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Abstract: Shenzao hot springs are exposed in seawater and it is significant to reveal the circulation mechanism of geothermal fluids
for the sustainable development and utilization of geothermal resources. By collecting samples of geothermal water, geothermal
gas and the seawater, and testing the chemical and isotopic compositions of the samples, this study draws the following
conclusions: the hot spring water is of C1-Na-Ca type, recharged by the precipitation; the dissolved constituents are mainly derived
from the dissolution of silicates and mixture with the seawater, with a mixing ratio of 29% —32%. According to the hydrochemical
geothermometers, the reservoir temperature is 130 °C, implying a circulation depth of 4 km. The atmospheric-derived N, is the
dominant component in geothermal gas and the CO,, CH, are thermogenic products of the crustal organic sediments. In addition,

the helium isotopic compositions suggest that the mantle contribution is less than 5% and the local heat flow value is about 67 — 69
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mW/m”. Therefore, the Shenzao geothermal system is a medium-temperature convective system mainly heated by the crustal

radiogenic heat source.

Key words: hot springs in the sea; hydrochemistry of hot spring; chemistry of geothermal gas; circulation model of geothermal

fluid; reservoir temperature; geochemistry.
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Fig.1 Distribution of global geothermal belts (a); distribution of hot springs in southeast coastal of Chinese mainland (b; modified

from Wang ez al., 1996); topographical map of the area near the Shenzao hot spring (c); sampling sites at the Shenzao hot

spring (d)
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Table 1  Major characteristics, chemical compositions and isotopic compositions of geothermal water samples, and the mixing ra-
tios of seawater calculated based on the SiO, contents
TDS K Mg Ca ~ HCO, Sio, ) RE
aE FERZE KR H  (mg/ Na (mg/ (mg/ (mg/ Cl SO, g/ (mg/ El J/kfkz2 "0 oD "
bt C) (mg/L) (mg/L.) (mg/L) (%) v %) (%)
L) L) L) L) L) L) (%)
S7Z01 Mu#idk 80 7.0 8730 2433.9 124.7 9.8 8524 5101.5 211.5 71.3 101.2 1.0 CIl-NaCa -6.0 -36.9 0.32
S7Z02 Mi#AH 61 7.3 8840 2585.6 133.9 10.5 922.2 5297.3 2069 63.8 102.5 2.6 Cl-Na:Ca -5.5 -34.9 0.31
S7Z03 Mu#H 75 7.3 8110 2386.7 123.9 9.2 808.9 4691.1 202.3 63.8 102.3 3.7 Cl-NaCa -5.8 -35.8 0.31
S7Z04 Mu#AHE 71 7.2 8130 25204 121.3 8.9 790.0 4867.3 2079 73.8 104.7 3.4 Cl-NaCa -59 -35.7 0.29
SZ05 K 26 7.8 28200 75944 272.7 831.5 350.6 13144.0 1821.1 6359 12.6 0.5 Cl-Na -5.2 -17.3 0.32
x2 AEBLIMELE BECRLEERSSLENHLITESE (ng/L)
Table 2 Compositions of some trace elements, molar ratios, isotopic composition of Sr and rare earth elements in water samples
(png/L)
%5 Li B Al Br Sr Sr/*Sr - Br/Cl o La Ce Pr Nd Sm Eu Gd Tbh Dy Ho Er Tm Yb Lu
SZ01 2759 517 42.2 12500.0 17548.2 0.7120 0.0011 0.74 0.9 0.2 1.0 1.1 04 37.1 04 24 0.3 29 2.1 6.0 16 4.2
S7Z02 2733 479 31.6 119444 17678.3 0.7121 0.0010 0.75 0.2 0.1 0.6 0.3 0.4 25.0 2.7 24 24 29 06 80 3.5 8.3
S7Z03 2741 571  25.1 11926.6 155944 0.7122 0.0011 0.79 0.3 0.3 0.3 1.2 1.6 8.1 29 24 26 6.7 24 6.0 74 6.3
S7Z04 2724 466  20.2 11834.9 15679.6 0.7122 0.0011 0.80 0.4 0.1 0.8 0.8 3.2 16.1 3.8 3.5 1.2 7.7 3.2 40 55 25.0
SZ05 328 2675 107.0 25321.1 5021.4 0.7100 0.0009 0.74 04 0.1 14 1.1 1.6 1.6 2.5 4.7 1.0 22.1 24 4.0 12.6 104
0 100 e
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Fig.2 Triangle plot of relative content of main cations (a) and ions (b) in water samples
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107, #1 4 F 0.44 Ra 1 0.37 Ra (Ra N =5 R
th *He/'He It i , 1.43X10 %) , ‘He/*Ne 4% % K
132 A1 5.8, 5 T &5 U HF 1E {6 0.318 (Sano and
Wakita , 1985) .SZ01 Hl SZ04 4 i f# < 8"Ceon 10
A —16.9%0 Fl —13.9%, 5 8"Co 1H 20 % K
—45.3%, F1 —42.5%.
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9 854 XU IE 43 B AT A (I8l Le) , Bikk R R =
[OEZ I TR R AN @ L BU R WS XS NN 5
Al BE R IR G 0 A 45 KR L TR B3 b
p 2 Tl I o T VAR 2 D 5 2 a1
Y e, M OK TR SRR R & 1 28 Kok R H
IE ] SR RS OF N I, TR G 2 ) R R R AR K
fE B R A T 5 KRG SR . T
K TDS {3 &, #i kb SR 7K IR A W 7K S 30T
TDS {8 75 T 2 BAE W it b X SR K 0 5
Na/Cl A8 #l Br/CLHAE AT FH T X 43 i AH B A
B S E [ S B O N B A SO R S
SR Na/ClEE SR HLH N 0.7~0.8, i {2 0.5, /)
IR U K R B AR (0.9 F10.6) 3 Br/CLEE JR{H
H1.0~1.1(F% 2), Fi & Hfi 2 0.002 3~0.002 5,
T 7K B9 A B AR (0.9 A1 0.001 9). 3% B L H 45 1iF
6 7 M FROK R 43 ok VR B B R B VK, il VAR
KR IR TR A K IR A (Hao ez al.,2020) . 1
KR Ca i Sr B A AHBIOR IR, PR 8 — o —
B3E A WF 5T o, # #K Ca ., Srifk BE K Sr A i &
FUAB 5 1 KRR o 19 22 5 0 35, 35 7R M #ROK A i K LA
ARV R AR AN R da iR, B BOK s 4E Ca,
JEE IR He B ik %) 23 mmol /L, it 5 T K Hh i Ca & &
(8.7 mmol/L) ; [A] B}, Sr & B 7 H #8 K F g 7K i
i RT3 A5 R XML SR Ca Srot &R

JEAEE BIR A B K, 5 HA 2 A V8 08 o A AR
oM K TSt/*Sr A 5 4 BROF 243 K TS/
“Sr kb {8 (0.712) (Sedlacek ez al., 2014) #f ¥ ( K
4b) , B 55 55 DU 28 A 80T B i U AR AR OG5 i
[R5, L A AF 9% 22 K5 4 R b X3 5% B R 453 A7 1) 46
B A AHIE 2 (W 45, 2020) , H K vh g R 43 % L i
1 E AR T AR e M X AE B A S/ St e (0,735 4)
(2L TRAE,2006) , 3% i Ig O AT BE 2 i T HLAOK 5
CEE R &R B K 24 TIR A . ik, H#4oK
W Ca ., SrA] A 32 2ok H T i FAK AR il o #2 v X)
550U R UL R R AR AR AR B A 1 Tl L X —
o BT gk — A aE i % e M K Ca/Na BE /R HE AN
Mg/Na EE /R e fin BL & 3 . /K # Ca/Na & /R H Al
Mg/Na EE /K He i 56 28 0T LATTAS Bk R £ A ik AR $h
Yy 75 & S AN ) 5 1 0 ol g R 6T K 1) 5
MIE de T LLE H BIF 5T X M 3ROK A7 T 42 BROF 249 1k R
ARV TR IX 2 Bk R R ) 1 A A A I A 4 T
oK Na Cafl Mg ot A & i B2 &K

Hir 1 70 3R BC 53 B X 7 B R Ak 2 o B Y
FH T H A sek AL 26 50U (NASC) B Lot R s
AL S IR IF 4 1 o0 2 L 40 B X R R Sy an &1 5
AN ORIV S U i e |- i) R R iR AR
Mgk AE A48 1Y, A SOk B NASCAE S bs 11k
Z: W8, 02 IR R b 38 T 1 A o Ak E 0 A5 Xk A AT R
Shy g KRS A B 2, R B AR O R A T
fii £0F E % H Ce KM M 3 71 5% (Goldberg et
al.,1963) . F AW 5T 1Y K A bk v A6 BE 73 BT 5 NASC
BE 53 R b & 30, b B OKORE O R KRR i 2 S B
i 170K (HREEs) & 4 1 B4, Hob b $AOKAE i %
PR Ce 7 53 9 MR 35 19 Eu IE S8 . 3ok
pH i 7R HOK IR 58 5 v b | e i B R AR 2% & 9 2
Mg aEmETENEEFAER, Kb E4Em
HREEs £ % Ll Ln(CO,), MK XTE(Guo er al.,
2010) . H K F i K HE i 24 2 B Ce 11 55 W FRAE X
5k K BA Ce i W R IEM ST LAY &
FERAKARZ T T T A AL IR S , S B = A Ce AL
FEUTTENT H L UEBH 28 D7 T BRI 2 1 b AR K 7E 5 K
TR A b bl 5O J PR B 8 Ol AR PR R B Eu iy
HENFEZETKAMEERN, KAk, m
R A B A A 0 Al 4 A I A o B R S B0 R K
B o Eufy R L — 5 s T AR X
F) Ml AR K, B 0 AR 56 T BB O IR 19 1S, M
POKTERAEZ TS5 T rEBR DY) 00 3E & S5 i,
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A T R S 0 43 b B R 4 R 28 R R AN S
PG IR T g i AN AT sl i 1 E S R ek Ak T
Tk U A B R0 0], 2 VP Al B IR R B &
MR T B HET, A [R] 2 5 52 i i B O ik
EA 20 LM, EEAHE  RER T NaK BB Na
K-Ca i B i1 Mg # 1F () NaK-Ca i £ i1 . NaK-CaMg
1A 2O £l Vel A T B 3 L 2 W T A AR T Fixe
AVBEHL A | 3k 26 7 6 AN [) b 24 R 48 10 38 R 45 A8
AR TE] e He % TF A 8 5% X 3t 3Rk 32 27 KR A 1Y
5 00, T 2 20 P71 254 TR DA VE A PR R B

BT R BT  Na-KRE T Na-K-Ca & it
HTK-Mg i B2 111580 0% il kk i 1 R SR K A R A
AL A 208 F 2 4, 6] B & 6a LA AR 20 & i O X 45
207 vk T A A SR X L . AR T B R T A IR
JE A, S S 4E 43 ) 4 112 °C A 110 °C 5 5 b Na-K
T BE T A5 45 2R sy, P Ak 3] 165 °C #1183 °Cs
Na-K-Ca iff B2 1 B 45 45 SR fis &5, o 159 °C 5 A e i
JE T K-Mg iR B R 55 28 Al Na-K R EE T 5 1)
P IR BT AR T, 48 P AE 130~140 °C. 1% S8 #fif IR
FETE R B th 2 0 T 00— W A o A, HLZ IR
VA KR A 5 e S 2 TR I 22 Bl B T T A 4 R 22
SELK .Giggenbach(1988) #2 i ) Na-K-Mg — ffi K]
LG AFZETMEKA KA A x BRI
A1 55 Z R W 4G U R T, R K P Na/K T
{H 1K/ Mg bl 256 BR a2 S0 TR . 08 T FhoJr i
AT DAVEAH 7K 2 BT A5 IR 2 9B KR R 43 A F
7K B 434 7K R 58 4K L &l 6b R Ak
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Table 3 The component and isotopic compositions of geothermal gas and correlated calculation
AR5y Wk IR R ZU A o R B K5
) . q
%i = N, CO, CH, Ar 0 He 8"Cep, 08"Cey, “He/'He o/ Tiom Tsoan
2 2 4 2 i coz CH4 ) He/*Ne R/Ra (mW/ q./9 mke ;Oko
) ) 0 0 () a0 ) ) (107) 2 (%) (£40°C) (£50°C)
SZ01  94.34 0.89 0.31 1.54 2.45 2221 -16.9 -45.3 6.17 132 0.43 69 51.62 848 966
S7Z04  79.86 0.12  0.02 0.83 19.09 120 -13.9 -42.5 5.17 5.8 0.36 67 52.83 826 941
x4 FRAMKUFZEETGEHRFEEC)RBEEAR
Table 4 The results of reservoir temperatures and the corresponding equations
Na-K-
Chalcedony a Chalcedony b Quartz a Quartzb  Na-Ka Na-Kb Na-Kc Na-Kd R K-Mg
~a
20S708 111 110 138 138 166 184 129 135 159 135
20S709 112 110 139 139 166 185 130 136 160 136
20S710 112 110 138 138 167 185 130 136 160 136
208711 113 112 140 140 161 180 124 131 158 136
NN N 1032 _ . . N 1112
i : Chalcedony a M ¥ 2> Xy —————————— 273.15, #l§ Fournier (1977) ; Chalcedony b # i 28 X § ——————— — 273.15, ¥
4.69 — 1g(Si0,) 4.91 — 1g(Si0,)
) - . 1309 . . . . 1315 .
Arnorsson et al. (1983) ;Quartz a ¥ i A X ———————— 273.15, 4 Fournier (1977) ; Quartz b # i 28 K h ——— — 273.15,
5.19 — lg(SiO,) 5.205 — lg(Si0,)
. 1217 _ . N 1390
3% Truesdell (1976) ; Na-K a5 A 2 H ——————————— 273.15, 4 Fournier and Potter (1979) ;Na-K b AT ———————
1.483 + 1g(Na/K) 1.750 + lg(Na/K )

833
273.15, #i% Giggenbach (1988) ; Na-K c # i 2A 2L N

0.780 + lg (Na/K )

933
— 27315, T i (1980) s Na-K d W AR Ky ————————
v o onant ¢ AR 0993+ 1g (Na/K)

1647 y
— 273.15, 4% Fournier and Truesdell (1973) , ¥{i;

273.15,#% Arnorsson ez al. (1983) ; Na-K-Ca # v A 2 H

lg (Na/K )+ Blg(Ca"/Na)+ 2.24

g mol/kg, >100 °C H. 1g(Ca’*/Na)<<O i}, =1/3; K-Mg # i A X N

IRV AN, KA 22 25 R B 6 2 mg /L.

Tk SR KI5 T8 4 O i K X8, O B 43 5 OE Na-
K B2 31 175 °C i 4 1 K-Mg i B2 31 125 °C °F
iy 2, R W K IR R 5 % Na K Mg 0™ ¥ 38
B 5E 4 0 R OT MRS (B35 45, 2017).

£ ¥ F 15 K fi# % (Reed and Spycher, 1984)
R T HOKTEAE R T 5 2R ) Z 18] 0 Ak 58 i
K& ELEHT PN 1g(Q/K)-TH , k)= —
B P AE FE — IR B2 K 20 74, D020 B Dy 4R
it L B E— b Ml A X M K RE S E T E 3R
b R R AR R TR A SR IS LA BRE I AR
AL B2 I3t 2 oE 55 7] 81, Pang and Reed (1998) #i
T FixALJT 200 LA IE A4 . 38 BUAS BF 5% IXC 3
I 15 TSR FE 05 (SZ01) 1 7K Ak 2 41 B, FH SolveQ
BAF AT FixALA D) 5 P A B, 3 580 Hh b Bk 72
130 °C B 3 43 30 Z2 0 W) 5 e V-5 (181 7) 3k — 45 2R
5 I & Na-K-Mg — i # it 1% (\K-Mg i B i1 Fl Na-
KO B2 TH 458 5 25 AR AT, 48 7 kR R SR K Y

4410

——————————— 273.15, 1 Giggenbach (1988). L&A iy
14.0 — 1g(K*/Mg)

Pt IR B Ry 130 °C Z A . T K B I A T A B R
SO, ¥ J5 e 1% 9 B8 4, D) U3 R 06 A TR A 1) A R AR
JH . HR 5 Arnorsson er al.(1983) 2 Hi 1) X #6 1% il
iy 75 B2 L IH A4S 2 130 °C R Si0, e B R 2 142 mg/
L, 7 1M ph 7 K AR A (SZ05) FHOK B 5 Si0, #e
Al LA A5 B KR A LL B 29%~32% . 5 — T
1, B b 3R T 5 B TR EE (130 °C) L AR ¥ A
(21.8°C) 1 Mt 35 6 B (27.5°C/km ) ] A 2 4 9L 3R
K AE HLF Y 0E R B 2GR 4 km.
43 SEAHSRBERMHESIER

— Ny ISR P A S IR AL S
BT 7 LA AT R T PE AL R 32 B A S e i R
I AU IRUOR IR RO KA A T S e
AR ATy KA RN, KW T RK, R
KIFEMHEBRMAMTEE, KA ESET -
SRR T M L 4y Bl S B R S 8 R T AR

AR R 17 280 S ) B A A B G K A X
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150 T A (B4 R 45 L 1994) . 40 T TS U A
170 KB NL/O, A 249 4 3.7, NL/Ar FL A 29 9 40, K

e = - N/ Ar H 29 83.6 (Marty ef al., 1991). % He

550 2R 3 P SN B, SZ04 B fh B9 N/ Ar FUAE AT N,/ Ar

= .. H 4 504 4.2 0 96.2, B3 K SR A, 0016 5 1

= = R TR W A RE KB T B P 2 T
e i Yo T SZO1RE S B9 NL/O, Ho {1 N,/ Ar Ho {8 43 51
. 38.5 1 61.3, 78 1 0 PR 36 o 7 op N, 4149 2k T 2
o= - 50 0 R A 7 A R S A % DA JE A 1
A A AN, SR 43 R ) He & ik 3] 0.25% ,

ERE T B B B 5% 5 Tk S0P He 3 iE(0.000 5% ) AL 3E T ¥
277 3 A 2o 2 o A1 2 HE TR IR L5 R R T R
© B, T 350 Pl AL 200 AT A U T o 2 4% 8 2 i
(b) Na/1000 V9T 2 95U 55U 19 Th B9 3648 . MkE T 5 A S,

K/100.

350°C250°C 200°C 150°C 100 °

€
516 SiO, i BE T BH 2 - B 1 I A5 R B2 AR LK (a)
Na-K-Mg = & (b)

Fig.6 Box plot of reservoir temperatures calculated based on

silica geothermometers and cationic geothermometers

(a); triangle plot of Na-K-Mg (b)

1g (Q/K)

AL L L o~ pow o oa W

[

Fig.7

TR L 43 1 3% Fh R AE 55 20 VG 8%\ G 3R B (Wang
et al.,2022) F1 P9 1] 5 22 Ho #4 B (Tian ez al., 2021)
FELCO, N EBAMMWA Mm@l R 5 A
A, Ui W1 B 5% DXL A O K I 24l O i G b i Bl
FC N Rl IR A S L BGUR Y RTORE R AR AR
Mo B 5T, ST A AT LUK R B
AR R VE A WAL 2 e fE R(PHe/ '*He) 2 5 .35 . K
SAMENE R A (Ra) h 1.43 X 10 "0 3 b b
1R VE R Z i A (MORB) & W 43 Z W R 2
81 Ras i M 7¢ &0 W] A7 R WG R 3 N
0.005~0.02 Ra & £ (Karakus, 2015). W1 &l 8a fif 7% ,
Hi A S He Ne [R 37 R FFAE 46 78 A8 58 1 SZ01 A
SZ04 WA T i A AR R A7 2 D 1) A o 52 25 <
5 YL AR B RAR (<C10%0) , ST R AL 4y i o B A
AR5 Y6, T 7 PO R A 9526 DAL X
R BT, LA R LG AE R RRAE A 1 15 5 K Bl ik

=K - R - R = RK O - = H

(a) (b)
4
3
2
1 \\ ~130°C
S o0 >
125 50— 1B ——20 = §0 et 125 75 ———200
T(C) -1 T(°C)
-2
-3
-4

[}

=K = R - Rl =R K .= Y = H

B 7 59 1g(Q/K)-T K FE IR AR (a) s A 0.003 mol/L CO, I AL IE ALH B (b)
Plot of 1g (Q/K)-T Original state (a); 0.003 mol/1. CO, was added and the Al concentration was corrected (b)
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K )RR b IR 00V P R (L2 AT B0 R 903

UL A T I A7 38 1Y) e Y BRAE Shy ket T SR PR Y TT g
PEEL B, T 58 A0S 2 A P R G 1 AR
g6 X B BT 5, AR AR K B O P A A T
RS AT 200, B R A 51X B ST A6 1 2 S M AR AR
iKF 2.8~4.9 pW/m’ B F-55,1995) , 37 &y T~ K i 4
e A R 1 W/ m* (Waples, 2001) . 1 5k /& U,
itk U R 1 b BROK R AR K AE b 7 N B Tt B
rh R T R 0 3R R R T A Y R A T Y R b
WIS R AR 2 T 2 AT LA A X S A
(B 50 08 PO HE AR, HG DR B R < PSR P ) P He 32
FLOR IR T M | *He 3 5 55 #b 08 P45 22 0] 47 76 15 A1
KR He KW T Hu e rfrfil V&L B T O
AR 3K T 2 0 AR b B AR Y SRR WA T M e
PO, R He i B 5 5T O B E MO R R
(Polyak er al.,1979; O’ nions and Oxburgh, 1983; 7
7,1999, 2000). 4n 3K 3 i o1, 4 A 5 BCE T AR
) Ak R R DX AR B R 67~69 mW /m®, H v b
FERT 4 52%~53% . FiRGE BAR T A 1 X K
Hi P S I E 82.52 mW /m* (TE B, 2018) , /& T
K B SF K H #O (H 63 mW/m® (Hu et al.,
2000) , 5 4 75 H X P B A (69.4411.0 mW/
m*) (Jiang et al., 2019) #8>4 . i — 2 Hb , AR 4 Duch-
kov et al.(2010) G5 1 B T IR 5 45 1 TR b )2 1R
JE 4 56 22 A7 B3 kg SR XM 1T AR 40 km L 50 km
T BE AL 1 M 2 S Y90 BE 43 0 R 837140 °C Ml
954£50 °C. H AR Bk TH B 5 T — &R 9 X Hb BT 4%
TR e AN GE T 2% 3 X, (B FE S /D BT S ok
Hb AT 1 B AR B BT B X S B BT LLOh H S B
X A I 51X AR R 0 1 A el o B B R I AR 2 %
R A SR He  Ne [F] 47 2 11 43 M 45 % 9
PR T SR AR TP R R A T S, DA ST N R
TR R R L IR, COL R TR DURR R 3k 7 A HLUT AR
A8 5 PR R 2, CHL 1 S8 5 0 4 35 56 PN TE AL AR PAL
A WL B R R R A P B R A RS AR
T AT AR Bk R 6 A8 o IR COL 1 8 C{E 2 0+
2 %, VPDB; 12 i CO, 1) "C H 2y K ( —6+2)%,
VPDB, 5 L A A CO, 1 87°C {EH << —20%, (Sano
and Marty, 1995) . [a] i}, = A AN W] B B5] A HH 5 e [+
AL 2% Lo A o AN A TR A6 2 R 52 b 58 R e e
) 0 2% LA 5 A Ak e 1) Bk [ 6 2% LU (B B 65 40 T
AR AR LA B W7 PR e AR g AL g HL 3
T8 bR VR B & A= TR 67 3R 2 4 35 3] i B A i RE 7T
PUFE 7R R ) M B3 VR (Ueno ez al., 2006) . il , &

10

3 100% 3t 18 35
1 50% [10% 1%
1 e st Sl
1 20% Hb 2 5
1= 55 10% Hh 8 5
S X
= - 5% 3 1 9
1 s}
0.1 \
5 T 100% Hh T IE
T IIII|II| T IIIIIIII T IIIIIIII T IlIIIIII
0.1 1 10 100 1000
‘He/*'Ne
0 -
-~ <800 °C|
(b) e
-10 4 P L - 3002€
. = T
SOURHURIE T S
20 i ~ = ’,/ P “300°(
_ . - :“__,1: ”, ’/.
£ 5 ST et e - 200 °C|
- - - 27y -
fas] &= -7 i i -
I SRt T -
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o R
L osod <7 T -
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704 -t R
/" S
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8"Cq: (PDB, %)
B8 iy #4 S f& b *He/*Ne L fH 5 R/Ra [ X & (a) 5
CH, \CO, B [f] {37 K - i ifit B 55 & A 7 2 (b)
Fig.8 'He/*Ne ratios versus ‘He/'He ratios (a); relationship

between the isotopic compositions of CH, and CO, (b)

8b {7~ #it AL i SR AR T CO, L CH, 2 A1 ML DL
Wk AR R PR, A TR A R A8 e O Al
B AE 200~300 °C 2z 8] . % i T bk H
KB AR R R X R B4 U6 B A BL B A AR R
A W CO, CH, 88 S i 72 & A F M52 TR
B J5 PR T 24 9 3 O M 2 I A EE b R
4.4 HiPRAEF/IFER

iy LR A HT AT LUK b RE I U SR A
T ARG AR R (JE 9) . ikl B R N8R T AR A R
T . A2 v A AR R U ISP A i A A
Bl S B B0 S, X I 7 R O 30 km A2 A
Jaiy B A Hhy G AE S 67~69 mW /m?, Hb A% i S 1 A=
O L 52%~53% . i JE i b K AR KRR 45 B
FKIEWI B AHBRAB E TR AR RS, &4
K RN ) s T R TV R I Rk AR AL gy
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Fig.9 Conceptual model of the fluid circulation in the Shenzao hot springs

(W O,) , B R T AE AR 5 (N, Ar,
He %5 ) , I i 1 A6 =1 40 0050 P 8 728 77 A 1) "He , JF
A2 NS AR R INA  EEA B E LT 4 km
Ze A7 B, M A OK R B K F1) 130 °C, B S R 1A
i 3] 5k Pk W O W R L R, gk
S i 0 W R B T B R R R UK, 4 CO, L CHL
He % P fE LIt R R MR F R 5 A B
B IAR M K KRR A IR A Bl 29%~32% .
2 iR SR K L 80 CC A A M iR R T b R

5 %5

JUARAE LT T kv R R R R K R AR
[RARGE R i S RN S M IEU DO L E S
DX 1 b BRSO R AT Bl Bk AR S B 5T 2 A IX
T 45 A Bk 1T B AR LR RS

(1) H#4 /K TDS {8 & 8 110~8 840 mg/L, /K
b 2% 25 Bl C1-Na-Ca B . H #4K *H O [6] fi7 2 41
ARG R R R K R AR K A 4 BR KR B
IKE RN . 7K g o vk B2 AR X & 2 Na/ClLL Br/
Cl.Mg/Na,Ca/Na 4§, UL K # + 70 R B 0 B X 3
fERREAK TR EERA FREARE T KRS
kTR $h 0 W 1 7K 5 s g R A ST 1 3 1 AR T K TR
A H R B AR KR A H A Sy 2996 ~32%%.

(2) 32 M KA K AR T B 1 5% W), 56 ikt 3k
T I0 A5 1) ARG I B O A1 5 177 35k 1 B — 1 ) 3 i T A

9 BH B I B A A R E R B IR T K
KA ARl AaEL2/MmT WaS
B %5 i 7 7 B9 Na-K-Mg = 1 & ff# 35 F 2K 1k 2%
7 2557 i AL BT AR 0 I T RE R T, 48 R B
b I R BB R BE R 130 °CLiE — 25 b, 3% — P TR
JE 2% BH b RE R SR K 9 A PR R B 42 4 km.

(3) b SR AR 2 B A 1 DN, Sy FE A
A3 1 H RO A R g Y SR A RURR AR .CO, L CH,
A LI AR e Az 1 T 4 7 ) He [6] 437 3% 2H i
feon A oy T s R 2 5, A R R
FEIFE T 7 N TR AR, s R 95%
DLk PR, bk I SR IX R i R A Bl o R A
XoF A 2 1 U B Sy i kb IR R ARCUR 0 TT B
S, TSSO ST PR AR RO M BOR B Y T2 A
P pl kR IR SR XA R FE AR O (E S 67~69 mW/
m®, #1  PLF 40 km L 50 km ¥ B AL (9 M R OF 1
I B AT RE 3 9 35 #1) 837440 °C I 954450 °C.

M RMPTEHFZRLR S R EH
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wEFHEAKRR BRHFHEREYA S
A KA 4T

References
Arnorsson, S., Gunnlaugsson, E., Svavarsson, H., 1983.

The Chemistry of Geothermal Waters in Iceland. II.



%34

K )RR b IR 00V P R (L2 AT B0 R 905

Mineral Equilibria and Independent Variables Control-
ling Water Compositions. Geochimica et Cosmochimica
Acta, 47(3): 547—566

Chen, L.Z., Ma, T., Du, Y., et al., 2016. Hydrochemical
and TIsotopic (*H, O and Cl) Constraints on Evolution
of Geothermal Water in Coastal Plain of Southwestern
Guangdong Province, China. Journal of Volcanology
and Geothermal Research, 318: 45—54. https://doi.
org/10.1016/j.jvolgeores.2016.03.003

Chen, M. X., 1992. A New Map of Hot Springs in China and
Its Explanation. Chinese Journal of Geology, 27(S1):
322—332 (in Chinese with English abstract).

Dai, J. X., Dai, C. S., Song, Y., et al., 1994. Geochemi-
cal Characteristics and Carbon and Helium Isotopic
Composition of Natural Gas in Hot Springs in some Ar-
eas of China. Science in China (Series B), 24(4): 426—
433 (in Chinese).

Duchkov, A. D., Rychkova, K. M., Lebedev, V. 1., et al.,
2010. Estimation of Heat Flow in Tuva from Data on
Helium Isotopes in Thermal Mineral Springs. Russian
Geology and Geophysics, 51(2): 209—219. https://doi.
org/10.1016/j.rgg.2009.12.023

Fournier, R. O., 1977. Chemical Geothermometers and
Mixing Models for Geothermal Systems. Geothermics,
5(1—4): 41—50. https://doi. org/10.1016/0375 - 6505
(77)90007-4

Fournier, R. O., Truesdell, A. H., 1973. An Empirical Na-
K-Ca Geothermometer for Natural Waters. Geochimica
et Cosmochimica Acta, 37(5): 1255—1275. https://doi.
org/10.1016/0016-7037(73)90060-4

Fournier, R. O., Potter, R. W., 1979. Magnesium Correc-
tion to the Na-K-Ca Chemical Geothermometer. Geochi-
mica et Cosmochimica Acta, 43(9): 1543—1550.
https://doi.org/10.1016/0016-7037(79)90147-9

Giggenbach, W. F., 1988. Geothermal Solute Equilibria.
Derivation of Na-K-Mg-Ca Geoindicators. Geochimica
et Cosmochimica Acta, 52(12): 2749—2765. https://doi.
org/10.1016/0016-7037(88)90143-3

Goldberg, E. D., Koide, M., Schmitt, R. A., et al., 1963.
Rare - Earth Distributions in the Marine Environment.
Jowrnal of Geophysical Research, 68(14): 4209—4217.
https://doi.org/10.1029/j2068i014p04209

Guo, H.M., Zhang, B., Wang, G.C., et al., 2010. Geo-
chemical Controls on Arsenic and Rare Earth Elements
Approximately along a Groundwater Flow Path in the
Shallow Aquifer of the Hetao Basin, Inner Mongolia.
Chemical Geology, 270(1—4): 117—125. https://doi.
org/10.1016/j.chemgeo.2009.11.010

Hao, Y. L., Pang, Z. H., Kong, Y. L., et al., 2020.
Chemical and Isotopic Constraints on the Origin of
Saline Waters from a Hot Spring in the Eastern
Coastal Area of China. Hydrogeology Journal, 28
(7): 2457—2475. https://doi.org/10.1007/s10040-
020-02199-7

Hu, S. B., He, L. J., Wang, J. Y., 2000. Heat Flow in the
Continental Area of China: A New Data Set. Earth and
Planetary Science Letters, 179(2): 407—419. https://
doi.org/10.1016/S0012-821X(00)00126-6

Jiang, G. Z., Hu, S. B., Shi, Y. Z., etal., 2019. Terrestrial
Heat Flow of Continental China: Updated Dataset and
Tectonic Implications. Tectonophysics, 753: 36—48.
https://doi.org/10.1016/j.tecto.2019.01.006

Karakus, H., 2015. Helium and Carbon Isotope Composition
of Gas Discharges in the Simav Geothermal Field, Tur-
key: Implications for the Heat Source. Geothermics, 57:
213—223.  https://doi.  org/10.1016/j.
mics.2015.07.005

Kuang, J., Qi, S. H., Wang, S., etal., 2020. Granite Intru-
sion in Huizhou, Guangdong Province and Its Geother-
mal Implications. Earth Science, 45(4): 1466— 1480 (in
Chinese with English abstract).

Li, J. X., Guo, Q. H., Yu, Z. Y., 2017. Impact of Clay

Mineral Formation in High - Temperature Geothermal

geother-

System on Accuracy of Na-K and K-Mg Geothermome-
ters. Earth Science, 42(1): 142—154 (in Chinese with
English abstract).

Ling, H. F., Shen, W. Z., Sun, T., et al., 2006. Genesis
and Source Characteristics of 22 Yanshanian Granites in
Guangdong Province: Study of Element and Nd-Sr Iso-
topes. Acta Petrologica Sinica, 22(11): 2687—2703 (in
Chinese with English abstract).

Luo, J., Li, Y.M., Tian, J., et al., 2022. Geochemistry of
Geothermal Fluid with Implications on Circulation and
Evolution in Fengshun - Tangkeng Geothermal Field,
South China. Geothermics, 100: 102323. https://doi.
org/10.1016/j.geothermics.2021.102323

Marty, B., Gunnlaugsson, E., Jambon, A., et al., 1991.
Gas Geochemistry of Geothermal Fluids, the Hengill
Area, Southwest Rift Zone of Iceland. Chemical Geolo-
gy, 91(3): 207—225. https://doi. org/10.1016/0009 -
2541(91)90001-8

O’ Nions, R. K., Oxburgh, E. R., 1983. Heat and Helium in
the Earth. Nature, 306(5942): 429—431. https://doi.
org/10.1038/306429a0

Pang Z. H., 1987. The Geothermal System of Zhangzhou

Basin— Studies about the Genesis Model, Geothermal



906 HBERBL2%  http://www.earth-science.net

o548 %

Potential and Distribution of Geothermal Water (Dis-
sertation). Institute of Geology and Geophysics, Chi-
nese Academy of Sciences, Beijing (in Chinese with
English abstract).

Pang, Z. H., Reed, M., 1998. Theoretical Chemical
Thermometry on Geothermal Waters: Problems and
Methods. Geochimica et Cosmochimica Acta, 62(6):
1083—1091 https://doi. org/10.1016/0016 - 7037(84)
90404-6

Polyak, B., Tolstikhin, I., Yakutseni, V., 1979. The Isoto-
pic Composition of Helium and Heat-Flow-Geochemical
and Geophysical Aspects of Tectogenesis. Geotectonics,
13(5): 339—351.

Reed, M., Spycher, N., 1984. Calculation of pH and
Mineral Equilibria in Hydrothermal Waters with Ap-
plication to Geothermometry and Studies of Boiling
and Dilution. Geochimica et Cosmochimica Acta, 48
(7): 1479—1492. https://doi. org/10.1016/0016 - 7037
(84)90404-6

Sano, Y., Marty, B., 1995. Origin of Carbon in Fuma-
rolic Gas from Island Arcs. Chemical Geology, 119
(1—4): 265—274. https://doi.org/10.1016/0009-2541
(94)00097-r

Sano, Y., Wakita, H., 1985. Geographical Distribution of
3He/4He Ratios in Japan: Implications for Arc Tec-
tonics and Incipient Magmatism. Journal of Geophysi-
cal Research: Solid Earth, 90(B10): 8729—8741.
https://doi.org/10.1029/JB090iB10p08729

Sedlacek, A. R. C., Saltzman, M. R., Algeo, T. J., et
al., 2014. 87Sr/86Sr Stratigraphy from the Early
Triassic of Zal, Iran: Linking Temperature to
Weathering Rates and the Tempo of Ecosystem Re-
covery. Geology, 42(9): 779—782. https://doi. org/
10.1130/G35545.1

Taylor, S. R., McLennan, S. M., 1985. The Continental
Crust: Its Composition and Evolution, An Examina-
tion of the Geochemical Record Preserved in Sedimen-
tary Rocks. Blackwell, Oxford.

Tian, J., Pang, Z.H., Liao, D., et al., 2021. Fluid Geo-
chemistry and Its Implications on the Role of Deep
Faults in the Genesis of High Temperature Systems in
the Eastern Edge of the Qinghai Tibet Plateau. Applied
Geochemistry, 131: 105036. https://doi.org/10.1016/].
apgeochem.2021.105036

Tonani, F. B., 1980. Some Remarks on the Application of
Geochemical Techniques in Geothermal Exploration.
Advances in European Geothermal Research. Springer,
Dordrecht, 428—443.

Truesdell, A., 1976. Summary of Section III Geochemical
Techniques in Exploration. The 2nd UN Symposium on
the Development and Use of Geothermal Resources,
San Francisco.

Ueno, Y., Yamada, K., Yoshida, N., et al., 2006. Evi-
dence from Fluid Inclusions for Microbial Methanogene-
sis in the Early Archaean Era. Nature, 440(7083): 516 —
519. https://doi.org/10.1038/nature04584

Wang, J. Y., Xiong, L. P., Huang, S. P., 1996. Heat
Transfer and Groundwater Activity in Sedimentary Ba-
sins. Quaternary Sciences, 16(2): 147—158 (in Chinese
with English abstract).

Wang, X., 2018. Formation Conditions and Hydrogeochemi-
cal Characteristics of the Geothermal Water in Typical
Coastal Geothermal Field with Deep Faults, Guangdong
Province (Dissertation). China University of Geoscienc-
es, Wuhan (in Chinese with English abstract).

Wang, X., Lu, G., Hu, B. X., 2018. Hydrogeochemi-
cal Characteristics and Geothermometry Applications
of Thermal Waters in Coastal Xinzhou and Shenzao
Geothermal Fields, Guangdong, China. Geofluids,
2018: 1—24. hitps://doi.org/10.1155/2018/8715080

Wang, Y., 1999. A Study on Mantle Heat Flow of Con-
tinental Area of China by Helium Isotope Ratio of
the Underground Fluid. Acta Geoscientia Sinica, 20
(Suppl.): 48—50 (in Chinese with English abstract).

Wang, Y., 2000. Estimations of the Ratio of Crust/Mantle
Heat Flow Using Helium Isotope Ratio of Underground
Fluid. Chinese Journal of Geophysics, 43(6): 762—770
(in Chinese with English abstract).

Wang, Y. C., Li, L., Wen, H. G., etal., 2022. Geochemi-
cal Evidence for the Nonexistence of Supercritical Geo-
thermal Fluids at the Yangbajing Geothermal Field,
Southern Tibet. Journal of Hydrology, 604: 127243.
https://doi.org/10.1016/j.jhydrol.2021.127243

Waples, D. W., 2001. A New Model for Heat Flow in
Extensional Basins: Radiogenic Heat, Asthenospheric
Heat, and the McKenzie Model. Natural Resources
Research, 10(3): 227—238. https://doi.org/10.1023/
A: 1012521309181

Yuan, J. F., 2013. Study of the Hydrochemical Characteris-
tics of the Coastal Geothermal Systmes in Guangdong
Province (Dissertation). China University of Geoscienc-
es, Wuhan (in Chinese with English abstract).

Zhang, Z. J., Wang, Y. H., 2007. Crustal Structure and
Contact Relationship Revealed from Deep Seismic
Sounding Data in South China. Physics of the Earth and
Planetary Interiors, 165(1—2): 114—126. https://doi.



%34

K )RR b IR 00V P R (L2 AT B0 R 907

org/10.1016/.pepi.2007.08.005

Zhao, P., Wang, J. Y., Wang, J. A., et al., 1995. Charac-
teristics of Heat Production Distribution in SE China.
Acta Petrologica Sinica, 11(3): 292—305 (in Chinese
with English abstract).

Bt A 325 & STk

WhAR A, 1992, 057 4 b IR R 181 B Ui . Rl 24, 27
(S1): 322—332.

WA, WER, RS, 5, 1994, h[E — s i X 5% R R
SR Bk AL A R AR B 2R 2 AL . b R 2R (B
), 24(4): 426—433.

Wi, AR LA, E b, S, 2020, 7R B AR B AR A M A
L M ERARRY:, 45(4): 1466— 1480.

ASVERE BRIE I, AIEHE, 2017, ER MR G ok LW
TE B Na-K A K-Mg b 3R 1427 35 b v 6 P 09 52 . b
BB, 42(1): 142—154.

Vet K, PRIEMN, AN, 5, 2006, 1R 22 A7 LA

R DCRRAE B R JE R M Nd-Sr [ RS . A A
4, 22(11): 2687 —2703.

P ST, 1987, T JH 43 Hb i B R ¢ AL AR ) 5
FROK S3AT HL A I 5 (2% 46736 30). db at: v [ R} 24
Bt b 5 5 b Bk 4 BERLATE 59T

TEHE, AEZE M, WS, 1996, PLAR %5 b b $AY 14 3% Fl 3
KGN . MRS, 16(2): 147—158.

VE W, 2018, T 7R i i B R I O I 247 b #OK R G Y Al
A A Be oK S b BR AR 2 R AR (Bl 2 4738 530). Y
M TR A

YEPE, 1999, F I H T 3 K He [8) £ 2 H A8 % RH0F5E T 1 ok
i b 1 B . b BT AR, 20084 T): 48— 50.

TEVE, 2000. FI T H R 33 SR A7 3R L0 AR A% B3 0K i 5 g A U
o] . st BR324, 43(6): 762—770.

A K, 2013, AR TV A R G K SC b BR Ak 25 BF 5T (T 2
B 3C). B« [ K2

BOF, S, AR, S, 1995, v E 2R B K A A A R
SR ARHE A E i, 11(3): 292—305




