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The spatial distribution law of B, Li, Rb and Cs elements and supernormal
enrichment mechanism in Tibet geothermal system
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Abstract: The Tibet Plateau hosts the very typical geothermal resources in the world, which belongs to the main part of the
Mediterranean-himalayan geotropics. The most typical characteristic is that these geothermal springs show unusual enrichment of
many rare and dispersed elements such as B, Li, Rb, and Cs. Correspondingly, large-scale travertine or silica sinters are widely
deposited in almost all geothermal fields. Some of the silica sinters show an unusual enrichment of Cs that formed a new type of Cs
deposit. However, the origin of those enriched elements and their enrichment mechanism in geothermal water has remained unclear.
This study based on the long observation in the field as well as accumulated datasets, and previous literature summarized for the
geothermal system in the Tibetan Plateau, is in an attempt to provide new insights into the origin and mechanism of the enrichment of

these typical elements. Geochemical datasets show an unusual and coincident enrichment of B, Li, Rb and Cs in the high-temperature
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geothermal springs as well as silica sinters along Yaluzangbu Suture in Tibet. Depleted B isotope and elemental association,

groundwater deep circulation as well as much geophysical evidence indicate the dominant source likely originates from residual

magmatic fluids derived from crustal partial remelting while water-rock interaction itself seems difficult to develop so large-scale

enrichment of these elements. It can thus be concluded that the plate collision and thrust, crustal partial remelting and magmatic

fluids differentiation and evolution during the upwelling and groundwater deep circulation synergistically play effects on the unusual

enrichment of typical elements. This study will strengthen a comprehensive understanding of the unique geothermal system for both

water resources-energy-minerals in Tibet, in particular, help people focus on special minerals dissolved in geothermal water. In

addition, the study will also instruct to well assess the values of mineral resources of geothermal water or deposits.
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PO A TR 5, B “OK—HA—1"" F—1K,
HAT EZ WG TF R A M E R 2= 58 5
VEH ZAE PR AT 5T 2 B, A 55 1 At 4
FH, 7 76 Hh 40 2R G0 B Ry 8 3 TR AIE 2 R T SR K
B 5 2 A A SR AR DR 5 UL A — R A L o
P T A B, Li. Rb, Cs 5% (Zhang et al., 2015;
Elenga et al., 2021) . Hli 57 5t 2% 6 i K 0 45 7
e KOG, AR HA P B IR (T T — &5
TR 5T B4 P-4, 19955 #XF-4%, 1998, 2001; %
JG 2055, 2010) o 8 38 TA Ay 7 5 b B FH B R T A
FIAS, —Sei8 5 & 4L o E ME [ & rT g AT WAE
LR TP R FH AT 5 (Grimaud et al., 1985; FR37#1 4%,
1992; K451 45, 1995; 1 W 45, 1997; ZE PRI 4F,
2006), 111 L A5 2 3 151 5% 5 A =5 B A TR RS 4 °F- 55,
1995; 2K #0845 Fl 2 655, 1990; #X JC 2%, 2010; Tan
etal, 2012)., H A EEMMRF 20T KEZTT
MV AS T B B A Ak, R U U A 4 T R O, A
(B B 4, WF 22 [ R 00 O R 9 U, n 4 45
WA L MUK 5G S5 BT BOR Pl & AN P
AR 4 B GEUR, 3% 7 L B 5 E B [ PR PR F
FERBAE R S I, AR SCRAE VYRR S B,
Li, Rb Ml Cs 0K & B R . B AL T 3L hil
RIS ST, X IE A IR b 3 R Gk A 2= i Al 72,
F5 I X LR RN (B LK

Vb A4 FR G R 1) fh A AR, R S B
££1% B, Li. Rb Fil Cs FFMATTERIFASINE: &l
S TR ELE K- AR BAE K TR A DL S 5T
AR AL TR A o T3SV L A A ]
()45 H X, M HOK AR B0 Li Al B 45— A
() B A, AR S0 4 P bR D8 Ao R R A B (A 55,
1981) . 445 (1989) &3 K W12 22w o 412 H v

JEKAR B F1 Li A5 fe 00 A U5 A0 LA A bk oy 32, )
TR H AT X Fha g 0 B F Li W8 R AUR T,
JIT 5 VA R A R BDRE R E e LA AR S R R B, X6
I A 2 K A TR (2016) 78 1 i Soh i i
LA B — RS, 55 A B Al K -5 AR A
DL fife e b 2K B Ry D £ 0% B[R] 2 2R 43 A R AR
(Zhang et al., 2015) . 41k A HAF/K, —H M EZ
B3k 2,5 Z1 1) M DXAR XA A KA 2 B TR A i R
B LR A I 2K AR, AN ] RETE 12K A1 b o0 e fh ik
P P RF L ILUR, 17 H UK Na/Cl Al CU/Br LA %
K RIKAES RS W KA 25 528, B Li A1 Sr [Rl
%%ﬁﬁ%fi?ﬁﬁﬁ%%(menga etal., 2021), A,
R A Jey 0 T A1, W A% DX Ik A 2R G R AR
AR B, Li. Rb Ml Cs &0 R IHEAT] LLHERR 377
AGX PRI . FELZ T, B 4 2200 5% 4 W 34
AR B HGURR W sk mT RE AN 45 ) £RI51 B Li, Rb Al Cs
LR RNFTINEES P 725 G sh % YA o
(Chowdhury et al., 1974; Nicholson, 1993; Bartier,
2002) . 3 HES (2001) ., 8 F45 (1998, 2001)7E
09 DA =5 1 A K A R AT 5% R A o R S AR
TG BN, R R B R A e 2 SO o 5
525 A R AR R 1, TR BBl “ 8T 7 A I, B
AR T PR I AR AR, T R P AR 22 X
HR M5 il (RS T4, 20065 Li et al., 2018) .
e 25 TR BE A T B 4R () RE AR e B S L B DT AR
HA ARG R R ERE, v REth 5 bt ih i & &
J BB mAR = AR TR Ak A (Brown et
al.,1996; JK 45 HY, 1998; f 14 1 FNZE 1R , 2004; X
JLZ5%,2010) . EPR FF L& WA AR T b
PO R IR B Ak 27 B0 I SR I A 5 SR AR AR TR AR i
N, AR X FH H A Y5 o b BR Ak 27 3 72 % B (Nicholson
1993; Bartier 2002; Gupta and Roy 2007) .
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PR R A Bl A o, R B S R AR I, R R M
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P IE il Bt T R aF i IR (41, 19815 Liao,
2018) (&1 1) FEMHY & 5T J 440 T, B
AR LRI FE S A TR BE ] — T 57, DA
Fo—Z 5w b 1] W 22 BT R fe ) v T TR BRCIR |
B R LA SR B R iR SR TORR (K 1) o BT,
PEN -1V 4 5 b AT B H O a5 FE T T,
T 5 8 A1 VL 5% Gl S AL PR ATY 9K A 4 Fh 26 Y
KIEK GG B X TT 245, 2010; Wang et al., 2017) o
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T HE RS A AT SR VDA, X SR K4 B
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Bl By b 5T Rl A XAV AR 2 Ak o 0 R
JRHUBE & B 1) e i A 5 2/ U ZK 4002
BlFL 1500 K Ak S G FL IR B 262.3°C, 1850 m K
TR B W N L RTSA 329.8°C(F SR F I SC
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Fig. 1 The main geotropical distribution of Tibet (a), the corresponding geophysical anomalies of the North-South fault zone

of the crust (b) and the crust-mantle geological structure model of central South Tibet (¢) (Modified from Wang et al., 2017;

Li et al., 2018; Hou et al., 2006)
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Fig. 2 Contour maps of B (a), Li (b), Rb (c), and Cs (d) in geothermal springs in Tibet (Most data from the authors and
from Tong et al., 2000; the division of magmatic zone is based on Zhang et al., 2018)
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Table 1 Geothermal data of unusual enrichment of typical elements
IR 4 FR B/mg-L™ Li/mg-L™ Rb/mg-L" Cs/mg-L™
BT 472.68 50.00 1.85 30.60
Z S ith 290.96 20.30 1.25 23.00
oK 626.60 44.79 2.89 60.98
i Am B 484.52 23.75 2.10 58.00
AKX 145.90 20.97 1.66 13.09
5 147.60 23.31 1.75 14.95
iz HE 71 171.90 24.47 0.80 14.51
HEHE2 144.25 27.80 225 14.10
g 50.55 25.20 2.75 5.70
7 HE A U R 115.89 27.90 1.70 8.60
o HE- T AT 101.59 19.30 1.35 6.00
Wi BEAHRS 112.93 18.75 2.40 11.30
7 HE - N B 106.03 21.10 1.50 5.60
TR R 81.37 12.40 1.30 5.80
(- 506.75 57.90 772 59.82

BEHLEA TR . R4, 34 RHUBL , st [ 4R g
K, HLKAE A BT 3 A PR 1Y) v i A T (W et
al., 1982; Tan et al., 2014), FJF A AT GE DL P #4
A BEHERF UM AR | KWK IIG 3. HhERD)
PPN Rk 2 B W v TR A rp— R b, R
b b SE R R AE AT M FE A R, R
RN FE X 5~15 km B3 A BEA — & K
(Feng et al., 2012), HATTHE M 5 /\ 55 i B FH 7 44
U85 35 AR5 2K 0 3% AN 1] 43 (Duo et al., 2005; Li et
al., 2006; Guo et al., 2012) . FIH AT L, B AR i 1
SOAHZEAR T, (A PU LK I 3l 55 22 565 i 76 b 244 T
JE R A AL =2 Ak o 7 R e D — 4 b A R
Al AL ML B VE F 5 | S 125 K05 3 F 0, v
MR AEAE R A AR S R IE A L R OK IR &
ATRE RS R HOK &M A B TR E LMY
P4 ML (Elenga et al., 2021) .

FRIZE LA I B s 2 M BUE B, A7 Sk B AT 0t
VO b I R 45 & S5 B Li, Rb fil Cs 0 E YR
MU R T HERAL 22 VR 7%, X BE T R IR
Ko 482 [RE 243 AT AT, tho AT DAAR G M e B 5% v TR
RGK-ANEHISN, Moot A RUR A A W R oy 5
BT R R G — e R E N BRI
e, PR UK B £ T R4 A DU ARUR AT
FNhE, BIAG N I — M 4R T E Li. Rb
1 Cs S5 5 o0 & 4, 15 7K -5 RN A % V1Y S,

Mg il Ca & Mot & AHX 71 (Elenga et al., 2021) .
FAL L, ARAMA IR, IS Bk T K2
(7, B, Li. Rb Al Cs ¥ B #RARAIG, 75 il s I st
UK B, Li Fl Rb ¥ 335 LI 7K & 10~100 %, Cs
W BE LUK R 10000 /55 LA o D3 4h, AR AR
Z AR BUROK ], (A4 R ZBO0F AR X FEIT R R
B E R B G . M TR A 7 R o R 42 565 307 L ik
— B L BRGE Bl Y v R B T AR AR
TRV AU, SR ARKARTE — e A b B 454 T AR
M RITCRIN—EE. AN K—AEH— S
ik A rh 4 BHES FUn Mg, Ca Il Sr 451k B 38 5
B — A #A o2 (W Li, Rb Fl Cs 4%) , B 4%
S H & 4 (Brugger et al., 2005), Q175 7 = R S0 #4
it 5 B I 300°C A9 /AR FLBUK, 270 A
ST 5 H B IR A IR 2 1 F R K I
WAMRKI 2R, &+ Sr. Ca. Mg 7ERAKIR
JE BRI R R B A e R R 9 B LK B 5 (Elenga
et al., 2021; 7KM€, 2016) . X LBHFAE—FFK B K
— AVEF E X S, Ca Fil Mg %5 il + 4 JE T
A BELW, X — NS MFEA TR SR AL,
AR GIEYIR . AHBRTCER S8 &4, kg
WIRBRAA I AR T S MR il 53 o HAR, VU R
POKA —> 43 B WRHE, ROk B Al %
Sy A AR L T, RN B2 W TURRE, H Bk
£ % =, B[R] 3 2 #i f71 (Zhang et al., 2015) ., &
B iR 8B (H— AR AL T—10% 25 47, 5 258
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L1 ik Puna 25 )5S S HUFASRIKAE (—15.3~—10.4%0 )
+ /33 (Kasemann et al., 2003) . mEid g4 N i
SEE IR A K5 A Z 8] B A4 R AU AR
/N(Aggarwal et al., 2000), K fF 58 HLIE 55 52 P56
(UNSEATT SR e 151/ v N S B 1 K A
AR I R B S B[R 28 4R AT AR 26
5¢ 1 1 T B BUE A 1) {8 (Fernando et al., 2012) .
AN ] X B AR RO, (HUEVA FARE A
TSR il R A S Rl 72 T2 B R R %,
1 Slovakia Hnilec 7+ 3% B K LS F 8''B (B4 #i T
=10.3~~17.1%o, X — £ 075 BIEA R T 5L
R LS A1 1Y) B[Rl Z {H (Jiang et al., 2008), 7] ¥T
1ol 1 AR 3R b 52 B B I AR AR L . e e
TR R P - AT AE 5 B LA PR K A0 3 1 7R T
W, SR K BRI 2 PR K - A R AR G o 3 S i
] TR IE A8, HEE A T A S D 4 R 240t
oK B[R 2 H I GF A T b8 J 05 LA AR X —
ALIE L, R B AE AT REIR A ARG s, o —
M e SRR A 4B IT R W s B AE K A AN 25 ]
& 4E B, DA I B AT BB A b 7 B R R 1 FL A A
mh e SR (AR K IR, P28 T T e R e A o
FEAE R AR IR B . BT IRk
IR ML X R B B R AT A TR AR I (
ZR i A, 2021), 5 AR A X SETT R B R A
W Z BRI R, BRI TS50, J7E R
AT, R SR K | BRI AR -2 58 D R
AL UL B KA 53 A1 IR B 48 B 7 . FL S A AR R AT
mE S, EE AN AR R EEM T EZ A RER T
URERIX AL b A AR =R A, S ARt —4
AL o, B S SR R A IR
B T e B AR X T R MR A A SR AR 5 TR TG
AHPOKIR G, MR G XS TT R i — D & 4R
P TR

4 RSHNITHI B, Li. Rb, Cs TEE&E

T 980 e S RIS PR IEUR B0 AR AL, 4R
I8 3T AR 6 e b BT BRI R, H TR AR P 2 AR
RSP N Fepal oy dacs . E MR ] e A IUREN
S b R A R AR AR DR, e PR PR VT L L “
7 Eif SR AR B AR S B b T M ek il (e
W4, 2006; Li et al., 2018; Liu et al., 2020; Shi et al.,
2020) (& 1), AT AE 2 P4 80 2% 2R 40 i 9 R U8 .
TR BT A AR 2 5 1 L R T 156 I X 3R

TG BIR AL, B 20 55 05 2 iz X R 4 T 78 2
R CTRENEE A5, 2018) . A 14D 80 4R AR
TR A R R R AT Mk A B A DOk, 1992
4FZ [EJF e A INDEPTH 30 H | 1994 45 [ 8} 2
Mo Bk BEOT ST BT ) 4R A, DL B 2002 47 385 A
JF R Hi-Climb Hb 5 00 0T H , #2% B 5 76 5 It
Hise LR b ST O AR AR, R
7 B R S L RS DU AR 7 B AR 91 mW/m?
F 146 mW/m’ iy & {8 (Kind et al., 1996; Brown et
al.,1996; Nelson et al., 1996; Hoke et al., 2000; Duo et
al., 2005; Feng et al., 2012), —E6&ZN\ M ix s
SARGHARAR AT BB T T AR 207 W0 180
AW, B R i P ot B v i A AR 2 AR R
AR KA . X I 2 IR A R 2 ] hE
iR, (R B R Bl Al 18 22 S5, b7 & A 3 KA
FAEAE HIE A Jag 425 Rl A 2 B 15 L) e T RS 4
VA, 1995) o X2 Ry A Rl AN AT Ay 04 K AR
T Zh A B A B, 7 LA W] BB R e
W,

BT Ml 3K SRR A 2 A, AR A RO AR Y
*He/'He [R] {37 % A A T HE W73 44 58 X T 5 Al BE
FETEFENIERLZ . £/ JF R X 2000 K722
AT 3 B b 2R BE KT 300°C, 254 b sk 3L
TEAEWT 5~15 km R B2 FLAF AR =) BRI R4, J2 v i
Hi R T R, R IR R4 i AR AR b =
i Y 58 B S F, T R S A 2 H5E 15 km
I AR P 2 EAFTERY KIS 2 (Makovsky,
1999; Li et al., 2003; Klemperer et al, 2013) . 13,
FATE i BUEA U UE T 2\ - b W 5y -
Hb7E 10-15 km AL M7 HA IR GAR R TR B9 5T
R, FERE A B R T IRK T BIEA R 5~15 km £
AT 1 5 R HOK 9 P (Su et al., 2022) .
H ST UL, B RE AR FR i ARG AR R 2 T, 2
AL b 5T Jry A 1Y) FE EEAK B R R, 7 D R AR AR
EIIA B HEA ] — T2 5 F 75 (<16 Ma),
T R Z0 A0 7K B 2l (HJR B O P Al A [l b
AR Z iR R TG S a5 T T, B Ra i R
HETURR, T HE AT VT4 5 Sl — FR A e b 1)
A K IE SN, JF RS 24, W sk AL
T e 55 2 SR T L KRR A AE AR AR ok 7, R
R R i R R DU 28 LIOKIE i R 1), 31X
SEP IR By ER AT L AR A TR LA K B AR
A FEAE I BT AR 4 ) R R ER A L R
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PEAENEE 55 . e nT UL, AR o . SR
Je T A S 4 1) VG R M R VR R [ A O
££ B, Li. Rb Hl Cs 5570 A 0] flt /b B #4185 75 55 11
YrIRFER

5 FEthH AL B, Li. Rbf Cs Tt =
EEERSENLE

A F b P IRAR £, — AR AR A a5 kil
YER TE 56 1) AR /D2 B B, Li. Rb Fll Cs %570
RIFIF R AR, NIRRT 23K AU 34 [ Paralana
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