A 27} g o] @AdekEt] A1, A2 9 A7
u} A 5o =7FA Ao A R AL Qict. e AT o 2 thelet ek Bl xjAtelelA] 2| x @IS
SR ] AR AES 17 A viEet AdAolth

A0 2z 12| tigt At Hlolld = D ARt ftetod 4= Ah(Kim et al., 2018a, Jeong et al., 2018;
Hwang et al., 2020). Kim et al.(2018a)<> H52]4 12719] X[} &7 0] L TE5AoA Z[skr917H9.12 2%
%= S-SR Hsol s Harstyitt. i, A8¢#1 o] WSAol A Z[ska=$], Rn-222, HCO5, CI'9] ¥5-2 53l 2|17
AZRJMIA2A 9] 75782 AAIREHE QATh(Jeong et al., 2018). AR Ze} A A= 2| %1o] HIHsHA WAY6l= =17}
oA SdsHA| Rl ol it TRt Az it A7tE A, iRl F=, Q1o AJske, She i, & 24
TAE YL, RV EF B 298] 5] TSR RIS tVd o A7 438 =] QK (Cartigny et al., 2001;
Kuo et al., 2006; Tsunomori and Tanaka, 2014; Ye et al., 2015; Sano et al., 2016; Skelton et al., 2016; Fu et al., 2017,
Goto et al., 2017). L&, vl=, FAHE SA 199797H4] HalH Ahzg o851 AP} 2[sks WS et
197H9] RzQ1Ah TR}t 2171 7 ool iR R Alzknt 2711 0] o715 A4S H7Fet ul 9o P (Rikitake,
1979), 2|5t W &g, vl 22 e B7kAet P A2 Q1 O] Bakreswas 2|9 <] 2| G404 1991 109 204
M 6.82] Uttarkashi 2|29l o] EHof| 52| 57| Z75k= 7212 H 151 tHGhose et al., 1996). Sano et al.(2016)
22016'd 4 169 M 7.3°] Kumamoto A|Z'EAY A] A5 Z[skro| A g 5 9194-0] H5S o5 RHoli] S A
A HGEN A=A, Aok ) AE F 4T ARl o] s |3 of 5= HekE HAlehe Mz HUEE QA
B 71 3 AAISIAH.

SHH H=X]HoA AR FESE AR FEe}F A7l o] @2 A 3 7|E]:= Earthquake effectiveness( € )2} g-factor=
AeFokat 4= It Dobrovolsky et al., 1979; Miklavcic et al., 2008). ©]= A-8<F A2 9.12 ZF X7 Al EF WY
eheE e o] HiEol tisl F AEe} A5 -85t A=A 52 7/ BT CH(Kim et al., 2018b), 735
SIS TS ollA] 491 §A-53} Earthquake effectiveness( € )2} q-factoro]] T AtA] £49-2- 53 %1 77| 9]
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Aof| mhE- F-ofuet a2 HalrF EIE B g 2|71 2902 = A B0l =2 AP HE 4= Q)

2 Aol e FAS oA A== 2|70l ofet 2| B0 -2t WETHA ] WS WESH | # =
7Rt A} A A= 715 m O] A Bpg-2 TARS- O & AA5I3Int. o] A7) 52412 2] 7lof| ot x| o] 4
2 A5 7IA 0 HSLE A5t 2|7 e} A 2] 9] 92l g-factor, earthquake effectiveness( & )= A|A|El= 2|2 FF
A SERAAIE EEsIA slgo o, ohge] Aelldig DS ol A0 Aol L istol] ke e}

A

& AT, *He/*He o] 7194 S g Fof] AHA 0] whe 59194 24 H2kE siAfsh=t gict.

4
ot
2
5

w5} A 2992 2018'A 194E] 20194 697H2] 714 02 AlmAfiF] 2 S7otoloH, A 940] a0l s
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Fig. 1. Location and geologic map of study area.
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Fig. 2. Temperature logging data of the thermal well in the study area (Korea Central Hot Spring Institute, 2002).
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2 oF7°C AL 2 ERIEM, A F2HE] HE 515 m7HA = 257 A4 5] Ad=55taL =T, ol= 514 m F2ol 2 w+Eo]
Qo] thF-E2] A7} o] AL tof| A -BEE = A 0= B SIeT. Hath= AR YR K540 m, 571~578 m, 640 m,
680 m)of| A TRIE| At ERh, 22 HAR= AN A] 6.94°C/kmO ™, 550~715 m A 16.9°C/km=E 2 5
25S B 1,000 m7kA] 28 79 61.9°CH =72 &Lfé 4=t A 550 mFE 27t Al F7 Rl whet
A5 Q22 FE5o] TN 7FsAo] =2 A L& AAsFATHKorea Central Hot Spring Institute, 2002).

AXGER| = Y

2018 1€olA 2019\ 6971%] 3} 2| D42 §H4 100 km ol IR M 2.0 oAFe] 21718 5835] TAIGI1 0 W, M
3.0~3.99] A|31:228), M 4.0~4.92] #3122 ATt 2131 9f Zof 1#E2=2018'd 2 11 Lol BAYRE M 4.6 ZFA]
Zlolot. A7 17t 5 AR A 3o ot 22| B4 TEAof| u| 2= FFAGE M) A E)(d) 2] FH2 Aggstol
Stk 5, g-factor?} Earthquake effectiveness( € )& ¢85t APFSIATHA] (1)} (2)).

q— factor = M, X 100/R )
Earthquake effectiveness (¢) = 1013M =819 » R (=3) )

714, M ; A7)
R ; P47} Ao)7)ele] Az

AL717F 5 2T 58 5] 2] Ro]| thh g-factor®} Earthquake effectiveness( € )< 212} 4.07~203, 2.71x107%~5.45x10°

O] M= Bt AR g-factor, Earthquake effectiveness( € )] 2|tk A4k Hwt4E-2 Table 10 AA = AT

q-factor®} Earthquake effectiveness( & )2] AHAIC1 R* = 0.82 2 =2 A o] TS Ho(Fig. 3), & Lol A=t
o] =5 g-factorE AFE-SFITE

Table 1. Earthquake events within 100 km in radius from the geothermal well and g-factor and effectiveness converted
from earthquake magnitude and distance

Magnitude
2.0~2.9 3.0~3.9 4.0~4.9 Total
Earthquake frequency 54 2 2 58
Max. 88.8 18.0 203 203
g-factor Min. 4.07 15.9 30.0 4.07
Ave. 29.5 17.0 116.5 32.1
Max. 4.17 x 10 7.57 x 107 545 x 10 545 x 10"
Earthquake effectiveness (&)  Min. 271 x 10 4.55x 10" 7.85 % 10 271 x 10"

Ave. 443 x 107 6.06 x 10° 2.73 x 107 9.82 x 10°®
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Fig. 3. Relationship between g-factor and earthquake effectiveness (¢) of converted from earthquake.
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Fig. 4. Temperature fluctuation of thermal water as a function of time.
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Fig. 5. The change of pH, SO42- and Cl- of thermal water as a function of time.
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Aelo). N Silica-enthalpy) SARDL Qi Aol BES 2oAste] A AL LEFH, EE A|D50] @

Sh 14 Eg2 7HsR=t] o} 8E1018IE) Henley et al. 1984; Amrsson and Gunnlaugsson, 1985; Jeong et al., 2019),

22 ABAILLE S0k 49 B9 FHS o431, AW DAL 2E 2R ALY ST 24

o Ao I2A itk (Fournier, 1977). P B40] ABAPGA 2=t F3I 2 WP k= Bl A

112 M4.6)7HE2 217120194 29 102 M 4.1y tto 2 Zgeiglet. 249 A g4, 4585, 2}

& A 340] £ Gupta and Roy(2006)°] €]} AAIE) @213 E5u] Akto] 21§ sk o], AL ofelel 2k
Temp.(reservoir) = T €MP-(ougler)

Mixi . _ “1
xing ratio (%) Temp'(reservoir) - Temp'(outlet) 00 (3)

47| 4], Temp.(reservoir) : FHH A A4 2%
Temp.(outlet) : A T2 EEL T

Temp.(coldwater) : A7} 2| E4=0] 2=

718 A Fapte T 0] AW -2 55(16.2°C) 2} Si05(20.6 mg/L)S AFR5I W, El, E2 ] XY A
R G40 A BAPGA R0 4184 TEHE-2 Table 200 AIAIE]o] Itk El, E2 Z|RHAY 1 A G134
o I 2 787} 228~244°C, 183~186°C 2] HY]o|thFig. 7). AZIHAY A
A 25 = steam lossOl| =251 oM F4ok=t| A} Atk @44 28H](Gupta and Roy, 2006)E
e SHA=79.0~84.4%01 4 E1 XY 571 3~77.4%% 734-519.0H, E2 XA A
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A A=Y -Gl T4 0 2 F8615E m) 7.72% S7FoEA). o2t G SH| o] ST A 490] 5=
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Table 2. Estimated reservoir temperatures of thermal waters and their mixing ratio with cold water based on the enthalpy-
silica mixing model

Methods Earth- Temperature (°C) SiO, (mgL™) Mixing ratio
quake Outflow Reservoir Coldwater Outflow Reservoir Coldwater (%)
Before 51.8 244 16.2 89.0 459 20.6 84.4
El Quartz
(2018.02.11 After 363 194 162 713 245 20.6 774
MaG) Before 51.8 186 16.2 89.0 343 20.6 79.0
0) Chalcedony
After 56.3 156 16.2 713 198 20.6 713
Before 53.1 228 16.2 82.2 376 20.6 82.6
E2 Quartz
2019:02.10 After 543 216 16.2 783 322 20.6 0.9
MATD Before 53.1 183 16.2 82.2 295 20.6 77.9
1 Chalcedony

After 543 157 16.2 78.3 261 20.6 72.9
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Fig. 7. Estimation of thermal reservoir temperature by enthalpy-silica mixing model.

ABro| EEIA 2 3}
HIE/71A1Y =7 14(Noble gas)= g, 2124, Hi7 ol EA5E 2124 Yo 28y AolA walet 74
A(tracer)©] AR 2fA] Itk *He2 A7 74 271, &4 U Z8l=0] Q= 9] Eelw, *He2 U, Th 59 WA 9

27} a3 Alof| AAHLE 8|1l SE 594 CHe  He)y= TE, 212}, th7] 7404 591940] Hlgo] ZHzt th=
g 39k 914-0] o548 451t -Bo[sltH Aka et al., 2001). T, 2|2}, th7] E750l| A4 *He/*He Bl=ZF2F 12 x
10, 0.005 x 10, 1.4 x 10°0], *He/*’Ne H]= 212} 10,000, 10,000, 0.3172 424 2IthBallentine and Burnard, 2002;
Graham, 2002; Ozima and Podosek, 2002).

AP 0] B U UL B9 )] WskE $<15}7] 9jote] 23fe]) LASH OB Table 3), EEA B e
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Table 3. Original percentage of helium isotopes and helium and neon gas composition of thermal water
*He (% *He (%
Earthquake  °He/*He *He/*Ne . C4) - 08)
Air Mantle Crust Air Mantle Crust
Before 1.38 13.0 0.9 98.8 0.2 1.3 15.7 83.0
After 1.42 41.7 0.4 99.4 0.2 0.6 16.3 83.2
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Fig. 8. Helium original plot of Pohang thermal water on the *He/*He versus “He/*Ne diagram.
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