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Fig.1 (a) Structural geological map of the study area, (b) geological map and sampling points in the study area
(modified from references [17-18]), (¢) Yangbajing-Dangxiong geological profile (modified from reference [19])
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F1 PREEBRGTRAKUFFFE—E

Table 1 Hydrochemical characteristics of hot springs and rivers in the study area

%' FRE T/°C pH EC Na* K* Mg*  Ca® cr S02° HCO;
s1 B >78.0 9.0  5390.0 607.0 343.0 6.2 23.7 819.0 34.6 796.0
S2 A S >78.0 84 50550  400.0 198.0 228 344 5120 275.0 359.0
S3 £ \JE-355# >78.0 92 33810 2560 90.3 4.7 519 4580 67.8 129.0
S4 ENIE-357# >78.0 92 2997.0 3240 87.2 0.6 4.5 452.0 70.5 144.0
S5 F/AIE-134 >78.0 93  3407.0 3110 83.2 0.8 114 4570 69.3 119.0
RI F iR 15.6 10.3 111.0 21.8 0.3 0.5 5.7 1.0 14.5 57.8
R2 ESyiiiRERe- 17.6 10.1 202.0 35.8 0.7 0.5 6.4 5.9 16.5 86.8
R3 Z AT sk 163 10.6 137.0 20.0 0.7 0.5 6.2 5.5 15.6 45.9
R4 ETA e TIRITe Y 9.3 11.7 46.4 12.6 0.6 0.2 2.8 3.4 1.2 23.8
R5 A TIN/TeE 11.6 110 106.0 222 1.1 0.1 3.0 18.6 8.7 27.3
R6 AN/ Y 10.8 10.9 61.4 485 0.6 0.1 34 7.7 6.6 119.0
R7 AN/ ] 15.3 11.1 62.5 9.2 0.4 0.2 3.8 45 6.2 20.8
RS S g 13.0 106 138.0 235 0.5 1.4 6.4 3.0 27.8 49.4

i Si Br F Li B Be Al Cr Mn As
s1 118.32 0.61 10.4 24.2 37.4 6.40 52.8 6.85 0.52 1632.00
S2 39.80 0.45 10.4 11.0 36.7 6.22 39.5 0.48 26.62 2253.00
S3 81.91 1.18 10.3 8.7 52.1 1.88 227.6 0.53 3.28 3542.00
S4 85.87 0.98 10.3 8.8 51.9 1.97 215.6 0.34 231 3 560.00
S5 84.01 1.30 10.3 1.7 10.2 0.33 50.0 0.06 0.44 669.00
R1 1.23 0.18 0.4 0.0 0.0 — 10.0 0.39 1.99 0.77
R2 2.24 0.29 0.6 0.1 0.2 0.10 159 0.38 12.93 6.94
R3 173 0.20 0.6 0.1 0.2 0.08 31.8 0.46 12.62 6.42
R4 1.51 0.12 1.8 0.0 0.1 0.03 224 0.82 0.18 2.53
R5 3.57 0.20 12 0.3 1.8 — 21.4 0.85 0.02 104.00
R6 2.24 0.15 2.0 0.1 0.7 0.13 49.9 0.27 6.49 36.33
R7 2.49 0.79 1.7 0.1 0.5 0.03 115.0 0.80 1.44 16.64
R8 1.59 0.20 — 0.0 0.2 0.04 17.8 0.38 1.13 3.54

B’ Rb Cs Nb Mo Ba cd Zr Ta 5'"B 8'Li
Sl 2618.0 5762.0 3.81 3.35 30.43 — 0.024 5 0.345 ~7.06 3.50
S2 1083.0 3269.0 — 0.02 113.90 20.0 0.0225 — -5.84 3.50
S3 918.0 4615.0 — 70.42 28.90 61.8 0.085 4 0.041 -12.73 3.80
S4 949.0 4738.0 — 70.43 28.14 49.8 0.033 2 0.032 -8.37 —
S5 178.0 895.0 — 16.02 5.00 122 0.0037 0.005 -13.83 —
R1 1.3 0.7 — 1.25 4.10 42 0.003 9 — — —
R2 13.3 24.0 — 2.49 3.23 8.3 0.004 4 — — —
R3 13.7 27.0 — 2.60 3.46 6.7 0.006 0 — — —
R4 2.4 0.5 0.12 3.38 2.44 5.0 0.003 1 0.014 — —
R5 23.0 81.6 0.51 6.05 2.72 5.8 0.0029 0.038 — —
R6 12.1 55.6 0.01 4.30 3.72 12.0 0.006 4 0 — —
R7 11.3 29.3 0.13 4.03 3.17 1.7 0.006 0 0.020 -6.58 —
RS 6.8 24.7 — 0.89 9.25 423 0.003 5 — -7.36 —

7 :Na" \K' \Mg* . Ca® .Cl"\SO2" \HCO;.Si Br.F .Li.B .St A mg/L; AT TC R W BE N png/L;8"B .8'Li BN N %o “—" FR LT
G 0] B kg A 5 28 s o 4 1 1R 257N T 5% 5 T>78.0 “C oy i SR (X M b v — A 78 °C)
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Fig.2  Piper diagram of water samples in the study area
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Table 2 Hydrochemical characteristics of the Yarlung Zangbo, Nianchu, and Lahsa rivers

R JRUA T et ARRET
Na* 9.95~23.13 7.34~15.66 8.62~10.81
K* 1.44~17.24 1.24~2.85 1.03~1.40
Mg™ 5.54~32.51 5.93~7.87 12.33~16.04
Ca™ 34.16~60.73 35.14~50.43 47.63~84.27
cr 4.20~16.49 4.01~11.23 1.62~5.20
803 - 2.98~46.17 24.81~33.64 49.42~175.18
HCO; 119.13~394.35 119.76~157.53 98.13~167.73
B 402.46~1 507.79 218.18~358.24 14.45~402.43
Li 32.13~152.18 52.01~99.47 4.81~60.49

K JC R WK BR B Li R pe/L A, HoA ol me/L s 2 AR i 1R 25/ F 5% o
Rb &35/ T 17.5 we/L F1205 pg/L, H Rb/Cs
ARG RS (10~1 000) , 7R 4 & Rb %4 Cs (147
AE, SRR 60 A~ Hiu A X 4B 9 1 26 B, 3 5l o4 i
S A I I R G5, b AR AL 2 A A ik e B
4 Cs Rb & ARMK, H 23 5 Rb 4% Cs™, 5Hibkag )&
A A RS A LE BT DX SR TDS 5730 LA AR
J& TR K — U K , {2 Cs (895~5 762 ug/L) . Rb
(178.8~2 618 pg/L)WREE S 8 T A S, Jh 24T
DL b BARAEE(S1) (A (S2) v Rb/Cs HU AR

1.00

K (0.45.0.33) , fEFTATFE i Rb/Cs U (HIE/N TS T . v e
2R ZHE RO FRBh B 7 Rb & Cs 1K

L

0.75

0
0.75(1.00) 1.00

K3 BT XK HE = oA A

poNEY
AR E (K 3) o 1. Li-Cl/100-B/432. Li-Rb-Cs
3.2 RIEMTR{LEFAFIE Fig.3 Ternary phase diagram of water samples

BRI P AR R G T LAY A 5 i the study area
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Shy Tk A RVES AR R, A EE T B R B A AR 1) 45 4
(T=70 C) , fEHE— MBI B T8 2 1R KT 175 C1Y
IR G R, MU E Sit AR T A R
Jor s SR Si0, 38 B ik i AR w4 e 4h A 1 A
S5 R & A B A [R) 4 RS T BURE AR 25 R R
KA Y 4 8 BE AR F T Y Li (3.13~21.36 mg/kg) .
B (143.00~460.85 mg/kg) . Cs (202.20~376.97 mg/kg)
AT T 45 82 B0 3 5% 1 Rk AR b Y Li (52.41~65.09
mg/kg) . B (603.30~1 940.61 mg/kg) . Cs (536.36~
1255.75 mg/ke) fRELA , $E 28065, FLBRHITH 2 89 B
2k, BIR sk R AR ROR B REAE DR Li \Rb . Cs &
IR T F RS ECEMTUR(E3) . SRS, B
IR B Li . Rb.Cs S50 R & 1 3 3 =y Ty SRR DT
TR, H SR AR HT ot AR TR R 18X 5T 20 A G O
B P4 R R AR TR — i LG, T RE Fls % /K AT
BN NNG o
3.3 B.LiEfIZEMIkILFE D IFE

FEXT T B SR A — KA, i 5% X b 40K B[R] 67
2o b 2 YRR R AR O T LA Al R B A/
(—13.83%0~—5.84%0) , M H AR 71 B [R5 = 43 A FFIETE
TS P A b oK FR s A D L, TR R
S0 ¥ AH IO R S5 ) T A b I R e v 6B 2
A A 1E Y, 40 25 75 A5 P9 6 B9 Guaymas 73 3 b FRoK
(10.1%0)™, LA e 4 HILPGE A B #bHOK 6" BfHTE
18%0 LA L=, T8 I B 2540 o (e i Bk v 8B AR
XPEAR (0™, g5G B atistsF Ml B [FA =5,
BAT R —A 0 AR : PERAS T 41T = iR A
TR I i R0 B VAR B, 8B B 12 11 3 A
M, MR EEHIEE R (SO 2 M3 R OB
WS 43514 603.30 mg/kg FT 1 940.61 mg/kg, i 6" B {H.
539K 3.46%0 F10.97%0. AT3ERZRIN A B Vi FE B 57 1)
SRR A XA 6" B {HL

Li [R37 28 A 401 5 i B B AR G FE IR A5 1
Li [R5 2 fR BRI 43 IR R D, e il 25 14 B L
AT U ek e PR SR 2 AP AR R 9 2544 40
RN AT A ] DL ZOEY, A X AAOK Li R ZE A
T 3.5%0~3.8%0 , AL T 7K (31%0) FI2FBRIAT 4 A Y
ARG (6%0~33%o0, F-FEL R 23%0) ™ AR T 8L
1 SR — B AL, A4 VYT RV T T (55%0)
FH AT L , AR T His 3R AR AR FH s A TRT I %) O 2 Li 7]
PR, MUK 87 Li AEHA FD i 7 AORFAIE

4 HHIOKHF B.Li.Rb.CsF LR %
FLH

4.1 B.Li.Rb.CsTZXRESEETIE

T B Li %0 %, CLEA ARSI, R
HIEREHE S, BN S93h 0y S W ok 28 e i , e
B, — A A PR S Cle BIEAE il s FE Y
IKAEATAE 4y sm U R S, CLEIRAEIRZS
WARMER A . T AR C1AC 1] 22 4 DRI %508 3 A
FEFRRIED, F AR A E KR B Li  CLYR I AN
{HETEANR MU 1S S A R G, 2R iRl 2 3
b =3 S S N B 2 22 1 S e B = 0
B BOKIEIRTREE AR AR IR AR A=A A, A
AR AR X BT 2R B LA S T R HL(E 40 B/Li  B/C1 L, Li/Cl
HB s R AEAR K AR AL AREEIX L LU AR, AT LA B b 24
ARG POKIRA LB L SGE BRI IR s
BLHIST, T Li AT ZAR R AR SR st RE S5
Fi L0 Y Na Mg K S50 R 17 & 4, B/Li LR
1R B KA S E R R S, DR X AR s
T B R T 2 b o5 AR R AR A R
(S1) - \HH(S3,S4) AR B/Li FAE B &8 K F #h A
(S2), BRI HE KA E A L5 3 naszd

®3 REFmiLzAER

Table 3 Chemical composition of sinter samples

B R Na* K* Mg Ca®* Li B Sr Rb Cs §'"B §'Li
TR 0.16 0.08 0.01 0.03 143 285 10.0 32.1 213

HmE 1T 0.39 0.66 0.11 0.30 21.4 215 59.1 93.3 376

i 2 I 0.20 0.15 0.05 0.25 123 143 60.3 38.2 298

2 v 0.12 0.09 0.04 0.14 14.5 460 44.8 36.5 356

HITHE 2 0.08 0.05 0.02 0.13 3.1 358 40.0 212 202

FHO1 0.60 0.29 0.03 0.08 65.1 973 95.6 129.2 906

FRO2 0.64 0.35 0.02 0.08 524 1940 93.8 178.4 1255 0.97 -1.10
FRO3 0.59 0.31 0.02 0.03 83.3 603 53.9 87.4 536 3.46 -1.40

TE: JUR & 5 BT I me/kg , ZARMESE B 2R 22/ T 5% 58"'B \87Li (1 B A %o 5 25 TR /R AR o



1246

A

S

5424

TR HETE S B S B ) AR (SO, HLS 55
LA VA T 2 3, 7R e U = R i
S A BE IR 2 SRR A AL PR B B it R O O
SO, IV F M AR ZH R K, R rT Pz FH B/L
SO /CI 1 LB K 1] W b B K A A0 B4 08 B 5 i A st
[, AR ] 4 AT LAZRA FIM=E NI (S3~S5) Hi Aok
PRI R K HoK AR A g, et B R
BOR B R G5 b, BICL H A 52 3] R 2 AR R
MK o AIF9E 3R W1 M IR BE /& T 100 °C i, M F oK
B/CI FUAE 15 A 5Bl A B/CH FL(E AR % #E3r . 2MiR
JEIRF] 400 CH, AR 5 Z s 2 IE 55K
FAE ARG, AR B B/CL (AR AR, I H
A Yakeyama K L1 i 3 1) i #A0K Hh Y B 5 /N T
38 mg/L, Ifif C1 11 #& &0 B % 519 1005 4247, B/CL b
{HANE]0.01%, E[FE JE V5 WV Kawahljen 2 L5 7K A I
KB EE/NT 58 me/L, CLE &2 B &Y
350 ff5 £ 4T, BICL ELAE A5 0.003*, AL R, 5575
B Los Humeros Hi K [FAE 2 5 B ML FOK | 122 1k
H S FLAUK H B IR 1T =138 3 168 mg/L, B/CL HUAE
I 0.01~0.95, MW 5E R W i THIR A T HUT 7~
8 km B A A, S UL UK & B Y A A E
R Y B/CLELAE™, 25\ I — 24 I 7 2437 oK
BRE A (S5) 41, BICI HL B 3 55 4, B K T 0.05.
2 B TS X oK AR X E B 2% CLR U B/CL

1000

FEAER K, = A\ JF(S4) /) B/CLELE AT 15 0.115,
BT UL, 35 N4 i b Pty HEAOK B/CL A 5 52
FK— 2/ I MR R A 3 2200, H oK
B IEBR B A N K—A A, il BB E B i
TR A I TR LI A G

BR T8 BZAh, F /Y 1 W A b oK
BOA BRI RRAE AR R & Lio TSR 24 1 B A e
M DLE Li ARRAE, 25 88 (S1) 3 S H 1) Li Wk 3 2 8%
A1 T b A KB R AT, i b R L G M BROK L
TEHES 0L B 4 577, Li/Cl (oK, 5%
RARMES HEBR, — Bk, ok bt
R BE Y L, A SRR R K —24 2 B VE & AN R AT
REMY . B 5E, RARAEIS A R I VOO AS 3 T &2
FEEE TR TAE L P A Li KA ] R
I 7K AT 2 T S D 1 A R RO R 30 A AR
G, I AR e — AR T FEAAMAAE R & Li i
JGo FEAE AN, AR 5w 4 A 48 T
KR FHEREITCEAMLMAMEAE TR, IR
AR RIRA 5, AT REAUR SE K —A1E Fi it
AT LLIR B A0 R Y & AR AR R

B B.Li Z4b, AR A — KR R 255 RD.,
Cs, 2 /\H—Y 1 Wi 2447 M Bk Rb  Cs i & B4 H.
AXFEE Rb & Cs FRAE , IR — I E Cs B4 IG5
il o Hildreth™ BFFEAh 5 0 A KT R FERE A
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Fig.4

Relationships between concentration and ratios of B, Li, Rb, and Cs
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S A YRR T g ) AR N A A i S ) 0 ke o L
Fi G — Hb IR FEAG L, 2F /IS 7~8 km AbSEA
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Fig.5 Schematic diagram of geological section and B isotope cycle in Yangbajing (stratigraphic data from reference [8];

geologic sections modified from reference [15])
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ron, beryllium, and lithium during melting and crystallization:

Enrichment Mechanism of B, Li, Rb, and Cs in the Geothermal System
of Yangbajin-Dangxiong Rift, Tibet

ZHANG YuDao, TAN HongBing, CONG PeiXin,SHI ZhiWei, YANG JunYing

College of Earth Science and Engineering, Hohai University, Nanjing 211100, China

Abstract: [ Objective ] There are abundant geothermal resources in Tibet, and most hot springs or sinters are rarely
enriched with elements such as B, Li, Rb, and Cs. In addition to their potential economic value, they are considered
important mineral sources of salt lake resources. It is not only of basic theoretical significance but also of guiding sig-
nificance to correctly evaluate the potential value of mineral resources to study the provenance, evolution, and enrich-
ment law of B, Li, Rb, and Cs in geothermal water. [ Methods ] Based on the chemical composition and B and Li iso-
tope system analysis of hot springs, rivers, and springs in the typical Yangbajing-Dangxiong rift, boiling springs were
found to be mostly Na-Cl type and moderately alkaline, belonging to continental non-volcanic geothermal systems.
The most obvious geochemical characteristic of hot springs is a negative 8''B value, and the higher the concentration
of B and Li, the more negative the B and Li isotopes are. [ Result and Conclusions ] The upwelling of Earth’s crust
remelting residual magma fluid can reasonably explain the unique element enrichment and combination characteris-
tics, isotope distribution law, and extremely high heat storage temperature of this geothermal system. Geothermal sys-
tems like Yangbajing-Dangxiong rift are not only a good prospect of geothermal energy development, but have also all
kinds of abnormally or supernormally enriched elements such as B, Li, Rb, and Cs that can be used as mineral re-
sources based on the coupling relationship between magmatic activity and enrichment laws of various elements.
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