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P fE 30 ~ 50°C, Fe ik 83°C B R FEIF & A
JFH b 3R R 25 2 B IR ) R, 9 A0 st R KA R
(OIS N1 TH/107 RN D U8 LF2.9:Y, SU/
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Fig. 1 The distribution of sampling sites in the Hongjiang—Qianshan Fault.
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Table 1 The analytical results of hydrochemical components of water samples.
> N=| 2+ 2+ + + - 2- - —
e ;%:Lflr ol KR Ca Mg Na K HCO, SO, Cl F TDS
] (©) (mg/L) (mg/L) (mgL) (mg/Ll) (mg/L) (mgL) (mg/L) (mg/l) (mgL)
WK 831 235 4.15 0.38 4.02 1.03 19.90 3.34 1.57 0.30 26.00
K w/ME 616 17.8 1.28 0.14 1.26 0.31 244 0.50 0.27 0.02 14.00
TFEIEH 768 2031 245 0.22 2.10 0.57 11.91 2.01 0.55 0.10 20.75
WKE 733 300 3.51 0.72 19.20 1.67 53.20 5.94 0.83 1.84 64.00
HiF K w/ME 620 20.1 0.44 0.13 2.60 0.35 10.50 0.43 0.29 0.12 18.00
TFEIEH 691 2427 1.94 0.43 8.78 1.11 28.43 243 0.56 0.79 35.33
WKE 874  60.0 10.40 0.75 80.90 1.81 94.00 39.70 14.50 14.20 272.00
oK w/ME 740 325 0.21 0.01 15.20 0.51 6.16 2.83 0.37 1.69 43.00
EHME 823 4579 3.12 0.16 40.86 1.16 46.95 18.55 5.85 6.29 138.56
O HiEFRIK
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O ik
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Fig.2 The Piper diagrams of different samples collected from the Hongjiang—Qianshan Fault.

20.1 ~30.0°C, TDS & 18 ~ 64mg/L, i T /Kb 7R 1E
i HCOs-Na. HF5¢ X oK pH {EN 7.40 ~ 8.74, 7K
R 32.5~ 60.0°C, TDS i 43 ~ 272mg/L, HiFk fb24
FRIE N HCO,-Na,

HR A B A CIROH R IR SR 7K ) (GB 8537—2008)
FLAE, WFT X N HQF3 il HQFS i /K 4 B 15
3914 0.23mg/L 1 0.68mg/L, ik Bk FH K IRE R
IKARIE (PR T 0.2mg/L); MR8 CRIRT SR K BE
T ML ESHVE )(GB/T 13727—2016) MLAE, #F5E X

Tm=

N HQF1, HQF4, HQF5, HQF6, HQF7 1 i i fit: ik
&5 9 55mg/L . 61mg/L. 63mg/L. 82mg/L
59mg/L, ik B BT 7R K W BE AR i (H,S105 % &=
>50mg/L).
3.2 WFSEDX SRR B RFIE

AN ) ] 5 A0 ] B 2 0] T 7K AR 3 e B
A PZES o tHF T AR U AR AR A 36 1 R /)N
T 1.5mg/L, BB R 7K K 5T ) Y ZE SRR AR gt 1
HNALT 0.7 ~ 1.5mg/L J5 FlN, 36 E (E R 2K
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TR F) R K A4 v R /T 2.4mg/L,
(HiL R K PREE AR )(GB/T 14848—93) B /K {4
W EN/NT 1.0 mg /Lo ABFFE AR S o
Img/L Wb R 7K 8 SRt 7K

F 5 X ML 3 K, MR 7K L H B K R R R
75 Ak 3 Bl 43 514 0.02 ~ 0.30mg/L, 0.12 ~ 1.84mg/L .
1.69 ~ 14.20mg/L(F 1), Br—Ab T /K 5k BE B AR AT,
TIF 5 X P HL At i 3 K R 7K 0 B Y45 5 b
T, i RAOK O B AR UE 2 ~ 12 £ . ABER
5 O S PO R R AL

4 g
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1 6"0 {51 T3 2, LI 5T IX A [ 2K M &4 R o7
R AR WA 3a s

WF 5% X WK O°H {H g —43.60 %0, 0O & Ky
—6.49 %o; Hi F /K SPHZAE 1L YT Fl A —52.00 %o ~
—34.65 %o, - ¥ 5 —38.81 %o, 0'°0 {i 7% 1k 75 Fl Ky
—8.20%o0 ~ —5.81%o, - —6.49%o; #b T 7K 6°H A5 1k
70 ] —46.62 %0 ~ —31.40 %o, - 341 —-39.79 %o, 5'°0
BTG B H—7.85%0 ~ —6.40%o, F-1{EH—7.22%0; Hb
PoK 0*H 28k 75 K —71.00%o0 ~ —42.80%o, - 1414
—55.43%, 6'°0 {HAE AL K —10.30%0 ~ —7.17%0, F-
PIE—8.75%0. H1IE 3a n] %, fF5E XA RIK AR A A
0 Z L T4 BRI A K L r [ 4R 35 s [X K< o

30
()
EZ NG 17/ €57
ol SH=8530+10
30t
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CHERRESENG V€2
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A ,HE‘FZK
o MK
50 , L X REREK
12 -8 —4 0

00

IRER DL X 8, FR I X Sl K . b KR Ak
BIR IR T R, HAEE PR A 72 b 28 D R R
oK fad B (K] 3b)e RRIKAR G AR & oA
TO PR AT 22 5, (H AR BN, R B AN ] ZK AR [A]
FELER TR R
4.1.2 #hAER

3 3 AR, 3R 1 v AR AR ] A B H RO R
R, R, SRR, A SO N
DL PP 2236 28 A 3 RO R G o

H=h+(6G-6P)/k (2)

H =-50(6D+27) (3)
K H M oK AN R 2 (m), G Ry b A KA
SHAH, oP RWFFE X KRR 6°H AH, 0D Ry Hh#oK
FEdh O°H A, h R oK BORE f R (m), & &)
PR BREMH, n%o0/100m . HFFE X KA FEK SPHAE N
~30%0 -2, K H-2.3%0 -3

N A (2) T A 45 RE Y R 804 ~

%2 WRRKKHARFMER SR
Table2 The 6°H and 'O values of groundwater sampled in

the study area.

BEfH £ 5*H(%0) 5"%0(%o0)
FiZK HfE -43.60 -6.49
KA -34.65 -5.81
HiZRk F/ME -52.00 -8.20
SEHE -38.81 -6.49
KA -31.40 —6.40
1R K F/ME —46.62 -7.85
SEHE -39.79 -7.22
KA -42.80 -7.17
HiAK F/ME -71.00 -10.30
FEHIE ~55.43 -8.75
100 g
£ (b)
L kiath
g FTTT
42 T |
I o0 e
o e
% o | TEMEERF
[ )
0.1k
Vs
001 1 aaal aanal MR EETT
0.01 0.1 1 10 100
Ca*/Na*

B3 (a) ARRIEFEA AN R R; (b) HHUK Ca®/Na'5 HCO, /Na K&
Fig.3 (a) The relationship between 6°H and 6'%0 in different samples; (b) The relationship between Ca>*/Na* and HCO, /Na' in

geothermal groundwater samples.
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2173m(#% 3), B A R (3) 5 N A RS FL N
790 ~ 2200m(# 3), —FH LR EA—FL, AN TE
WRZE | PR RTTRAE SO, AR5 SR UM b i A
g LS, A5 BRI —4R 1L T 24 PR R i
R 800 ~ 2200m, -5 i K JE i1 B %A 55 W) 45
4.1.3 fEIIREE

W9 X AR 32532 KA AR 45, 28T U1
IR TR W 24y T R . T URIE I
1 A A AR I T POk, B
fiff 5 55 7K Il G LB DG R, AT AR i b HAOK AR A
VR PEAR S H BORIE IR, T A0 T R

1032
T=——"—-—-273.15 4
4.69—log,,C (4)
T-T,
H= o 4h (5)

G
Ao T Ry b UK AE IR RS IR (°C); C iR
K R ACREWR T (mg/L); H W PGERBE (m); T, M
MR TE IR B, WY AR IR AR TR K 17°C; h R fE

%3 WIRXHRURF R RERIRA IR

RHTREE (m); G MR AR E (°C/100m), A 5% X iR
BREE N 3.6°C/(100m) 7 |

AT TR ARG TR L) W 4t AR AT R
J 893 ~ 1893m(F 3).
4.1.4 IAERE

PR R AT I BB SR W W LT
SE LA ELE0 B, 5 I AR AR TRl S A R
b ARG ARV SR I T M B AR ) T T A T ST
A DL Ry R B b A B AR, R 1) AR A
FEAOYERAR . EBEIRAR A Na-K IRARS: . R ARH
b BB AG B AR TR A0 P AR A 25 5, AE T
VIR EERT, 1SR W K ARIR S

IV Na-K-Mg = £ n] LA W7 s 0K a4
FR T - IR S, NI da BT, BRAE S HQFS 1 T
T A3 A AR X IR AR, VT — % 1L BT SR 28 b Bk 2
(T AR X, PRI, A BT 9T IX RO SR
FEFANRE S FH Na-K-Mg Ji b5

o7 FH 5 B TR b 31545 3] A A R A2 Ak Y

Table 3 The recharge elevation and circulation depth of geothermal groundwater in the study area.

B 25 TORE s O°H Sio, it ~ Q) W AR 3) HEm A E R IE TEAGRIE
[2]5] N . S -
(m) (%o0) (mg/L) A FEFE (m) A EFE (m) (m) (m)
HQF1 390 ~71.00 422 2173 2200 2186 1325
HQF2 639 —48.50 36.9 1443 1075 1259 1150
HQF3 247 —42.80 30.0 804 790 797 893
HQF4 375 —65.00 46.7 1896 1900 1898 1460
HQF5 370 ~46.76 485 1099 988 1043 1513
HQF6 206 ~59.00 63.2 1467 1600 1533 1893
HQF7 202 ~56.00 452 1332 1450 1391 1415
HQF8 197 ~54.50 485 1258 1370 1314 1511
Na/1000 60 100 140 180
(a) 3.0 T T T T
(b)
TNa K 25 |
""" Tk vg = )()k\\\r g
. . BN - .
SR AKX =R T
180°C__140C 3207 e "/O
‘ % 0 g~ .7 00
S 15t ' 0 7
10t % e
0.5 : : :
-2 -l 0 1 2 3 4
K/100 SQRT(Mg)
log(K*/Mg)

4 HIRXMPUKE TRRE: (Na-K-Mg =R (b) log(K*/Mg) 5 log(SiO;) X
Fig. 4 The ionic relationship in geothermal groundwater in the study area: (a) Na-K-Mg; (b) log(K*/Mg)-log(SiO,).

— 573 —



55 4 1] oo

i

2024 4F:

http: //www. ykes. ac. cn

7 48.1 ~ 84.5°C, HQF6 il iy, M 84.1 ~84.5°C
(G 4o WA IERER TS B IHIERRE & T A
M AR bR, AR AR TR R AR AL 79.4 ~
113.1°C, HQF6 # fiff 1R & e =i, o 1123 ~ 113.1°C
(F 4)o Rt — MR it AR AR B S T A
58 X HE IR, 3 1 2] log(K*/Mg) 5 log(Si0,)
REDATHIE . HE 4b AL BFSE X UK B0 T
AP YRR L5, HALT EBE0 W R B .
SEA WY AN (ST THALE R (B Sa) AT A, T
Hu KRR o S b TR LIRS, T E i T
M-SR RDIRES, HeAh, B REIEAR TS 2 i s iR
FEMRAR o PRI, 07 FH A 9 TR A B 9 DX i B K 34
it B T R
4.2 WX SRR R E P
4.2.1 FUEEAREF

WF 5T X b K RS pH {8 728 16 15 Bl 7.40 ~
8.74, H. F ¥k FE pH {H34 s K (& sb), Hihok
I S S B R o FERRCME b R K IRBE e, SR
PLF . MgF", CaF", BF(OH), & R A2 7E, Hi, 4l
BT R B 80% UL, Wik T KRBT
FEUT B (0 B P R

Ca(OH), & Ca’*" +20H" (6)

Ca’" +2F o CaF, (7)

A iR KR OH MR EE 3, W) s )iz =X (6) -y
I ZEA5 3, 5D H T 7K s B vk B2 ki), 2 T o G
B (7) A 1) 22 R B, R BCE FAY) CaF, Ff
SLUE, MR KRB RS . tkAh, I OH 5
F YRR, T K M IR BT, 5 K)2
A5 G A W B Y SR e OH I HRAR, fifift
FH W B A AR SRt s 25, B0t T oK FR BRI

F4 WIRXAETRE TSR

wE sb frzs, X T B MoK AR FR RS pH
[ERDNITE:S: Ly PR R ER O R A oA
4 A HOKHFE S, pH (EAE{LIE [ 8.68 ~ 8.74, F ik
J& A AL T B R 9.89 ~ 14.20mg/L, i F vk Ji 3 R B
pH {E 3 K17 2 B2 ik ¥, KW pH (EXT F &
LA, (IR RN R,

WF 528 DX M BROKORE B B AR Ak B
80 ~ 112mg/L, “F-¥1H 94mg/L; H 3 /K RE 5 B 25 4k,
JBHEA 2 ~ 20mg/L, FH4(E 12mg/L; Hi T 7KAE S
AREYE IR 11 ~ 53mg/L, F-H(H 28mg/L, 7 UL Hh
KRB 2 v T K R K . MUK FOkE
Wi B 8 448 i T, AT RE S R SR ) R A
K, K SCH IR AL A3 B T R

CaF, + 2HCO; — CaCO; +2F + H,0 + CO,

(8)

5 A BB R AR B AL R OK, 51
Hi T KB R 0, 3 g R R K (8) S al 45 F5 51,
S K FWREERD N, PR, M T KB A
FIFH R K FE e,
422 FEEKSCHERAEAEH]

(1) KA1EH

BAE AR A LU WIE A, SR YA A
A, IR A CaF,. VKEA AT Nas[AIF] LUK F5UE K
A1 Cay(PO,)GF, 55 o ANFEFPIEA A MRS 2 F
K, WA EB RPN BRAE>HKAER>
HAHA> Kk,

i Gibbs EIRFE 78 KAEH . K EVEFIFIR S
et TR A FFDRT b HROK AR 2 RRAE 2 . F 5] 6 AT DL, A
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Table 4 The calculation results of geothermal reservoir temperature in the study area.

e Kk b R b TR R

(0) (C) (C) (C) (C) (C)
HQF1 38 94.1 95.9 94.3 63.6 65.4
HQF2 43.2 88.2 90.7 88.5 57.3 59.5
HQF3 34.6 79.4 83.1 79.8 48.1 50.8
HQF4 60 98.7 99.8 98.8 68.5 70.0
HQF5 60 100.4 101.4 100.5 70.4 71.8
HQF6 47.8 113.1 112.3 113.0 84.1 84.5
HQF7 224 97.1 98.5 97.3 66.9 68.5
HQFS8 49.2 100.4 101.3 100.4 70.3 71.7

e AR (JEZEIRIR): T=1309/(5.19-10gSi0,)-273.15; ° fi#iibs (BAZEIRMIK): T=1522/(5.75-10gSi0,)-273.15;

¢ AYLIRAR: T=—44.19+0.2264xSi0,~1.7414x10*+79.305x10gSiO,, ¢

¢ EBElEAR: T=1112/(4.91-10gSi0,)-273.15,
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Identifying the Hydrochemical Characteristics and Genetic Mechanism of
Medium-Low Temperature Fluoride-Enriched Geothermal Groundwater in

the Hongjiang—Qianshan Fault of Jiangxi Province

ZHANG Shouchuan', LIU Kai"**, WANG Luyao', ZHU Wei®, DENG Yuefei*, YU Chenghua’
(1. Chinese Academy of Geological Sciences, Beijing 100037, China;
2. School of Water Resources and Environment, China University of Geosciences, Beijing 100083, China;
3. The No.8 Institute of Geology and Mineral Resources Exploration of Shandong Province, Rizhao 276826,
China;
4. CIGIS (China) Limited, Beijing 100007, China;
5. Shenzhen Investigation and Research Institute Co., Ltd., Shenzhen 518035, China)

HIGHLIGHTS

(1) The hydrochemical characteristics of fluoride-enriched geothermal groundwater in the Hongjiang—Qianshan
fault are HCO;-Na and high pH.

(2) Based on the analysis of hydrogen and oxygen isotopes, the geothermal groundwater is recharged by meteoric
water which infiltrates through a highly fractured rupture.

(3) The fluorinated mineral dissolution and cation exchange are the main sources of fluorine in the geothermal

water. The alkalinity and alkaline geothermal water environment promote the enrichment of fluorine ions.

ABSTRACT: The Hongjiang—Qianshan fault has abundant medium-low temperature geothermal resources.
However, the excessive fluorine concentration in geothermal groundwater restricts the development and utilization
of geothermal resources. 20 samples were collected in this region for identifying the genetic mechanism of medium-
low temperature of fluoride-enriched geothermal resources. The hydrochemical results indicate that the
hydrochemical characteristic of high fluoride geothermal groundwater is HCO;-Na. The groundwater environment is
alkaline and weakly alkaline. The fluoride concentration in geothermal groundwater is 2—12 times greater than the
upper limited value, while those in the surface water and shallow groundwater are within the permittable threshold
range. The isotopic results reveal that the recharge elevations and circulation depth are 797—-2186m and 893—1893m,
respectively. Quartz provides the most reliable estimations of reservoir temperatures, ranging from 79.4°C to
113.1°C. The fluoride in geothermal groundwater originates from the rock weathering and mineral dissolution.
Cation exchange and alkaline condition are the main influence factors for fluorine enrichment. The BRIEF REPORT
is available for this paper at http://www.ykcs.ac.cn/en/article/doi/10.15898/j.ykes.yk202403030028.

KEY WORDS: fluoride; medium-low temperature geothermal water; hydrochemistry; isotope; Jiangxi Province
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BRIEF REPORT

Significance: Geothermal resources are characterized by low-carbon, low pollution, and economic viability, and are
regarded as the best proper alternative to fossil fuels. With the rapid development of science and technology, the
exploitation and utilization degree of geothermal resources has been constantly increasing. However, the
overexploitation of geothermal resources may lead to several geo-environmental problems, such as groundwater
level decline, land subsidence, and water quality deterioration. The exploitation of fluoride-enriched geothermal
groundwater may cause shallow groundwater and surface water environment pollution. In addition, fluorine is one
of the trace elements for human health, while excessive intake may be harmful to health, resulting in dental and
skeletal fluorosis. Thus, identifying the evolution process and genetic mechanism of fluoride-enriched geothermal
groundwater is an important prerequisite for the rational development and utilization of geothermal resources. For
the medium-low geothermal groundwater in Jiangxi Province, previous studies focused on the hydrochemical
characteristic of a single geothermal field, while few studies systematically identified genetic mechanisms of
fluoride-enriched geothermal groundwater at the regional scale. Deciphering the genetic mechanism of fluoride-
enriched geothermal recourse could make better use of geothermal resources and prevent health hazards caused by
the utilizing of geothermal recourse. This study aims to investigate the hydrochemical characteristics, clarify the
hydrogeochemical process regulating fluoride concentration, and identify the genetic mechanism of medium-low
temperature fluoride-enriched geothermal groundwater. The results indicate that the high F~ concentration
geothermal groundwater is characterized by HCO;-Na with high pH value. The dissolution of fluoride-bearing
minerals is the main source of fluoride ions in geothermal water. Moreover, groundwater fluoride enrichment is also
facilitated by water-rock interaction, cation exchange and an alkaline environment.

Methods: 8 geothermal groundwater samples, 3 shallow groundwater samples, 8 surface water samples, and 1 rain
sample were collected from the Hongjiang—Qianshan fault of Jiangxi Province in July, 2022. The sampling
elevation was measured by portable GPS device. The conventional physicochemical parameters, including pH, total
dissolved solids (TDS), and water temperature (T), were measured on site by the portable instrument SX-620
(£0.01pH; £0.1°C) and SX-650 (+1.0%FS). Before sampling, polyethylene bottles were pre-washed by the target
water. The collected groundwater samples were filtered (0.45um) to remove particulate matter. To ensure the
accuracy of cation analysis, a replicate sample was acidified with HNO; to avoid precipitation at each sampling
point. After sampling, the bottles were sealed and labeled for various tests. All samples were stored at 4°C. The
flame atomic absorption spectrometry method (K™ and Na"), the atomic absorption spectrometry method (Ca® and
Mg, the titrimetric method (HCO3) and the ion chromatography method (CI”, SO; ", and F") were introduced to
determine ion concentration in the laboratory test. The D and d'*0 isotopes were used to identify the recharge
origin of geothermal groundwater, and the elevation and temperature of groundwater in the recharge area. According
to the isotope elevation effect, the higher the recharge elevation, the more depleted the isotope content. Based on the
oD and 6"0 value, four methods were introduced to estimate the recharge elevation. The circulation depth of
geothermal groundwater can be estimated by the geothermal reservoir temperature and the local geothermal
gradient.

Data and Results: (1) The main hydrochemical characteristics. The hydrochemical parameters of collected
samples are summarized in Table 1. For the geothermal groundwater, the pH and TDS value are 7.40—8.74 and
43-272mg/L, respectively. The hydrochemical characteristic is HCO;-Na. The surface water is characterized by
HCO;-Ca and HCO;-Na with pH of 6.16-8.31 and TDS of 14—26mg/L. The pH and TDS values of shallow
groundwater are 6.20—7.33 and 18—64mg/L, respectively. The hydrochemical type is classified as HCO5-Na. The F~
concentration of geothermal groundwater along the Hongjiang—Qianshan fault ranges from 1.69mg/L to
— 578 —
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14.20mg/L, which is 2—12 times higher than the national standard, while those in surface water and shallow
groundwater are not exceeded.

(2) The isotopic characteristics of different samples. The 0D and 6'°0 values of geothermal groundwater are
—71.00%0— —42.80%0 and —10.30%0— —7.17%o (Fig.E.la), respectively. For the shallow groundwater, the JD value
ranges from —46.62%o to —31.40%o, and the 680 values are —7.85%0— —6.40%o. For the surface water, the oD and
6'%0 value are from —52.00%o to —34.65%o and from —8.20%o to —5.81%, respectively. All samples are distributed
along the GMWL line (GMWL: 6D=85'*0+10), which means the geothermal groundwater, shallow groundwater
and surface water are recharged by atmospheric precipitation. The geothermal groundwater originates from
precipitation in the mountain area with the recharge elevation of 797-2186m. After deep circulation of 893—1893m,
groundwater heated by the geothermal reservoir of 79.4—113.1°C mixes with shallow cold groundwater during the
upwelling process.

(3) The genetic mechanism of fluoride-enriched geothermal groundwater. The genetic mechanism of
fluoride-enriched geothermal groundwater is dominated by the water-rock interaction (Fig.E.1b) and the dissolution
of fluoride-enriched minerals (Fig.E.1c). Moreover, the cation exchange interaction is the common hydrochemical
process that regulates the ionic concentration in the groundwater flow system. The sodium adsorbed in clay mineral
is replaced by the calcium in geothermal groundwater. In addition, the solubility of fluoride in geothermal
groundwater depends on the pH value. The geothermal groundwater environment is slight acidity and moderate
alkalinity, which may lead to the increase of solubility coefficient in fluoride. The cation exchange interaction

(Fig.E.1d) and alkaline environment affect fluoride ion enrichment in geothermal groundwater.
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Fig. E.l (a) The relationship between *H and 'O in different samples; (b) The Gibbs diagram of different samples; (c) The
saturation index (SI) vs total dissolved solids (TDS) of geothermal groundwater; (d) The diagram of CAI 2 vs CAI 1.
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