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Geothermal distribution and forming mechanism: Insight from 3D numerical
simulation on Yangbajing—Ningzhong Basin, Tibet

LIU Chang, SU Jinbao
(College of Oceanography, Hohai University, Nanjing 210098, Jiangsu, China)

Abstract: This paper is the result of hydrogeological survey engineering.
[Objective] Meteoric water in the mountain areas infiltrates deep underground and circulates to the surface. It involves deep
structural and hydrogeochemical processes, and it is one of the fluid source of forming rich geothermal and mineral resources.

Predecessors focused on the groundwater source, circulation depth and flow system using methods of hydrochemistry isotope and
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numerical simulation, and further evaluated the distribution of regional geothermal and mineral resources. [Methods] Based on the
data of DEM, fault structure, and lithology of the Yangbajing—Ningzhong basin,we establish 3D geometry finite element model. The
standard saturated groundwater flow equation is solved using groundwater simulation software, and we analyse the circulation
system of the typical hot springsand regional groundwater migration. [Results] The simulation results show that the maximum
circulation depths of groundwater are respectively 5—7 km, 3.5—-4 km, and 3—3.6 km at Yangbajing, Laduogang, and Qucai springs,
and the corresponding groundwater circulation times are 23—80, 5—6 and 4—8 years. The groundwater of Nyaingentanglha Mountain
seeps down to 10 km depth, where the time spans million years. [Conclusions] In general, the circulation depth and the recharge
time of hot springs are different due to their different supply sources and circulation paths. Notably, there is no hydraulic connection
between the hot springs at Yangbajing, Laduogang, and Qucai, although they are located in the same rift valley. It results in

differences in material composition among these springs.

Key words: Tibet Plateau; hot spring; groundwater; fault; numerical simulation; hydrogeological survey engineering; geothermal
geological survey engineering

Highlights: The finite element 3D geometry model is established and meshed by using geological modeling software. We import the
mesh to the groundwater numerical simulation software. The results reveal the different flow systems of hot springs and the regional
groundwater infiltration depth in the study area, which provides a feasible technical method for the study of groundwater flow and
hot spring circulation mode.
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U, WFFEEE A 7R R OKP I PRI TR A 1 km, T

1 51 5 TR 2 km A HL TR )1 HEH o i T

IR I X B RS REK T B, & 1 IR
W, TEARHHE R B R S R UR (KT 60°C), X
PG 38 A7 AE T 45 Hb, 0 £ K 9 5 L ik
(Grasby and Hutcheon, 2001) . 74 =% g Bl /K B
11 ( Menzies et al., 2014) . 7 [E 74 ji&% ( Craw et al.,
2005) . #B3% 1Lk (Stober et al., 2016) . 1 F K FFER
SRR BN Z 0 T OKAER, S2 i Hb B i 5
W75 A AN— S8 OCHE 4w JT R A2 K ) SR AR
if & 1T # (Marazuela et al., 2020) . KB A 3|22
2 A AL R K Fe T I B AT A AR I A B U5
(Wang et al., 2021) ., ¥ HI{Z A A ¥ (Cathles et al.,
1997) ., & 4L M A TT U5 5555 (Feng et al., 2012; Zeng et
al., 2014, 2018) . H i C TR AEAKAE R 230 T4
TS5 T B N R PR BRI AE AR F 2 B8 0], FRAIAE
iR 7K A1 TR B 55 4006 PR B] T A AR AR R 4
W VFZ2f 3 AN R J7 3 60 8 L XM 7K A
IR EE A TAFE, Ge et al.(2008) X H [ P4 a7 15 )
K& IR AR T TR BT AT T 4R b /K B4R

(60~70°C ) ; TEHT PG == 55 LLIWT)2 RGEESE Y, Menzies
et al.(2014) K H/N T 2 km IR A W] 2
IR AR B SRR ZRRHE, HIA Dy KA K R IR
"] PAIAE] 6 km 7&; Wanner et al.(2020) %1 Hi+H#F
IKEAT T BT o Bk A2 A BE R 5T, & 3G 3R
WRIE T LLEA 9 km ¥R; Diamond et al.(2018) %

HIASCHR H )RR AB IR EE, LEXT Bl R B 711
(R BIF 5 T 4R Y i K B B 2 9~10 km K.
AT AR, R TRAE R 0 KSR K AT RET AN &
L3RRS TE, MREH R Z DU A S
FHAAS A KT 3035 M6 ) 5% #2717 (Nesbitt et al., 1989;
Wickham et al., 1993; Butler et al., 1997) . 5 —J7
AT, FEXT N % b KA 2R B TR A7 F 2 BE ), L an
£ The Grimsel Pass i #4248 A b T 7K *C W5
Hh, & B HAE FR S [E) 22 /0 & 30 ka( Diamond et al.,
2018); T 7%+ 5 — MR B B A B 25 i T A
R K AR TE] e KA T 11.5 ka, BLALAY
+ 75 % 100 ka B[] {5 2 8 km ¥ (Wanner et al.,
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2020),

/I —T R B T AR —A45 R A A
JEHR, AR — 4 g R LT D AR M A
(Hochstein and Regenauer—Lieb, 1998), 1% 437
AT Z ARG BN, i fL . 287 TR AR
WS, 2445 N Y 43R R TR BE 3 80°C, 1y
T4 (Su et al., 2020) . WAE—RBELAAWIR
JRE4E Li. Rb, Cs #1 B o0&k, H A AT g if T
RER A3 (Zhang et al., 2015) . F/\FF—TFHh @i
BOTRS A H Jas AR TR BE 29 7E 12~15 km(Brown et al.,
1996; Alsdorf et al., 1998) . /It T A4 B& A
SRR 60 BRI (XA, 2014), &
B AR — 4 5 44 b T KB M IR AR AE 22 57
AT R EEA VG F N K ™ FE AP (Yong et
al., 2021), A] BEAFLEHD T /KR IZ RIEER, Hu T /K A8
TEA B o3 B A, X R 1 KA 2R
TRBE | G PR ) LA B AIG 20 e v E A o, DA 52 i
AE VR 5 R IR A PPAS AR o 75 6K e i LR AR OR [R] 7
R N —EHAER T JLAEAR S (X 45, 2014; Tan
etal, 2014), B4 255 FikE L IXHUR I LT K
IS 22 ER . T 8 S A PR 5 Y R
DA R B H AR GEX SRS AL T REAFTE A 1, 43R
S I 13 L 8 UK TRl A 23 R 4 R 3 5 (Tan et all,
2014), X B TE IR A T & A 2 T B IR E I 2K |
R KA R % b TR S5 TR R, ST MR KA 2
U] 8 ITR EE RGP [R] X6 T ik B 5 A HR RN
R K AT RS R A5t B 8% 2 X (Chen et al.,
2021),

V2R — 4 i A8 2 = R B AR R T AL
A, /) \FF—T T 278, iR %,
R FE, KT 2R, & T T KAER i
R 3 A5 1 TR FRHLHI A BRARE S 0 . A5
SEENTE | AR SE R TR B 3T — A T AR
FEBEATHL T ARG A EAE AT 5, 73BT /KA
IRBY RS 28 23040, BRITIFZE X R Z [ I N FER 2R
2 MO R

B A e 55 BRI Al R il 25 3850 757 9 o D A
TEF P e S R BRI L T — FR A3 pg bk ) g 2

4% (Tapponnier et al., 1981) , WA —A #4452 H
hz —, AR EETWARE, IETAEELIE 30

km 4k, £ 500 km (5= RS, 2015) . MRPERA N E
B0 BT R R AE, 445 T o AL B B
B, AUHG 7 A M AT el AT B, b BEAL R A 5
A M HE—2F N Hb BT RIS 35 Hb % ( Zuo et al.,
2021), “F/\H—T AT 90°2'40"E~91°8'34"E,
29°40'5"N~30°36"48"N, ‘& &7 5% M e 3 1) — 4%
B Hb A, VG LA Y A8 7 R B L Dk v K e
7162 m, PRI 6000 m; M % AR w0 11 17206
R 5200 mo &AL AR I O A R B K
100 43Tk . F& 0.5~5 km (ML ST U071, 325 0 B8
WA B B (RS, 2005) o AFSTIX EZH
FEHLE N AR Z L T R A R EOR R RS DO R
1R BN T R P KA ot R
A — R SA A IR AR AL . HsE
JUHB F A A e 4 IR IR S DU AR,
ESNUBIRGRES B Rinw i paw e i A SR Y QLI INRLL
AL WA A DD 22 BT AR W (Armijo et al., 1986;
Kapp et al., 2008) . 5% IXAFFE 3 Ab Sl s, Hor
/G PUR AN FI~FS TL4WHZE SR Fir
Z KR K F 1L F6 Al F7 W2 216, F6 5 F7 Wi 2
TEWHR S F2 W 2 4058 i A #4888 AL & A
F12 Wi 2 b, el F1o32 30 W02 DL F9. F10.
F11 = ZRHWE(E 1),
3 MSRITIE
3.1 HEEIET MRS FaREGEE

454 INDEPTH i H (1) 3 52 % B 5 ) 1 19 24
H, DA R X I 5 L /i A8 3 (Alsdorf et al., 1998;
Zhang et al., 2013; Tian et al., 2015 ) FISZ AR 57 FHIR
LR HI GOk}, JET DEM /Y LS HUE B (CBOE S i
rh R B AL I 4 4 8, v b B 2 () B A =
vl 2SI (http:/www.gscloud.cn) ) #1 1 : 250000 3,
JECYE AT RS FH 3t S ALK A Geomodeller #4% —
Ak JUAn RS AY, 2 N TR AEE S IGRAHOCHY 13 45T
JZ(FE 1), B2~ 55°~70°, 5~6 km ¥ (Feng et
al., 2012), 1Y Py W )2 48 — % 8 R A 60°. FE B
150 m., ¥R 6 km (& 2a) . MERIARYEHIST X F2 27
PERI S R UURRY . BER S . ICERD 5 FAE R 5 P A~
It (E 2b) o M E B JLM AR K 122390 m, B
121693 m, 5% iS5 K 18 km ¥%, b ¥ &% & 45
7054 m, f% % 5 3641 m, AR RK B 3.42678x
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Fig.1 Tectonic map of Himalayan—Tibetan orogen (a, after Liu et al., 2021) and regional geological map (b, c) of study area
10" m?, WP RERY HE N7 R 43 WA, 2 832594 A5 i, ZBWGIHOK SRR, WFFE X TN AN A DR
3463588 NHIC, 13 MWTZ BRI IRALAE, BE K S 5, e 5

F T35k =2 S i L XA KU, AR i R AR B B/ R R AT 3 AR PR
FZ AL B, B KR8 S @ B — 8 . IR S, k550 73 Lis, 5 Lis Al 10 Lis(f%
FE 3 11 PR 858 DX g BB Pk o R AT AT A A6, 2000) o % X UK )T B 5 R AE 5500 m L E
(Tiedeman et al., 1998; Bossong, 2003; Caine et al., (Ren et al., 2020), LR i A [r) A EBAS SR 7K it
2006; Taillefer et al., 2018; Wanner et al., 2020) . Z  id. EHA ROCEIIAM FEFLOW HEATRAS T
W R K AR R, BRI R IR S K2, B8, AR i & 3 Fs .
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1€ X% Granite
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Fig.2 3D geological simplified model with the faults (colorful) (a) and lithology units setting in the model (b)
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Fig.3 Distribution of hydraulic head
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s A RIS, EaiEsg 5 LEE.
GIS Ftifii . B o3 XAk . AL T HL DA K 5 K 1R %)
EHEA . XA TR A BRITH] 2 WA | 415
TRSHUE . B FE A TR TS A gl S ]
AL SE 7 THEROR TR B = A S0R . BRI F 7K

BTGB BRI 5 7 R 45 5 18 VU A R A
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PAZER N
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AP il AR il SR g
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a{ 8h} a{ 6h} a{ ah}
AP iy SR i in SRR il )
ox WaxS Tay Moy Taz ez T

(2)

B R K (m/s) SR EZAE G S5, 475
AT PO 6 AR I 5 B 7 b S5 8 e 5 SR, )22 DA S
JERE R R A RY A | S RUTRRY FBE B 15
FREOBE N, K aB 5 RO E N TR R
A H) pR % 22 2 (Stober and Bucher, 2015):

P8
K="k 3

4 (3)

logk = —1.38 xlogz— 15.4 (4)

Hrp p I POKEEE (kg/m?) , g o H 7N i
(m/s*), u R oK N 150 R (Pass), k A ARE
FEFR(m?), z HHE (km) o

2 4 5T FRLIT KT 7 [ BE B A R ALK 1,
e {7 [0 BB 2 7 R A A WIE 4, KV 07 108 %
Rk, k) 3T 1088 R 8 (k) /Y 10 4%, BRI
10k =k =k, .

4 FEEIEE R S5 1He
4.1 PR TKIRIEIR

PR MR AL LS RN 5 BTN, EE 3 Abi
ST S R LA ST PR S KPR A AR,

PAw; PO VA BNE e A 1T i B ccmvamned [ 1
DS

A/ IFHUR R TR 29 4300 m A S DU 2830
b, 25 U8 XA T A8 7 R P R & IR
4500~5000 m F1 5400~5800 m &b (18 6) ., #h4h B A%
4500~5000 m Zb AL T AKAETE 2 W= 1 b JZE g
i, e b HAE M AT HE R R OR, Tk Ty ) Ak
S5 W2 —8 . 7R Y AW 2 LR TR 2
W RERIZE R Z PGS RS RZ TSI R GG
REEA 200~400 m, #23 K E 2000~3600 m, fIfFHf
24 0.5 a Z247; PRSI RATR 1600~1800 m, 12
KB 5700~6200 m, fEPRETH] A 5~8 a; #4455 B2
5400~5700 m Ab (1) 3 £ X6 N IR JZ T 8 R 5, (PR IR
B4 5000~7000 m, 123 25000~30000 m, 1 ¥
AFa] A 23~80 a.

O\ B v 2 B S TR AE R DL
180~280 m, Y& 130~173°C, 234 T45 U R LR
LB, M BOK K fb2E 25 A1 CI-HCO,—Na %1, J&
FIRZ A HOK 58 KR A 17245 TR IZ 7

1 BENREMSETKTSERY

Table 1 Horizontal permeability coefficient of each
lithology unit in the model.

FYERIT K5I 28U (/s) kR
. . . Mejias et al., 2009;
Ly IXIO 8N1><10 10 > >
R Stober and Bucher, 2015
FIU RV 5.5%107 Yao etal., 2021
PBEME 5.3x10™* Fan, 2002
RebE 1.7x107° Yao et al., 2017
b1 = 1x107 Ge et al., 2008
3 BT 919538 2 KU (m/s)
Vertical permeability coefficient
B 5.5%10°

1.7x10°°

[ 5.0x10

1.5x107?
4.5x10™M

P 4 RIS B2 AR AL

Fig.4 Vertical permeability coefficient in the model
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Fig.5 Simulation results of hydrothermal spring groundwater, and section locations of survey line
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Kl 6 =/ I R KRZE A R KR sh = ki Ae (1 G2 Kk AR
Fig.6 Groundwater streamline of Yangbajing hot spring profile and 3D path ofgroundwater flow (white line represents the contour
line of the water head)

THIELLT 1000~1850 m, & BEh 240~330°C, 734 #h 45 R U5 2 2 Ml 1 R ACREK, A 45 XA T il 4K
TR A2, H UK KALE2E R CI-Na B0 4800~5000 m, [F]iF 2 /A 16 4G FL h UK EEAY
(Duo and Zhao, 2000; Fan, 2002; £ 75, 2003; Guo et M EMESER SR, A S AEifLKEE/NF 1 TU,
al., 2007; J&57,2012) . DFeBhAE(1983) XA B TR B IK AN 5 H AT L b O BEGR & 2 R
A EREE RN RARTHA N E/ GE UK B2 3~20 TU, KEB5-N 8 TU Zef7, |8 THUR KRN,
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HH RS R K G R B B) . 2 /\ T M 34 H R )2
2 H T AR A 6% Sh,s 43 0N 0.2 %0~1.8 %o Fl
1.1%0~8.3%o, 7 B~ R G0 Hh A Hb T 7K 7E 23k Hh 3R
Z A AN TR 4 3L 81 %42 (Guo, 2012) o JE137.(2012)
THAAS 209 2\ G il H T K6 BRI B N 760~
1060 m, it FH AR &R A6 34 1R SR UK AR ISy 42 a, (7]
I EETI U ER=N EIR V3 €/ =N VAR RV NG - €= VTl
J5 s FRIPIRAE R KAPEK

B 25 R 3 N\ IR R 4G XA T 875 T
Rz L RS S BT AR T BRI, 2\ G RUR AR TR
JEIEA LT K AN A IR 5 v b 2 G A L T KA A
BEA—2 F/\IAAEFE F1 & F5 &M —2
FIWTZ, AN XA B A3 R K B Ak A TR R
HIHL R KRB RS, 4500~5000 m FhG 2 PR HL T
KIFEWZEZ FLLF2, F3 AB BN TE&. F2
WA G, REESY 3128 200~400 m F1 1600~1800 m,
Xof o7 2 /- i B 7 2 AN 2 30t TR 2K e 55 g
RUTEWI N 805 2 K IE PR R BE A 46 1 7 AT 24
BTN o EASERLLE SRt 7R, 5400~5800 m = FE (Y
T KA BWREHRIRIAF] 7 km, VFWTZE F1 2%, 5
WD) F4. FS AMABUR . B S RS H T /K
AEW YR 0.5 a, 5~8 a, 23~80 a, 5 /&
WFFE A3 2 25 AR, &8 TR A K B AR &

S5 km |

4 km |
3 km f

2 km |

A

P72 b R MK R BE R 4550 m A2 A, FROR AR
RN 5000~5400 m, i R /KT E W2 Pk R B
WRJG ETE, FE AL F2 B F6 AN KT 2 A8 A RR IR Y
“VIEIBARIL, TR T IR)Z AR )IZ NS R 4
(F 7): ARANA i AR B R /K FESE DU R UL N iz
%, WHURZ s RS, G TR 500~1000 m, 12
WK EE 5300~6500 m, fEFRATE] 4 1~2 a; 1A X4
1 AN R O R K VR F2. F6 Wi 2T
“VIFEILEIEIE R, TR Z s R G, TR
A1 3500~4000 m, 1271 B 8000~9000 m, 1 FRHT (7]
M 5~6 a,

P72 b 1 H A LA T 150~800 m IR, A
R R 113°C, 3528 05 U R beRA,
INEY R IR P, KAk 272 AL CI-HCO,—Na %Y
(BBIENI, 2005) o HABLIAIHT 22 b $AIR ST 4 27 v A
5150 m, $7 Z KAk F2 5 F6. F7 Wi /2 1R SR AH 244
BT MR K 532 B am 18, T2 H R K GE i )2 12
%, TEHE N 3500~4000 m; 122 H T K ZE U &
TR N R, PEIR TR Ly 500~1000 m, X1 7 2
< A R A TR o AR FR VR R VR K RN =
KR A, BRI 2 R IR R L TRE TR
BRGTEERIAA 1~2 a F1 5~6 a,

AT

0 1500 m
—

S I (] /a

Inversion time

7 B2 b FSR BT 7K A 7K 8l =4 B840 (1 2ok Sk S IRLk)
Fig.7 Groundwater streamline of Laduogang hot spring profile and 3D path of groundwaterflow (white line represents the contour
line of the water head)
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A PUR IR 4200 m, FhEA TR Sk B REAE 5000~
5200 m, #i F /K& BERCE BT VI . DI . AR
A )ZFIWTZ F11 R B REIEKNZ F12 EJHE
ik, FEVRERE VI, TEF IR 3000~3600 m, 12
T 9000~11000 m, fEFRETE] Sy 4~8 a, i A #4
SRS IR R s R G (] 8),

i A PR XA T A T W R R A 1Y i
Gy, BT LR T . KN TR &
PIR W2 F1OFIAEREZ W 287 A R R 24 . il
R S DX M SRR A DU R TR B I, TR SR KAk
220N Cl-HCO,—Na 4, {ii AR kA5 201
i A T BOKAERS Ky 21 a(JH 57, 2012), FIH Si0,
A1 Li-Mg 115815 2] 09 % 2 1R 8 130~157°C (Tan
etal, 2014) . A HHOK E LA AL (Eh) KT
0, IN K I A M HOKAE LTS R & T 5%IZ %
IKAITRA (XIBHSE, 2018) o BEABLAY il A PRS- 25 4
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REE . AR SR AT LIE H (E 9), fEH e a5
TEATREE AR K B 2 IE A ¢, AT DLE 3 N
Fe—Tp Z R A = A BUR BT LR R A 2
Fo F/NIUR AL T IKRNA A R = AN, DA
SRR, S BIJEAEEREFRIZE 0.5 a 2245 16 A 5
REK, TR ZUURRY PG RR R BE/NT 500 m, #23i
KEE/NT 4 kmy HURORE B A AE 5~8 a ()2
K, PEERRBETE 1~2 km, KB 5~6 km; feJq
SEAEAE R R 23~80 a, ATB L 5~7 km IR, B K
FER 25~30 km IRIZK . $i 2 g #AUR Ak bR 7K #b
2557 RS ER A, 2 KAV Th G SR R AN
JE 1 km, B K 5~7 km, JEFREFE] R 1~2 45 %
JZ MR KGR IR E K 3.5~4 km, 72K JE A 8~
9 km, JEEREFIA] R 5~6 ao Hh A #4014 b T 7K £b
HWA N BIREZSNRIIRRE, 16 R
JEH 3~3.6 km, WA BE Ry 9~11 km, 716 351 8] 24y
4~8 a,
4.2 Xigi KRB

PR 5 T 5500 m A4 1E 78 i 2R 5T 43 A b
KA AE, 5500 m Ry P S L R, Al
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Fig.8 Groundwater streamline of Qucai hot spring profile and 3D path of groundwater flow (white line represents the contour line of
the water head)
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Fig.9 Summary of groundwater simulation results from three hot springs
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Fig.10 Locations in recharge elevation above 5500 m (a), and groundwater streamline simulation results in recharge elevation above
5500 m (b)
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Fig.12 Groundwater streamline age simulation results in 50 a
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Z-15.25%0 CE- Y H—18.26%0), 6D i1 550 Z54LAR
K, X2 R g SR K RN () 1 )2 6 )2 R AN [] (Tan et
al., 2014) . ZHHFKY 6D F1 50 (HHARFEA A2
JEE 1A B TV RS K R R A K K Y
H. O [R{ZE 4 Au . Vs ok i E AR
ZH NI AT H B A (A9 10 VA BN G, ok o Y
i IR B K AR FHIEARSREL . /i A /AR
[F] SR 1 KA [R] R B b 30K i) SR 2R o Bt v

AR UK A 2R 0 A M4 (T e )
4:1983) . Tan et al.(2014) F ] 6'%0 il it 215
HH R R e DR BOKOE YA o R 2 R 5338.7 m, ]
F RIS B = A 2R 19 #h 45 = R X ] (4500~
5800 m) . Tk e S B K S A R 4 R R T T R
FIREZ (5500 m), AR K, M SARAS W, 26l
KA Bk, 77 AR R 7K . AR B AR HURIER
SV A R AR H ), 3G T8 S L TR
FRETHZMERA, FEEIEHT, kAK
JI L S L X R RN A K AT RV G R W A5 15,
LR )ZNEI e LA A I T K

BRI fr 2 ik, A UL TR — 24
N, H =3 BRI LT | #1855, (A% st = [a]
FEVBAT B 7K TR SR, 405 2 9 — b 2R b
YR IEERUREE FIE PR 8] 45 AS AR TR, 7K Ak fn
i BR Ak 25 B A7 AE 25 00 (B 45, 20035 J8 57,
2012; XA, 20145 XU 5%, 2018; fili 2245, 2019) .
S Hb 2 SR LT ERHBL R B, SE )\ b T R 2
i b A g RASEAS ), AV A 08 I B AN [ 5
A R T T SR M SR N B, R AR IR
BB o PR I T Sy 2 RS o IR AT R A 1 B B
FLRIWVE S E0T = Ab $RR R b 2 1 20

YIRS TN N IEAN B AE 12~15 km IRIFEES
AHN AR AR (Brown et al., 1996; Alsdorf et al.,
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1998) , FE48L Y X 3 A 3t R K IR EE M 10 km, X
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AWM, HBGR AR TF 451 Fis s, o 72 AN
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K 25000~30000 m, Hi T /KAy 23~80 a. 12
HA®. TG RS, RIZ A R 500~
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