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Abstract: Boron is one of the typical characteristic elements in high temperature geothermal fluids. Its origin and enrichment in
geothermal fluids are of great significance to understanding the formation and evolution of geothermal system and the rational
development of geothermal resources. At the same time, boron is one of the harmful elements, and will cause serious negative
effects on the geothermal area and its surrounding environment as geothermal fluids discharged to the surface. In recent years,
under the background of large-scale exploitation and utilization of high temperature geothermal resources, the origin of boron in
high temperature geothermal fluids and its environmental effects have attracted extensive attention. In this paper, the geochemistry
characteristics, sources and environmental geological effects of boron in geothermal fluids are reviewed, aiming to provide insights

for the rational exploitation of geothermal resources and the environmental protection near the geothermal areas.
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T [ B b A5 e T b R R G0 A8 R
T 150 CHYMU AR Gt , 250 A T B 4 Bty (A 3h
DR 3 AR | v T T R M B R T
AR RN LLE T AR AR LA s A ) AR N
PR DX (o S8 [ v [ A B A ) 7R TR e T
R G F2 43 A T U R b P (b g R R
b R B — 853 ) BB )T PG PG DL KR R
AT Y T M XX S A R G DR S Y
i i B, BB R T & R0 (B (58T
2020 ; 7B 55, 2022) , TR R L AE D it R K
FRIRAE BT R AR R R VRV SR T AR B Tz N
FH 5 — e b IR b B K AR LY T M R O AR T 1T
WAEZMEHEITR (A S e B B AR ) X
SERFE T R A AT 4 MR GE I8 R S B A AR
o S Y Bk Ak 2% 5 B (Kaasalainen and Stefans-
son, 2012; B #»u %6 4%, 2014; Kaasalainen et al.,
2015; Barnes et al., 2019; Guo et al., 2019b; Zhao
et al., 20195 Cullen ez al., 2021; B3 ¥ M7 /=,
2021) . X 45 AE T 3R (4 1) JBER IR R AR LR AT
G, 0] R TR N TR M B R S8 1 i PR AL ) B i A R
BEE Bl Sy b BT R A A BT R R AR 2 AR
(X B 52 45, 20205 2R 8 45, 2021) . 55 — Jr T, He
FrAE oo &R CAn el 9 A 5 BE SR ) PR BE Hb PR
PR i 2 R S T BE 23 4 b A DX G PR B
# V5 Y (Guo et al, 2008, 2017, 2019a,
2019b, 2020, 2021; 3k K 4, 2014, 2015) , "
O 2 A e R A B R A e LA R 3 A ) R
Kogi b, mii o K h RFIE T R B &
B R 0T 5T S0, AR Ok B 51 R BN A A G
AWz KRR L IR C O M BB A2 5 B B R
40 B Y ) B TR) R ( Song e al., 2021) .

WA —Fh AT R 2w iR
A b B MU I RRAE JC R 22—, T R 43 A R
A B R R DL KRR O 1 7K SC b BR AR 2 i B2 (Ellis,
1970; Arnorsson, 1985; Arnorsson and Andrésdottir,
1995). [A) i, B 7E PREE /v B bt B A AR KR fiE 55 7k
o B A 23 3 N AR R B W 08 L L E
32 B0 E RN LB K e, O 4 A A A K (Col
and Col, 2003). AR 45 th L TL2E 20 bR v, AR TR
KA B BRAE N 0.5 mg /L, FE 4% 8 K A0 B
i R 8 1 mg/L (World Health Organization,

2008) . e i M R A B R B A I AR A A
AR B AT HE DS A 23 5] A BT Y PR 8
JE, G H: 2 AR e R KA T & A LS HE i 2 26
SR RN ORI DSS e @ g N 5 W 5 Y R BB 2 B it
R B 75 G ) R g B Ay PR T AR O [ N AR 2T R
543 e i b A A B b BR A 2 T T R AR (R
P304, 20145 Yuan et al., 2014; Yamaoka et al.,
2015; Zhang et al., 2015; Purnomo et al., 2016;
Wu et al., 2016; Liu et al., 2019; Zhao et al.,
2019) , &l 1Y of U 3k 28 TR #R IO 1 5 B Ay B 2R
H BRI 5 30 LB T HL B = R ek, 6 I
FRO AR B 00 ok R A R ATY L BB S X R B
iy PR CHE TR B B RO BIF YA g R
I, AR SR P A IR B A B0 A b BR b
AR HEAT T MR AP, FE M BR Al B RS T
Jo 91 B E — 20 s i T AR, DU Dy b B R
B35 e 135 B A F R 32 XY BR B AR A M
POBE IR A A BT SR 4 M AR % S B R SR

1o ik b R K B0 0 b R A = AR A

1.1 PR E PR & 8 K%M E AR FE

FE e il PO AR B R G i or R R
AL AT A LA EE R, MR T 1 mg/ L & T
1000 mg/L (3R 1) B AR5 , i i B 14 % B
B 5 5 A e A R A, A S [ B A R T AR K
& ik 28.5 mg/L (Palmer and Sturchio, 1990) , H
A Kagoshima Hiu #4 X #1K B 75 4 35 24.8 mg/L (Oi
et al., 1996) , 1 H H Menderes Massif #1 #4 [H #4 /K
M+ &35 54.2 mg/L(Vengosh et al., 2002) , 8 V4§ =
Taupo & 1l H #4 X #4K 8 & & 7] 35 82.1 mg/L
(Millot ez al., 2012) , BB £ J& P4 7. Java i #4 H #47K
Ml & & 35 93.2 mg/L (Purnomo et al., 2016) , 7 Jifi
Milos Island M #4 B #4 7K 8 5% 4 35 99.0 mg/L (Wu
et al., 2016) , 2 P4 & Los Humeros s # H #4 /K ]
& w15 725.0 mg/L (Bernard er al., 2011) , 387 74 %
Negwha Hb #8 B #4 /K 8§ & 4t %5 i85 1 101.6 mg/L
(Aggarwal ez al., 2003 ). 1M 7€ 3% [ , ¥ £ 3% B P4 i
HiG X 2o K & il 3 R 48, 5 % Hb X
JNI H B K B & 3K 165.4 mg/L (Yuan et al. ,
2014) , 111 g i DXty HE ARCOR K APl A 3K 95.8 mg/
L (Liu ez al., 2020) , F W I 3 X 45 % 22 F0 45 K 4
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Table 1 Boron concentrations and 0"'B values of geothermal waters in typical high temperature geothermal systems worldwide

LT i 0 IX FAERLEE (°C) B(mg/L) 3"B(%0) B K R
7P 22 Negwha s 4 11 38~180 259.2~1101.6 ~3.8~-3.2 Aggarwal et al., 2003
BTG 2% Taupo K 1A X 205~320 17.5~82.1 —6.7~-1.9 Bégué et al., 2017
15 Limagne % 12~73 0.6~6.9 ~6.3~12.6 Millot ez al., 2007
H 4% Kagoshimadi b4 X 29~102 0.6~24.8 2.1~39.4 Oi et al., 1996
= KA Vulcano #b 4 H 21~99 3.0~9.1 —7~1 Leeman ez al., 2005
# FH) Cimino—Vico K 11 X, 25~62 0.1~1.6 ~8.4~-4.1 Battistel ez al., 2016
BV HF Los Humeros Hi #4 H - 214.0~725.0 ~1.7~0.3 Bernard ez al., 2011
L5 Dead Sea M4 X 15~39 20.5~31.3 51.7~54.9 Vengosh ez al., 1991
+ HH Menderes Massif Hi#4 X 35~224 1.1~54.2 ~2.3~18.7 Vengosh et al., 2002
At i Milos Island Hi 4 X 63~116 1.7~99.0 2.1~40.5 Wu et al., 2016
I B B A 1 KN 32~140 0.4~28.5 9.3~4.4 Palmer ez al., 1990
Ef I JE 75 W Java it #41X 33.2~102.0 2.7~93.2 2.4~28.7 Purnomo ez al., 2016
o] G 7B /A 86~87 10.2~165.4 13.8~-8.4 Yuan et al.,2014;Zhang et al., 2015
o I P T S A 79~89 38.5~45.7 9.7~-5.0 Yuan et al., 2014
F I P R A% 28 AR T 37~86 1.1~106.9 16.3~-11.7 E 35 %, 20145 Liu et al., 2019
SUEENIE A N 5 57~177 21.9~44.6 ~11.3~-7.1 Liu ez al., 2019
[ 2 g R 3 B 56~96 4.6~10.5 ~6.3~-4.5 Halisli %, 2014
H R AR L K R X 21~82 0.2~4.4 ~13.3~35.9 Zhao et al., 2019

SROK H I R ) A 106.9 mg/L fl 525.7 mg/
L (Liu ez al., 2020). A [A] b #4348 b 0 & & ¢
K2 5 F 25 HANG R IR UIAH G .

M 20 it 48 80 4 AR , i % Al IR 43 2% 73 #r - Bt
B R LA B 3 RS B 9 3R & (Spivack and Ed-
mond, 1986; Xiao et al., 1988; Al-Ammar ez al.,
20005 B 8364, 2008) , B I8 3 R #% iz B 1l
A Al 2R 5% 3 (Hemming and Hanson, 1992a;
Hénisch and Hemming, 2005; Pearson ez al., 2009;
Trotter et al., 2011; Foster et al., 2012) W & % A
(Jiang et al., 1999; Hu et al, 2015; Su et al.,
2016) . &k 1 ¥ ft (Liu et al, 2000; Wei et al.,
2014; Fan e al., 2015) 4 T 7K 75 4 P75 B (Guin-
oiseau ez al., 2018; Nigro et al., 2018) %401, . it 4F
K TE 5 ek b BRI 5 453, W0 [R] A7 2R A A 5 RN A HH A
SURA X F 07z 0, F 2 T 38 W b 400 1k
i3 Y5 (Purnomo et al., 201635 Wu et al., 2016) iR
Tl Hb AR R G T 0 R OC M R AR 27 i B (Aggarwal er
al., 2000; Leeman et al., 2005) . 7n i M #A K HE 15|
BB & (Pennisi et al., 2006; Yuan et al.,
2014) . A ] b A R G0 A1 11 0 52 00 L0 AN [) g 0 [ 57 2%
FRAE (1), W3 7Y % Negwha Hu #4 [ A Taupo K 111
o B X B K R 8TB A L2 i O — 3,806~ — 3.2
(Aggarwal e al., 2003) Fl —6.7%,~ —1.9%, (Mil-

lot et al., 2012) , & K H] Vulcano # # X 1 Cimino-
Vico A 1 X 7K i o"B il Bl 43 51 o — 7.0%0~1.0%,
(Leeman ez al., 2005) F1 —8.4%~ —4.1%, (Battis-
tel ez al., 2016) , 3¢ [ 8 A1 8 5K 2\ bl M HAoK o 8B
Bl & —9.3%~4.4%, (Palmer and Sturchio, 1990) ,
¥ B Limagne 75 3t #4K & 8"'B 5 Bl 8 —6.3% 0~
12.6%, (Millot et al., 2007) , B[l £ JE V4§ W. Java Hb 4
Rk /8B Y [l S —2.4%0~28.7%0 (Purnomo et
al., 2016) , H 7 Kagoshima #i # [X #K H# 5"'B i [
N 2.1%0~39.4%, (O1 et al., 1996) , 75 J5 Milos Is-
land Hb #4 H #40K H 8"B {5 Bl o8 2.1%0~40.5%, (Wu
etal., 2016) , LA .51 Dead Sea i X Fhok 1 §"B i
FBl 4 51.7%,~54.9%, (Vengosh ez al., 1991). 3T 4F 3k
B P e T R 0 4 v T b AR 3 A 0 ) 7 R b Bk 1k
25 TH P WE IS TAE BB 5T XK 2 4 v £ T R Hl 3R
G I SRV o A7 S/ G b S A
—13.8%0~ —8.4%, (Yuan et al., 2014; Zhang er
al., 2015) , V4 #& ¢ 5 b 44 I 7K o 8"B 15 Bl R
—9.7%~—5.0% (Yuan et al., 2014) , 4 ji 35 #% 22
R K H 8B YE Bl —16.3%~ —11.7%, (Liu ez
al., 2019; BAHs6%E, 2014) , 74 5 il 51 A PR ok
S"BYE N —11.3%0~—7.1%, (Liu ez al., 2019) , 74
L BT A BRI K 8B Y Bl — 10.9%0~0.1%, (& 55t
. 2014) , = FA I vh B0 #ROIR K 8B [ R
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—6.3%~—4.5%, (B85, 2014). AR MR R G
i ) 57 28 1L 1) 25 5 IR A 2 ply R ]Sl R 5 | S 119, R
SRR 43 B8 FORS 4 ) SRR TR ok 28 4 A g R
5L YLVE % i 2 B AR s 1 — AR EE 0 W [ A2
018 (Palmer et al., 1987) ,H J2& i 26 3 738 % A
JE DA i b A AN () 7 28 4 RAE B AE s, R
L T 57 28 5 P T /s b A I R A 0 SR T
1.2 KA PR AR S BIIE

H AR S0 A PR R 8 W] 2 R : "B (19.82%)
FUB(80.18%) , B FE AT 2 B AH T 45 K 1) o i 2%
fi 153 8"'B 1H A9 42 Ak 0 Hl 8 K (—70%0~ +75%,)
(Vengosh et al., 1991; Barth, 1993; Hogan and
Blum, 2003). Fifi & 0 [A] 57 2= 73 B 2 A 09 % Ji& , %t il
[vi] 57 2 11 Ml BR Ak 2 A7 S B G 43 1 AL B 1 DA T A,
RBIEA A MEZL, HAS 5 E AL 2
N, A — MK B i 32 2 DL HBO, 5 B(OH),
() TE 25 A7 8 (1 55 B0 55 B (1 7K 2R 358 op m BB A7 78 HoAth
IRTEAS T SCEEIR ) L 4R T 24 - Ml 28 4 J2 5 B0 )
PR EEFEA, W "B(OH), + "B
(OH), — "B(OH), + “B(OH), ,®E[[ i & "B
H,BO, " & &, 1 4% 8 [7] £ & “B /£ B(OH),
AR ) 7 R Y 4 1 Ok TR & B HoBO, A B
(OH), A X & &, W 0 & A X & & 2 % T
VST pH AE R Ve BE P S R I B
(OH), + H,O - B(OH), + H". Y% ¥ pH /h
F 70, B E L HBOJE A7 5 24 pH KT 10
Bf, L B(OH), b3, pH A F 7 & 10 i}, ) 7
HIAF T Wb e M A AR R R A
HR AT YR R Y6 B S R R
£h 2w Wy I U0 v AF T R AR R BE 2 DR TR A 2 A
AN TR AR Z b 4 AR B A AN ) e R o U

e Uik b BRI A DA TR B A ) b iz A% 2 HE
Hi 2 0 AR v, TR R R ) AR Ak s R A Wk
FIA - VRAH 43 25, ok A 2 v Y M AR R 5 i
R S AR O I v | O RS2 SO E e e
A B R, B4 B W HBO, b T4 & A HL 4
ZEVH N S B B(OH), 5 1] T 5% B8 16 M #4
TR PSR 2 B 1 2 SR M AR Y 0B
(B3 K, T BG4 TP 81 B RIS/ . SE R Y SR R B 1
T BE 140~300 “Cyw Bl I, -V AH 43 25 2o 72 3 1l i
[F] 50 43 TR AE (Ayy) 200 — 3%~ — 1%, , JF HHE &
T 5 T8 3 T AL /0N |, 7 I BE A 31 400 CLA |, 43
TN AT Z g AN iF (Spivack ez al., 19905 Liebscher

et al., 2005).Purnomo ez al. (2016) #F35 T EIE 2
VU Java b B R 20 0 W] 467 25 09 A8 1k, 45 28 30 1 34
ZEVR 0" B AH 2 L M IR 17 3.8, 32 L PR B2 R -
AR 2> B i R LAY Yuan ez al. (2014) BF5E T K-
TR 43 15 3k RO 2\ I b BG4 v B [ 7 3% Y B2
45 B 107 B 2 b PR VR LG ) B0 T, b BROK B[R] A6z
ES I = SRR I R =S B A R 1
7 ZE 5318 AR AE /N T 0.9%,. Bl B oe i i,
T 1 il B R G2 b S WOME S5 a3 R [ Ao
BT RN AR T AN H N A — 2 D)
VRN E B IR 48 (40 36 [ Geysers i #4 H,
Moore et al., 2001; E[J & J& P4 . Kamojang #b #4 H |
Sofyan ez al., 2015) , l T3 ZU MY K IR0 BB E , 1]
[F] 6 38 1Y) 4 VR R AN 25 2RI A A 0 AN FE N 58
W 1R 67 22 A 3 2 b AR R G b A TR R R IS
KR AT YA (Swihart ez al., 19865 Oi e
al., 1989; Liu ez al., 20005 ¥ 7245, 2012) K L4
Y1 B W B} (Palmer ez al., 1987; Spivack and Ed-
mond, 1987; Spivack ez al., 1987) Bl 5 #& iR £k 2%
H I PLHE (Hemming and Hanson, 1992b; 1 1 Hl
55, 2006, 2008) 45 Bk A 2 i F H 23 B BE I ] £
KM E, FERI A EE "B B(OH), kit
A JEAH , AR 8B B3 K B AL A7 AE &R 43 S 4
(RIS AR 6B fE Bk /1y ) 9 15§ &0 (I8 AR 45, 2012). H
i, 06 T 28 B0 W BT 3o A% v il ) 57 3R 018 280k
MIWEoE EEE D TERWIAR  FEHM RS T, Purno-
mo et al. (2016) £ 5% B B JE V9 W Java i 34 R 45
i [F) 57 2= ¢ AR B 2 30, Ml B oK b i [R) A7 2R 5 Gk
34.86% , IN W H FZ R W TR AT WAL 1EH
SEUW A Y CnE e e PR S A ) Y
W B ok A U K P DY A 45 R 9 B(OH) -
I 2 4 W B AR W R, S S i — B 2 G )
H1 Si-O P4 I 44 A1 AL-O N I A 2 G TR i A s J2
T 2 B B )2 0] STAT AL, BT 38 B8 R 2R Y 531
Palmer ez al. (1990) BF5¥ T 36 5 38 7 2 bel Hb FAOK 1
W7 2 R AE , 45 S & P Beak Creek ll Laduke #4 7
53 S EL AT S5 AR A 0 e 8 R e v 1 B ) A2 3R AL, O
FCOEH P A W 0 W B . Aggarwal er al. (2000)
TA A TE AR R G IR AR ) 1 I B (R R T TE ) o 7R
H RO R R ST R TG BT
A Z I BE R pH (E IR BE T e 23 BRI IR 6 3R Y
o718 F B, M pH A ) 25 52 ma % W h B(OH), Al
H,BO, i A X 55 £, 5 242 il B[] 5 2% 0% o3 TR AR E
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AT, O T 05 kR £ 20 Wy 2L U vE o A b A ) A
T IR AN B AF 5, 2 A T il A e TRk DT VE 2o
P, T A I A A R R L R
L 19 B(OH), BYIE 48 ARk IR £6 , At mf
MK B(OH), /9 B[R & 41 % 55 T 1 1 ik i b
B B [A {7 & f (Hemming and Hanson, 1992b;
Hemming ez al., 1995; Sanyal ez al., 2000). 1 it 4
AR Ok B 2 1 BIF ST AR AR T ik R 2 W (i
A1 S0 A ) I T R AR AR AR AT B H 9] HoBO, Y
$# A (Pagani et al., 2005; H W HL%, 2008; Mavro-
matis ez al., 2015; Farmer ez al., 2019) , i 9% % g
R UTVE o B b 0 W) A2 2R 4008 B R A R i — 2P it
9% TR 22 DLk IR #h v O P 0 b B &R e b (N v
P NI NS P I S B I S o T NR T2
B A PR B B 32 DL ik R L W R DT
) 5 =X ) [ AH GRS JF R S AR A A L
e vl b AU A IR RERD B S R R ok R R U E
RN XN E N iR VA 7 S G I NI T = | R R
AH Bl R £ U0 B A 5 2 AT E — 25 X e A AR T R
WF5E, DL & B 3R &8 b il [E] 67 3R 43 1 B

60

2 e it b R A B ) A R

21 #HREENARSRMARETHKIE

T 598 [l Y, MR R K R SE e HOK 09 B
5 BHE X RE R (1), M3 44 b il i ok
U5 F B ALHE A IR DR T A kb 45 LA i
KECERE K IR A BT & R I T 1 K 8K
AV KR A 1Y b HAOK 22 0 AR Y B 3 i AV =
OB H L R R T A K U A D 25 1 b FAOK R I A
1 B & AR 0B A, R U5 T A Ik 8 1 b B
KR P A B & i A 8B E (B 1), 1 %8, AN
by HRFR G Hb R OK Y ) 5T ok 5 RS 5 A Y TR DR
2 Y] #H % (Arnorsson and Andrésdottir, 1995;
Yamaoka et al., 2015; Wu et al., 2016) , 1 BAE N
—Fh G IC R ARES 5y I 5 0 v ik s i ke, A
WA A A IR D8 A M PAOK B Y SR U AN R P 22
Taupo X 111 X (Millot ez al., 2012) .1 E Limagne 7
i (Millot ez al., 2007) \F& K F| Cimino-Vico X 111
X (Battistel ez al., 2016) VK & Nesjavellir Hi #4 X
(Aggarwal et al., 2000) .36 [ B f1 22 b K 4 & 48
(Palmer and Sturchio, 1990). X} F i F i ok V5 , [l

so4 | \
40
30

20

3'"B(%)

10—

-104

\ KSR K
\ TP K

@ VL1 %IDead Sealth #[X

Yo 7 P4 22 Taupo K 1l 1 #4 X
O v ELimagned Hi

A H AKagoshimadils 4 [X

& ® K FIVuleanolth #4 H

O 7 K FICimino-Vicok 1 [X
O #74 afLos Humerosth #4 H
O - HMenderes Massifhh #[X
+ 7 [iiMilos Islandith # [X

@ UK HNesjavellirth 4 H
B3 [E A E K AR

0 EE JE TG Wavat #4 X

O o [E 74 ji b 4 X

~20 ~Frrr
1 10 100

B(mg/L)

T T
1000 10000

F1 S R g A A R S HOK T B E a5 8 B H XA
Fig.1 Plot of B concentration vs. 8"'B value of geothermal waters in typical high temperature geothermal systems worldwide
Bl kR T Ot ez al. (1996)  Aggarwal ez al. (2000) . Vengosh ez al. (2002, 1991) \Leeman ez al. (2005) \Millot ez al. (2007, 2012) \Bernard et
al. (2011) B S04 % (2014) \Yuan ez al. (2014) Zhang ez al. (2015) Battistel ez al. (2016) \Wu ez al. (2016)
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A R A T B R 5 b P K B vk
1y E AR A, LR s S A I AR R B (A
VK % Southern Lowlands ) #i # K A7 il 58 & & 75 [Fl -
1~10 mg/kg (Arnorsson and Andrésdottir, 1995) ,
DL AR 5 RS ot 5 (40 72 K R Lardereloo 7 7§ 2%
Ngahwa) Fl DL 9% % 5 i 80 45 KLl (o 58 79 &F
Los Azufres) Jy #Aif 9 b B 2 458 b BROK A a7
— % F 100 mg/kg(Bernard ez al., 2011). H¥k , %f
T2 5 KRB A ARG, A A BRI A
fiE 50 4 i B H S 0 e 1 IR B, 5 I AR A kb 45
TR 2 7 SRR TR bb A R GE M Bk B Y O — EE
K Ui . Leeman es al. (2005) il T & K F| Vulcano
o BIX K 1 B 75 & 38 240 mg/LL, Bernard ez al.
(2011) 4RiE T 2 V4 5 Humeros 1 #4 [ b #4357 {4 rp
B & 575 [l b 100~150 mg/L, Wu ez al. (2016) 4]
T A M % 35 Milos 5 Hb 4K b B i Gk
99.4 mg/L, i3k # 5 H iy i 0 vk B AR A 0 I TA K
AR AN g AR B E RGO R BT EOR SRR
il 25 2 T AR A b Rk A 2 21 A i TS 2 O D T
SRR, DRI SR A AR T R 5 X S AR R AR R
4 B 5T RIS AEAE B R I R G i, I 223 75 3
— 5 T Ji S S IR Y b B R G A b 3K Ak A ke IR
T IF 9 . PO, 43 A T T b X0 M F R 48, A
6,51 Dead Sead #i#4 X (Vengosh ez al., 1991) (E[ B
JE V4 . Java #b #8 & 48 (Purnomo ez al., 2016) . H R
Kagoshima i # X (Oi ez al., 1996) , if§ /K 5% % )2
¥ K TR B T A A 2 b R I A e B A R U
22 HFEAEFEMBRKPHOEENG

A A R W AE IR E VA IR XTI 4 A K AR
R KRG (BEARFRCT, 1999) , H rph #uok
BAME &R SR, SR8 10 mg/L 19 H
X 709 AT (BRATEE S, 1982) . X T 74 i 44
KA A SR R, R LR A AR K A (R R A
419825 B 346 %% , 2014 ; Zhang et al., 2015). 3K
AR 45 (1982) 1A A , BN B2 Al e 55 RO A B 1) Al 43 325 1
VY A 55 BT M 5T 0 FE L EEAE A K (TR R PR A 2R
SRR EE IR AR S, s T
R I AN RS 1 7. N LR S
DL A 3R R AACTR 0 T L M A R 8 A B i
AR AR AL B sl AF (2014) 3 5 X EE 43 BT PG
Hiy #R D5 S R PR A B AR S B
of B8 JF N A8 Ay Ml PR B A S A B, P M BAOK
oY A Ok IR T B e 4 K UE Zhang er al.

(2015) 4y Hr T V4 8 8 A0 M B R 48 00 A9 Hh Bk fk
SORRAE L TA K R R K ARCR GE Y ok R = R
FRWMARM AN AR K R R G B E IR A B
FOUTY U R LR AT Ok X Y R b A K il
1y b Bk AL S REAE AT T OBE S (XIS, 2018
Liu et al., 2019, 2020) , ik 4 V4 i 1 $4 K o 5
B 000 v B2 B 2 0y i IR 3R AL R P e Y
TS T A VA S AL B RN A
REVLEE A a2k O 0 B Az e 1) 7 o X380 7
TR 43 G Rk AR TR G, W K AT R R A R HGE n B
JE % (Guo et al., 2019b) , 51 4n VG 5 = /N H- A1 5
Hiy #RFR G0 TR Y 5 I ARR Bk K b Bk g B R
A IIE 52 (Brown et al., 1996; Chen ez al., 1996;
Kind ez al., 1996). B4R 2] H {5 K 1k, Af17E#E 2
by G G 7= T b B DX I AR AR Aokl HE AR ) IR R
TF Jr b 33K Wy 385 T A AR (H R R i Xl 5 b
BRAE 2 DL R st 36t R AR E HE AR T8 R | X SE b I R 40
TR ALY K AT BB AF 7 0 K AR, DR I 25 5 0 A 1 b
25 J& Hh IOK R B Y TR IR L SR (A AT TR R AR,
[] Ja T L 7 M AT I LB W UE 2 A 7R A R R Y
=R (F B, 1994; BEEES,
2000) , HPk /55 B 1 BCR KRR B e R LR 2.0~
17.0 mg/L (Guo et al., 2014) , i A% T £ 3¢ P &
14 G b AAOK (T 2E N R 5 AR K il HE
S5 ). DAL AT HEI , A 3R B k2 2 RT RE 4 B B
A KA T B & B 0 E 2 IR SRR
[F] 1 0 9 28 A0 (2 o 42 L o B0 60 o 4 9 ) AT
AE S M0 5 M AR B B R BE . SF 50 bl T ED AR
He 55 RROW A B 1) lf 48, 60 R b DXOE 11 B R 1Y o2
)2 (70~80 km; Yuan et al., 1997; Zhao et al.,
2001; Zhang et al., 2011) , H i B2 ) - 7§ h 1 72
AN AT G b 23 TR G K 5T IR T B 5 K 5T
A7 CHNTR M 2 3 25 RN AR DT AR ) 1) Jm 30 T 0, AR
R — B AN K25 0 F AW ) T 1] G AR A I R, DA S R
TEWRER N EE S22 MR,
PRTE R Ml A 15 67 B AL T R R 8 I R
ORISR MEBAFE, 1983; BIGE %, 1987; Lei
et al., 2009) , H 5¢ J& B L 29 30 km Z£ 47 (Yang er
al., 2013) , M55 5 FIH R oAl gE IR A T8/
Ll 18] 1% 5 5. 40 JB, T o A TR il AR B 1Y "He/
‘He It (1.01~4.37 Ra) ( I H &5, 2000) , 1fi 74
Ml P AR AR 9 *He /*He 1 (0.02~0.98 Ra) (Yo-
koyama et al., 1999; Hoke ez al., 2000 ; {518 g 1 2=
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PRI, 2004) B S EAEE . KL, i Foe i A R
P S RIS B R 4, VG R AR K B Y O
T v B 55 A, R e DA TR B AN [R] 25 7
AR LA B S AR R A WA E R R AR
LA LR KA U O AR ECE R 2
FRUTALE o B & i AR 0 3 e T Bk R 1 5 A,
I A T XJES 07 A0 1 96 20 K — v i 22 K L 0 g
DR S AR AR O S RER 45, 1989).
BN R T AOK R B A S A
SEHLH R 6 R 56 FR L B AN, DAV AR R R 2 R R R
it )23 1 oz A5 B 88 A it Al R I R B BREAR il Al B R B
B0 0.36 mg/L A1 0.67 mg/L, A T HoAh DLz
PEE I A AR R RS (B35, 2014) 55
Z R R R, TR SRR R R 1 B e G (E
S 51X 10 %) i Ik TR M 5 I A (P Bl Ry 378X
10°°) (ABAR~F-45, 1989). bl UL, & W5 A i bk i

T 5 8 0 0
s FERRERARYG Y

1YS “‘
| AR T R R

D SR R Y PROK TR B R S e A A
i b A E AR TP oK il i A L
(P 2). 05 F BA o 2GR B0 75 560 34 & 48 (o =
ARG FERRIE AR G HESE) R TE IR R
F14 SR e o 45 S U AR G o 5 Al e S R R R A
Z 58 (U3 [ 2 pg Bt | 56 [ oA 1R A Tl 4 ) By
AR B A KR I AN 45 52 T U EROK B i) 8
JEZRAETT , # HOK 5w B R R A T D R B A K -
HARTAR L, g B b R 9 B S8 80 T B oK
OB YRR SR 0T AR A SRR T R R g (U
VUGl AR S B OK R B BT A I
B T R R SRR 3 o A B AT AR A
A PRIt A K HR i e R o A (i R A
SRK B YR BEVE Bl A 21.9~44.6 mg/L; Liu e al.,
2019) , (HBAR T 5 I T 4 IR R M R R 4

EOA LR

R

B

+ +
BE 1 F 7 A
W Bk
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® =R =
e
WBH K

i el

BRI AR e i 8 2 A
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Fig.2 Boron enrichment mechanisms of geothermal waters in Tibet (modified from Liu ez al., 2019)
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AR, R TR B IR h U FH T R AR
BN A 58 2 B B 5 A 1 BE AN S H B R
A&, BT B IR AE LS (4850 45,1996
Planer-Friedrich et al., 2008; F & 45, 2016). 78—
JBE K R R, B 32 DL HBO, (P R P 4 4F F ) B B
(OH), (B4 ) WIE &4 (Tabelin e al.,
2014) , 4 RO 8 B (pHAE A F 6~11) , W ]
fig 23 I8 WL 2 W 4 id B 25+ (4n B,O,(OH), . B,O;
(OH),” .B;Os(OH), %5) (Schmidt ez al., 2005) , ifii
> 7K v W [ B R e U iR AT R 23 TP Ul
% &% (4 BF(OH), .BF,(OH), .BF,(OH) .
BF, %) (Katagiri ez al., 2006). i % #& 8 Y6 3% i 7
A A G B R R ROK R T 2 AR
Bt B F B P2 OGS ST T RS, IF e T R R v
B pH Ll B A PR3 6 A AR TR A DA RORE B
R (K Z 25 R Bk, 2007 9K bR BE A W,
2008; R H H 4%, 20145 Jk 4, 2014). 8k 1M , 124
Ry 1k B AT B 5E 5 SO AR R SR K AR (OO0 2 b A R
) i R A7 B 28 S AR LT . 58 35 P DA O 4F O i
b W AN TR R 25 00 () #4 ) 22 208 L B BT PHREEQC
B ) BCHE PR UL BTG A OK R OR [RDE &S
M & & (Liu et al., 2020). 45 52 01, b oK Al
B R AR 28 = 24045 H.BO, .B(OH), . Z R A KT
FA &1 (B,0,(0OH), .B,O,(OH),” M B,O,(OH), )
MFE ML 45 (BF(OH), .BF,(OH), .BF,(OH)
FBE, ), 4% i 25 00 09 AH X & & 52 b $#OK IR B
pH 1 JE B v 45 51 s HLBO, 2 FIr A7 B oK b il i
BLMAFTEIE A R0 E SR 1T B G IR R R ok
FhiE . BCOH), F1 Z R0l 40 9] 25 7 & & B m , 1
S 45 5 W0 7E T A M FOKRE i P B LR AT 200
ATt RAERRPE ST, 24 96000 W B2 b 3k 30 AR & i
7 Al e I R U 2% A 9 (Liu et al., 2020) . 75 B i
NS P R D O i N R W b N T
BT K AL A B A B e A i — A A 5T
TAE i 75 38 o P 26 3% (Can 2040 6k B2 Ok )
A S 5G O 1k 0 MR R L
3.2 B oK HER B IR KL

B AE 35 35 A ot o B AR R 09 A5 3 1 & B b AR
K HE T 5B 4 6 b B DX JE 11 R 8 A T (45 7K BR

B R b A B ) AR T R Y B TE AN (S8 T
2022) 4R, e 3 5 P R AR Sy AR T
b B K1 HE I B /N S R A il CTRT ) T i T K
BB & ik 3.8 mg/L (Guo ez al., 2008) , % 5 % ]
1R R KR BE 3K 0.7 mg/ L (Guo et al., 2009),
By T A B T A A S A R R R K i v
1 1 FRAE (0.5 mg/L) , I FLE X 224 M J [ A sh i
T E e (E5E, 2000). B T K FREE L
A, b KA HE SHE X M B X 2 TR A R A HE FR B
25 3 B — o B TS g L BRI L Y b AR AR
PSR T HE e 30 3 3R DA Ui A i T e 6% 5 DT AR

R IRER R0 R AL R Y A LT A
2 THI % B 9 % 25 B 1 AT R A7 IRC A2 AR 22 48k, DA T %
R 21 [ AH LA P (Chen ez al., 2009 ; Ruiz-Agudo
et al., 2012). & 1 A B[] () B2, b #R DX b 3R DT AR
W) RN A HE A AR A O R T A T 2 R A
TAE VG 98 NI RS AR A8 K R b A IXR B
SR L C AR ) RN A g Bl S Y L O 22.5 X010~
1653.9%10 *(Liu ez al., 2020) , i 3 & T 4 5k 76 F
P R A R (2X10 °~100X10°; Tirker ez
al., 2014) AEF5 KUEM IS, G IRBE R0k AR A8 A,
TORL v 0 B T 8 2 DA 1 AR v R I, T i0E A K B
Be g | R KA TS g i dn, JE P A R K R B AT ik
TE OB AT A8 B S B4 0 i 00 % KAk i AR T
e FRMMIREEGE REEYE S AW
Y /e A 0 45 G 2 2 B A A ) DT A v R TR O
F) H RN 1k, 5 T b ARk V5 0 A 55 208 T 1 A B 5
TR 5 AT B, % B 7 Hb 3R R B b ) AR B8 A AR
AT R HE— 25 BT, U AR Y10 e Tl B AR I A
BRI R R B SR, HElcE) 2R 5 b i B s
B K, PR 0 M HROK HE S 0 2 85 b R RN
Xof - AR P ] 0 Ml X PR B AR LA A

4 v b POV R W M BR AL S 0T 5T
Ji& &l

55 T b AU B 04 R Ak 2 BIE 5T AN A% R
Z0 N 3t PR R G ) R R S R B A A
0 HE O, R M AR BT A S O L AR
HTJ 30l DX B 26 58 48 47 o H A7 H 2 A9 52 BR RS
X, AR SRR T A S A RO R
il i Bk A 25 BF 5 07 10 RY T B DA ORI B T ik R
DAY o — 2 fie 1k ) 3t R Ak 2 £ S8 BF 5T /Y B
M ET Eidr s st g, EHE LN, KK
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Al ik — A ek LU L e TAE

(1) Jon i b, A4 5 4 Sk YL B0 ) A 2 53k F 5% . H
H, [ P A1 27 35 0k b 28 30 1 i B0 £ b 2R b 27 ik U5 i
1T VEAAF T, (0 KR A [ 8 T i M 4 Ui i 14 9 Jo
R UE T AT X b AR A% ol g YR s T (A A I AR 1 &b
9 EE YT IE K SR E R K IR G AR ) Xt
Hi FROK P TR AR AT AR A B R R XS
TARARBE R E WA RTINS W RERA
G B A W] BE R 2 Aok oo L R 4R 25 51
VT 4% Bl R 5 G % 8 Sk UE Y 82 i AR JE T
NN . N R OIS W = A Sl - =
SC AP AR, R BR3P A A B UR AL b B R S (A
VO E N RS AR RS ) =N LR
JUR AR - M AR A R R S A R
55 5L T 00 IR 5 225 A P 4 A9 B L 25 R ((Yamaoka
et al., 2015) HE A7 X L 43 A , 83 Bl 25 0 9 1 itk
UE R b AT A R B A i Tk 45 A LR ik
A A AR T Bk OE E DL KBRS bR
VB VA RO R B kb 25 6 B 6 ST R L B

(2) 00558 1 A 2R 56 vl 0 ) 467 25 0 18 308 O F 5
WHT BT, OG0 )0 3 40 18 B e Y B 5 32
L FER IR R G PRI R R G P
AIF 58 FH T T 5 30 L 3 2w FL B = R e e i il ) 47
F 38 U1 Hb B AR ORI, 43 AT M AR R G rh oA G
K SC H R Ak 2 o B — PR R B AT R U
2 VE ML AR G s i [R) 47 2 0 1R B 0 B SE . )
i, A 3 R YRR M AR R G (YRR ) R4
b P KR Hb PR VRRE L T K VR A B A R )
2 1 4 1R AL 5 1 BT R 225 b Y b B R 5 (]
AUl 22 7 X)W AR T 1) SR AR Ml FAOKRE L R
Kl A 1 W BRE 45 S R R B T A 2 40 A R N Y
F M 5 1k WS AR TV 4 A 0 Hb AR R GE (Cn P R
BLR R AE) | R AR M BOK R AS AE BRI R
1% £ 2 W S T v ek AR b [ 7 2R A 40 1 AL

(3) 3 7 & W0 b A A v R 2 19 sk U
FE S . B R, IR 206 S S W 5 R TR K
TR A AR T 2 0 322 Oy i (R R R
DAL, B8 285 0 R A i 20 400 23 1 7 0 e B AR v A 2% A
T A BEAR U, R I B B B W A7 T 25 Y BF g LA
#1516 58 52 565 5 T ) 0 7R R 4R A A U LA B R e
K, EE A BT B HA R R K R L K& b #80K ) . =
ek M B A LA B B AR R O ELAE A (R s
B AR S AR R E T — K, iR

JE B AE b B K PR 55 v 2% i KAE R 25 Y b 3K AR A4 AT
Ry, R T 20 18 ) b ER K HE R R B8 R A SR A A
ARt GNP B | B SR S VA R 1 B 2 N el
T 25 0 5 MU RN e i D03 Ty vk AT 2 s R
Tk SR R M AR KORE A (P £ K #R R K
Ml ¥ FE AT 3k 525.7 mg/L, PHREEQC # #] 45 ' i
N2 RN A B B | 4y & AT Gk 36.6% 5 Liu
et al., 2020) , IF J& P 2 6 1% o = #E W % wg I R
o T =R B N A S S i S e i
AP W T AR O ik T SRR 2 A X R

(4) T i a5 990 M 8 K HE TR 20 58 2000 B 5E . W)
AT R I, w0 AR B HE K S5 51 & T E R
AT P58 000, I8 A X iF Hl 3R 5% U5 IE A B R R AR T
R 5N B K 1 0 B 5% 5 Y ] 8 8
O PR T M B R B B 5 A% D I A F O 2
A A By ATk 2 N I Bl e A /)N ) A
by FR DX CQn Py JECFS A 42 ) g3 B S D TDAR Y 2
TR K RK CHE AT IR b i 2R Ui i 22 HURE ) LRI R
DORRYY |+ 58 45 M 3% BR 55 A b B i s b i
TR AT B A AR KA HE O b A T 3R B A
(5 e AR BE , H NP ST R OK SR DB (T
KT PR PR W) ) 1K & b il 9 A% R AR
PR ORI R AR P IR E RN E S
AL,y AR R BRI T e 1 3 B A A M L

References

Aggarwal, J. K., Palmer, M. R., Bullen, T. D., et al.,
2000. The Boron Isotope Systematics of Icelandic Geo-
thermal Waters: 1. Meteoric Water Charged Systems.
Geochimica et Cosmochimica Acta, 64(4): 579—585.
https://doi.org/10.1016/S0016-7037(99)00300-2

Aggarwal, J. K., Sheppard, D., Mezger, K., et al., 2003.
Precise and Accurate Determination of Boron Isotope
Ratios by Multiple Collector ICP-MS: Origin of Boron
in the Ngawha Geothermal System, New Zealand.
Chemical Geology, 199(3—4): 331—342. https://doi.
org/10.1016/S0009-2541(03)00127-X

Al-Ammar, A., ReitznerovA, E., Barnes, R. M., 2000. Im-
proving Boron Isotope Ratio Measurement Precision
with Quadrupole Inductively Coupled Plasma - Mass
Spectrometry. Spectrochimica Acta Part B: Atomic
Spectroscopy, 55(12): 1861—1867. https://doi. org/
10.1016/S0584-8547(00)00282-2

Arnorsson, S., 1985. The Use of Mixing Models and Chemi-

cal Geothermometers for Estimating Underground Tem-



%34

)55 26 - % 35 2070 A o 0 4 M B Al 25 F 5 30 e 987

peratures in Geothermal Systems. Journal of Volcanolo-
gy and Geothermal Research, 23(3—4): 299—335.
https://doi.org/10.1016/0377-0273(85)90039-3

Arnorsson, S., Andréesdottir, A., 1995. Processes Control-
ling the Distribution of Boron and Chlorine in Natural
Waters in Iceland. Geochimica et Cosmochimica Acta,
59(20): 4125—4146. https://doi. org/10.1016/0016 -
7037(95)00278-8

Bai, D. H., Liao, Z.J., Zhao, G.Z., et al., 1994. The Infer-
ence of Magmatic Heat Source Beneath the Rehai (Hot
Sea) Field of Tengchong from the Result of Magnetotel-
luric Sounding. Chinese Science Bulletin, 39(4): 344—
347 (in Chinese).

Barnes, J. D., Cullen, J., Barker, S., et al., 2019. The
Role of the Upper Plate in Controlling Fluid-Mobile Ele-
ment (Cl, Li, B) Cycling through Subduction Zones: Hi-
kurangi Forearc, New Zealand. Geosphere, 15(3): 642—
658. https://doi.org/10.1130/ges02057.1

Barth, S., 1993. Boron Isotope Variations in Nature: A Syn-
thesis.  Geologische Rundschau, 82(4): 640—651.
https://doi.org/10.1007/BF00191491

Battistel, M., Hurwitz, S., Evans, W. C., et al., 2016. The
Chemistry and Isotopic Composition of Waters in the
Low-Enthalpy Geothermal System of Cimino-Vico Vol-
canic District, Italy. Journal of Volcanology and Geo-
thermal Research, 328: 222—229. https://doi. org/
10.1016/j.jvolgeores.2016.11.005

Begué, F., Deering, C. D., Gravley, D. M., et al., 2017.
From Source to Surface: Tracking Magmatic Boron and
Chlorine Input into the Geothermal Systems of the Tau-
po Volcanic Zone, New Zealand. Journal of Volcanolo-
gy and Geothermal Research, 346: 141—150. https://
doi.org/10.1016/j.jvolgeores.2017.03.008

Bernard, R., Taran, Y., Pennisi, M., et al., 2011. Chloride
and Boron Behavior in Fluids of LLos Humeros Geother-
mal Field (Mexico): A Model Based on the Existence of
Deep Acid Brine. Applied Geochemistry, 26(12): 2064 —
2073. https://doi.org/10.1016/j.apgeochem.2011.07.004

Brown, L. D., Zhao, W. J., Nelson, K. D., et al., 1996.
Bright Spots, Structure, and Magmatism in Southern
Tibet from INDEPTH Seismic Reflection Profiling. Sci-
ence, 274(5293): 1688—1690. https://doi.org/10.1126/
science.274.5293.1688

Chen, L. S., Booker, J. R., Jones, A. G., et al.,
1996. Electrically Conductive Crust in Southern Ti-
bet from INDEPTH Magnetotelluric Surveying. Sci-
ence,  274(5293): 1694—1696. https://doi. org/
10.1126/science.274.5293.1694

Chen, W. T., Ho, S.B., Lee, D. Y., 2009. Effect of pH on
Boron Adsorption - Desorption Hysteresis of Soils. Soil/
Science, 174(6): 330—338. https://doi. org/10.1097/
ss.0b013e3181a7e72e

Col, M., Col, C., 2003. Environmental Boron Contamina-
tion in Waters of Hisarcik Area in the Kutahya Prov-
ince of Turkey. Food and Chemical Toxicology, 41
(10): 1417—1420. https://doi. org/10.1016/s0278 -
6915(03)00160-1

Cullen, J. T., Hurwitz, S., Barnes, J. D., et al., 2021. The
Systematics of Chlorine, Lithium, and Boron and §*'CI,
d'Li, and d"B in the Hydrothermal System of the Yel-
lowstone Plateau Volcanic Field. Geochemistry, Geo-
physics, Geosystems, 22(4): e2020GC009589. https://
doi.org/10.1029/2020GC009589

Ellis, A. J., 1970. Quantitative Interpretation of Chemical
Characteristics of Hydrothermal Systems. Geother-
mics, 2: 516—528. https://doi.org/10.1016/0375-6505
(70)90050-7

Fan, Q. S., Ma, Y. Q., Cheng, H. D., etal., 2015. Boron
Occurrence in Halite and Boron Isotope Geochemistry of
Halite in the Qarhan Salt Lake, Western China. Sedi-

34—42. https://doi. org/
10.1016/j.sedge0.2015.03.012

Farmer, J. R., Branson, O., Uchikawa, J., etal., 2019. Bo-

mentary Geology, 322:

ric Acid and Borate Incorporation in Inorganic Calcite In-
ferred from B/Ca, Boron Isotopes and Surface Kinetic
Modeling. Geochimica et Cosmochimica Acta, 244:
229—247. https://doi.org/10.1016/j.gca.2018.10.008

Foster, G. L., Lear, C. H., Rae, J. W. B., et al., 2012.
The Evolution of pCO,, Ice Volume and Climate during
the Middle Miocene. Earth and Planetary Science Let-
ters, 341/342/343/344: 243—254. https://doi. org/
10.1016/j.epsl.2012.06.007

Guinoiseau, D., Louvat, P., Paris, G., et al., 2018. Are Bo-
ron Isotopes a Reliable Tracer of Anthropogenic Inputs
to Rivers over Time? Science of the Total Environment,
626: 1057—1068. https://doi. org/10.1016/]. scito-
tenv.2018.01.159

Guo, Q. H., 2020. Magma-Heated Geothermal Systems and
Hydrogeochemical Evidence of Their Occurrence. Acta
Geologica Sinica, 94(12): 3544— 3554 (in Chinese with
English abstract).

Guo, Q. H., 2022. Environmental Effects of Harmful Constit-
uents Derived from Geothermal Systems and Their
Treatments. Acta Geologica Sinica, 96(5): 1767—1773
(in Chinese with English abstract).

Guo, Q. H., Li, Y. M., Luo, L., 2019a. Tungsten from



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

o548 %

Typical Magmatic Hydrothermal Systems in China and
Its Environmental Transport. Science of the Total Envi-
ronment, 657: 1523—1534. https://doi. org/10.1016/].
scitotenv.2018.12.146

Guo, Q. H., Liu, M. L., Li, J. X., et al., 2014. Acid Hot
Springs Discharged from the Rehai Hydrothermal Sys-
tem of the Tengchong Volcanic Area (China): Formed
via Magmatic Fluid Absorption or Geothermal Steam
Heating? Bulletin of Volcanology, 76(10): 1—12.
https://doi.org/10.1007/s00445-014-0868-9

Guo, Q. H., Planer-Friedrich, B., Liu, M. L., etal., 2017.
Arsenic and Thioarsenic Species in the Hot Springs of
the Rehai Magmatic Geothermal System, Tengchong
Volcanic Region, China. Chemical Geology, 453: 12—
20. https://doi.org/10.1016/j.chemgeo.2017.02.010

Guo, Q. H., Planer - Friedrich, B., Liu, M. L., et al.,
2019b. Magmatic Fluid Input Explaining the Geochemi-
cal Anomaly of very High Arsenic in some Southern Ti-
betan Geothermal Waters. Chemical Geology, 513: 32—
43. https://doi.org/10.1016/j.chemge0.2019.03.008

Guo, Q. H., Planer-Friedrich, B., Luo, L., et al., 2020.
Speciation of Antimony in Representative Sulfidic Hot
Springs in the YST Geothermal Province (China) and Its
Immobilization by Spring Sediments. Environmental
Pollution, 266: 115221. https://doi. org/10.1016/].
envpol.2020.115221

Guo, Q. H., Planer-Friedrich, B., Yan, K., 2021. Tung-
state Thiolation Promoting the Formation of High-Tung-
sten Geothermal Waters and Its Environmental Implica-
tions. Journal of Hydrology, 603: 127016. https://doi.
org/10.1016/j.jhydrol.2021.127016

Guo, Q. H., Wang, Y. X., Liu, W., 2008. B, As, and F
Contamination of River Water Due to Wastewater Dis-
charge of the Yangbajing Geothermal Power Plant, Ti-
bet, China. Environmental Geology, 56(1): 197—205.
https://doi.org/10.1007/s00254-007-1155-2

Guo, Q. H., Wang, Y., Liu, W., 2009. Hydrogeochemistry
and Environmental Impact of Geothermal Waters from
Yangyi of Tibet, China. Jownal of Volcanology and
Geothermal Research, 180(1): 9—20. https://doi. org/
10.1016/j.jvolgeores.2008.11.034

Guo, Q. H., Yang, C., 2021. Tungsten Anomaly of the
High - Temperature Hot Springs in the Daggyai Hydro-
thermal Area, Tibet, China. Earth Science, 46(7):
2544— 2554 (in Chinese with English abstract).

Hemming, N. G., Hanson, G. N., 1992a. Boron Isotopic
Composition and Concentration in Modern Marine Car-

bonates. Geochimica et Cosmochimica Acta, 56(1):

537—543. https://doi. org/10.1016/0016 - 7037(92)
90151-8

Hemming, N. G., Hanson, G. N., 1992b. Boron Isotopic
Composition and Concentration in Modern Marine Car-
bonates. Geochimica et Cosmochimica Acta, 56(1):
537—543. https://doi. org/10.1016/0016 - 7037(92)
90151-8

Hemming, N. G., Reeder, R. J., Hanson, G. N., 1995.
Mineral-Fluid Partitioning and Isotopic Fractionation of
Boron in Synthetic Calcium Carbonate. Geochimica et
Cosmochimica Acta, 59(2): 371—379. https://doi. org/
10.1016/0016-7037(95)00288-B

Hogan, J. F., Blum, J. D., 2003. Boron and Lithium Iso-
topes as Groundwater Tracers: A Study at the Fresh
Kills Landfill, Staten Island, New York, USA. Ap-
plied Geochemistry, 18(4): 615—627. https://doi. org/
10.1016/S0883-2927(02)00153-1

Hoke, L., Lamb, S., Hilton, D. R., et al., 2000. Southern
Limit of Mantle-Derived Geothermal Helium Emissions
in Tibet: Implications for Lithospheric Structure. Earth
and Planetary Science Letters, 180(3—4): 297—308.
https://doi.org/10.1016/S0012-821X(00)00174-6

Hénisch, B., Hemming, N.G., 2005. Surface Ocean pH Re-
sponse to Variations in pCO, through Two Full Glacial
Cycles. Earth and Planetary Science Letters, 236(1—2):
305—314. https://doi.org/10.1016/j.epsl.2005.04.027

Hou, Z. Q., Li, Z. Q., 2004. Possible Location for Under-
thrusting Front of the Indus Continent: Constraints from
Helium Isotope of the Geothermal Gas in Southern Ti-
bet and Eastern Tibet. Acta Geologica Sinica, 78(4):
482—493 (in Chinese with English abstract).

Hu, G.Y., Li, Y. H., Fan, C. F., etal., 2015. In Situ LA-
MC-ICP-MS Boron Isotope and Zircon U-Pb Age Deter-
minations of Paleoproterozoic Borate Deposits in Liaon-
ing Province, Northeastern China. Ore Geology Re-
views, 65: 1127—1141. https://doi.org/10.1016/j. ore-
georev.2014.09.005

Jiang, S. Y., Palmer, M. R., Slack, J. F., etal., 1999. Bo-
ron Isotope Systematics of Tourmaline Formation in the
Sullivan Pb-Zn-Ag Deposit, British Columbia, Canada.
Chemical Geology, 158(1—2): 131—144. https://doi.
org/10.1016/S0009-2541(99)00023-6

Kaasalainen, H., Stefansson, A., 2012. The Chemistry of
Trace Elements in Surface Geothermal Waters and
Steam, Iceland. Chemical Geology, 330—331: 60—85.
https://doi.org/10.1016/j.chemgeo0.2012.08.019

Kaasalainen, H., Stefansson, A., Giroud, N., et al., 2015.

The Geochemistry of Trace Elements in Geothermal



%34

)55 26 - % 35 2070 A o 0 4 M B Al 25 F 5 30 e 950

Fluids, Iceland. Applied Geochemistry, 62: 207—223.
https://doi.org/10.1016/j.apgeochem.2015.02.003
Katagiri, J., Yoshioka, T., Mizoguchi, T., et al., 2006. Ba-
sic Study on the Determination of Total Boron by Con-
version to Tetrafluoroborate Ton (BF, ) Followed by Ton
Chromatography. Analytica Chimica Acta, 570(1): 65—

72. https://doi.org/10.1016/j.aca.2006.03.084

Kind, R., Ni, J., Zhao, W., et al., 1996. Evidence from
Earthquake Data for a Partially Molten Crustal Layer in
Southern Tibet. Science, 274(5293): 1692—1694.
https://doi.org/10.1126/science.274.5293.1692

Leeman, W. P., Tonarini, S., Pennisi, M., etal., 2005. Bo-
ron Isotopic Variations in Fumarolic Condensates and
Thermal Waters from Vulcano Island, Italy: Implica-
tions for Evolution of Volcanic Fluids. Geochimica et
Cosmochimica Acta, 69(1): 143—163. https://doi.org/
10.1016/j.gca.2004.04.004

Lei, J. S., Zhao, D. P., Su, Y. J., 2009. Insight into the Ori-
gin of the Tengchong Intraplate Volcano and Seismotec-
tonics in Southwest China from Local and Teleseismic
Data. Journal of Geophysical Research: Solid Earth, 114
(B5): B05302. https://doi.org/10.1029/2008JB005881

Liao, Z. J., Zhao, P., 1999. Yunnan Tibet Geothermal
Zone: Geothermal Resources and Typical Geothermal
System. Science Press, Beijing (in Chinese).

Liebscher, A., Meixner, A., Romer, R., et al., 2005. Liq-
uid - Vapor Fractionation of Boron and Boron Isotopes:
Experimental Calibration at 400 ‘C/23 MPa to 450 “C/42
MPa. Geochimica et Cosmochimica Acta, 69(24):
5693—5704. https://doi.org/10.1016/j.gca.2005.07.019

Liu, M. L., 2018. Boron Geochemistry of the Geothermal
Waters from Typical Hydrothermal Systems in Tibet
(Dissertation). China University of Geosciences, Wuhan
(in Chinese with English abstract).

Liu, M. L., Guo, Q. H., Luo, L., et al., 2020. Environ-
mental Impacts of Geothermal Waters with Extremely
High Boron Concentrations: Insight from a Case Study
in Tibet, China. Journal of Volcanology and Geother-
mal Research, 397: 106887. https://doi.org/10.1016/j.
jvolgeores.2020.106887

Liu, M. L., Guo, Q. H., Wu, G., etal., 2019. Boron Geo-
chemistry of the Geothermal Waters from Two Typical
Hydrothermal Systems in Southern Tibet (China): Dagg-
yai and Quzhuomu. Geothermics, 82: 190—202. https://
doi.org/10.1016/j.geothermics.2019.06.009

Liu, M. L., He, T., Wu, Q. F., et al., 2020. Hydrogeo-
chemistry of Geothermal Waters from Xiongan New Ar-
ea and Its. Earth Science, 45(6): 2221—2231 (in Chi-

nese with English abstract).

Liu, W. G., Xiao, Y. K., Peng, Z. C., et al., 2000. Boron
Concentration and Isotopic Composition of Halite from
Experiments and Salt Lakes in the Qaidam Basin. Geo-
chimica et Cosmochimica Acta, 64(13): 2177—2183.
https://doi.org/10.1016/S0016-7037(00)00363-X

Li, Y. Y., Xu, R. H., Zhao, P., et al., 2008. Determina-
tion of Boron Isotope Ratios in Aqueous Samples by
Multiple Collector ICP-MS. Geochimica, 37(1): 1—38 (in
Chinese with English abstract).

Li, Y. Y., Zheng, M. P., Zhao, P., etal., 2014. Geochemi-
cal Processes and Origin of Boron Isotopes in Geother-
mal Water in the Yunnan-Tibet Geothermal Zone. Sci-
ence in China (Series D), 44(9): 1968— 1979 (in Chinese).

Mavromatis, V., Montouillout, V., Noireaux, J., et al.,
2015. Characterization of Boron Incorporation and Specia-
tion in Calcite and Aragonite from Co-Precipitation Exper-
iments under Controlled pH, Temperature and Precipita-
tion Rate. Geochimica et Cosmochimica Acta, 150: 299 —
313. https://doi.org/10.1016/j.gca.2014.10.024

Millot, R., Hegan, A., Négrel, P., 2012. Geothermal Wa-
ters from the Taupo Volcanic Zone, New Zealand: Li,
B and Sr Isotopes Characterization. Applied Geochemis-
try, 27(3): 677—688. https://doi.org/10.1016/]. apgeo-
chem.2011.12.015

Millot, R., Négrel, P., Petelet-Giraud, E., 2007. Multi-Isoto-
pic (Li, B, Sr, Nd) Approach for Geothermal Reservoir
Characterization in the Limagne Basin (Massif Central,
France). Applied Geochemistry, 22(11): 2307 —2325.
https://doi.org/10.1016/j.apgeochem.2007.04.022

Moore, J. N., Norman, D. I., Kennedy, B. M., 2001. Fluid
Inclusion Gas Compositions from an Active Magmatic -
Hydrothermal System: a Case Study of the Geysers Geo-
thermal Field, USA. Chemical Geology, 173(1—3): 3—
30. https://doi.org/10.1016/S0009-2541(00)00265-5

Mu, Z.G., Tong, W., Curtis, G. H., 1987. Times of Volcanic
Activity and Origin of Magma in Tengchong Geothermal
Area, West Yunnan Province. Chinese Journal of Geophys-
ics, 30(3): 261— 270 (in Chinese with English abstract).

Nigro, A., Sappa, G., Barbieri, M., 2018. Boron Isotopes
and Rare Earth Elements in the Groundwater of a Landfill
Site. Journal of Geochemical Exploration, 190: 200—
206. https://doi.org/10.1016/j.gexplo.2018.02.019

Oi, T., Ikeda, K., Nakano, M., et al., 1996. Boron Isotope
Geochemistry of Hot Spring Waters in Ibusuki and Adja-
cent Areas, Kagoshima, Japan. Geochemical Journal, 30
(5): 273—287. htips://doi.org/10.2343/geochem].30.273

O1, T., Nomura, M., Musashi, M., et al., 1989. Boron Iso-



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

o548 %

topic Compositions of Some Boron Minerals. Geochimi-
ca et Cosmochimica Acta, 53(12): 3189—3195. https://
doi.org/10.1016/0016-7037(89)90099-9

Pagani, M., Lemarchand, D., Spivack, A., et al., 2005. A
Critical Evaluation of the Boron Isotope-pH Proxy: The
Accuracy of Ancient Ocean pH Estimates. Geochimica
et Cosmochimica Acta, 69(4): 953—961. https://doi.
org/10.1016/j.gca.2004.07.029

Palmer, M. R., Spivack, A.J., Edmond, J. M., 1987. Tem~
perature and pH Controls over Isotopic Fractionation
during Adsorption of Boron on Marine Clay. Geochimica
et Cosmochimica Acta, 51(9): 2319—2323. https://doi.
org/10.1016/0016-7037(87)90285-7

Palmer, M. R., Sturchio, N. C., 1990. The Boron Isotope
Systematics of the Yellowstone National Park (Wyo-
ming) Hydrothermal System: A Reconnaissance. Geochi-
mica et Cosmochimica Acta, 54(10): 2811—2815.
https://doi.org/10.1016/0016-7037(90)90015-D

Pearson, P. N., Foster, G. L., Wade, B. S., 2009. Atmo-
spheric Carbon Dioxide through the Eocene - Oligocene
Climate Transition. Nature, 461(7267): 1110—1113.
https://doi.org/10.1038/nature08447

Pennisi, M., Gonfiantini, R., Grassi, S., et al., 2006. The
Utilization of Boron and Strontium Isotopes for the As-
sessment of Boron Contamination of the Cecina River
Alluvial Aquifer (Central-Western Tuscany, Italy). Ap-
plied Geochemistry, 21(4): 643—655. https://doi. org/
10.1016/j.apgeochem.2005.11.005

Planer-Friedrich, B., Franke, D., Merkel, B., et al., 2008.
Acute Toxicity of Thioarsenates to Vibrio Fischeri. En-
vironmental Toxicology and Chemistry, 27(10): 2027 —
2035. https://doi.org/10.1897/07-633.1

Purnomo, B.J., Pichler, T., You, C. F., 2016. Boron Isotope
Variations in Geothermal Systems on Java, Indonesia.
Journal of Volcanology and Geothermal Research, 311:
1—38. https://doi.org/10.1016/]j.jvolgeores.2015.12.014

Qing, D. L., Ma, H. Z., Li, B. K., 2012. Boron Concen-
tration and Isotopic Fractionation Research in Bangkog-
Co Intercrystal Brine Evaporation Process. Jowrnal of
Salt Lake Research, 20(3): 15—20 (in Chinese with
English abstract).

Ren, F. H., Zeng, J. H., Liu, W. S., et al., 1996. Hydro-
geochemical Environment of High Fluorine Groundwa-
ter and the Relation between the Speciation of Fluorine
and the Diseased Ratio of Endemic Fluorosis— A Case
Study of the North China Plain. Acta Geoscientia Sini-
ca, 17(1): 85—97 (in Chinese with English abstract).

Ruiz-Agudo, E., Putnis, C. V., Kowacz, M., et al., 2012.

Boron Incorporation into Calcite during Growth: Implica-
tions for the Use of Boron in Carbonates as a pH Proxy.
Earth and Planetary Science Letters, 345—348: 9—17.
https://doi.org/10.1016/j.epsl.2012.06.032

Sanyal, A., Nugent, M., Reeder, R. J., et al., 2000. Sea-
water pH Control on the Boron Isotopic Composition
of Calcite: Evidence from Inorganic Calcite Precipita-
tion Experiments. Geochimica et Cosmochimica Acta,
64(9): 1551—1555. https://doi. org/10.1016/S0016 -
7037(99)00437-8

Schmidt, C., Thomas, R., Heinrich, W., 2005. Boron Spe-
ciation in Aqueous Fluids at 22 to 600°C and 0.1 MPa to
2 GPa. Geochimica et Cosmochimica Acta, 69(2): 275—
281. https://doi.org/10.1016/j.gca.2004.06.018

Shangguan, Z. G., Bai, C. H., Sun, M. L., 2000. Man-
tle-Derived Magmatic Gas Releasing Features at the
Rehai Area, Tengchong County, Yunnan Province,
China. Science in China (Series D), 30(4): 407—414
(in Chinese).

Sofyan, Y., Daud, Y., Nishijjima, J., et al., 2015. The First
Repeated Absolute Gravity Measurement for Geother-
mal Monitoring in the Kamojang Geothermal Field, In-
donesia. Geothermics, 53: 114—124. https://doi. org/
10.1016/j.geothermics.2014.05.002

Song, Y.Y., Wang, X. K., Zhu, L., etal., 2014. Study on In-
fluence of Temperature and pH on Existing Forms of Poly-
borate Anions in Water Solution. Inorganic Chemicals In-
dustry, 46(7): 39—42 (in Chinese with English abstract).

Song, Z., Li, H. M., Li, L. X.,

and Trace Element Compositions of Magnetite from the

et al., 2021. Iron Isotopes

Submarine Volcanic-Hosted Iron Deposits in East Tian-
shan, NW China: New Insights into the Mineralization
Processes. Journal of Earth Science, 32(1): 219—234.
https://doi.org/10.1007/s12583-020-1060-0

Spivack, A. J., Berndt, M. E., Seyfried, W. E., 1990. Bo-
ron Isotope Fractionation during Supercritical Phase Sep-
aration. Geochimica et Cosmochimica Acta, 54(8):
2337—2339. https://doi. org/10.1016/0016 - 7037(90)
90060-X

Spivack, A. J., Edmond, J. M., 1986. Determination of Bo-
ron Isotope Ratios by Thermal Ionization Mass Spec-
trometry of the Dicesium Metaborate Cation. Analytical
Chemistry, 58(1): 31—35. https://doi. org/10.1021/
ac00292a010

Spivack, A. J., Edmond, J. M., 1987. Boron Isotope Ex-
change between Seawater and the Oceanic Crust. Geo-
chimica et Cosmochimica Acta, 51(5): 1033—1043.
https://doi.org/10.1016/0016-7037(87)90198-0



%34

)55 26 - % 35 2070 A o 0 4 M B Al 25 F 5 30 e 901

Spivack, A. J., Palmer, M. R., Edmond, J. M., 1987. The
Sedimentary Cycle of the Boron Isotopes. Geochimica et
Cosmochimica Acta, 51(7): 1939—1949. https://doi.
org/10.1016/0016-7037(87)90183-9

Su, Z. K., Zhao, X. F., Li, X. C., et al., 2016. Using Ele-
mental and Boron Isotopic Compositions of Tourmaline
to Trace Fluid Evolutions of IOCG Systems: The
Worldclass Dahongshan Fe -Cu Deposit in SW China.
Chemical Geology, 441: 265—279. https://doi. org/
10.1016/j.chemgeo.2016.08.030

Swihart, G. H., Moore, P. B., Callis, E. L., 1986. Bo-
ron Isotopic Composition of Marine and Nonmarine
Evaporite Borates. Geochimica et Cosmochimica Acta,
50(6): 1297—1301. https://doi.org/10.1016/0016-7037
(86)90413-8

Tabelin, C. B., Hashimoto, A., Igarashi, T., et al., 2014.
Leaching of Boron, Arsenic and Selenium from Sedi-
mentary Rocks: I. Effects of Contact Time, Mixing
Speed and Liquid-to-Solid Ratio. The Science of the To-
tal Environment, 472: 620—629. https://doi. org/
10.1016/j.scitotenv.2013.11.006

Tong, W., Liao, Z. J., Liu, S. B., et al., 2000. Wenquan-
zhi of Tibet. Science Press, Beijing (in Chinese).

Trotter, J., Montagna, P., Mcculloch, M., et al., 2011.
Quantifying the pH ‘Vital Effect’ in the Temperate Zoo-
xanthellate Coral Cladocora Caespitosa: Validation of
the Boron Seawater pH Proxy. Earth and Planetary Sci-
ence Letters, 303(3—4): 163—173. https://doi. org/
10.1016/j.epsl.2011.01.030

Tirker, O. C., Vymazal, J., Tiure, C., 2014. Constructed
Wetlands for Boron Removal: A Review. Ecological En-
gineering, 64: 350— 359. https://doi.org/10.1016/j.eco-
leng.2014.01.007

Vengosh, A., Helvaci, C., Karamanderesi, I. H., 2002.
Geochemical Constraints for the Origin of Thermal
Waters from Western Turkey. Applied Geochemistry,
17(3): 163—183. https://doi.org/10.1016/S0883-2927
(01)00062-2

Vengosh, A., Starinsky, A., Kolodny, Y., et al., 1991.
Boron Isotope Geochemistry as a Tracer for the Evolu-
tion of Brines and Associated Hot Springs from the
Dead Sea, Israel. Geochimica et Cosmochimica Acta,
55(6): 1689—1695. https://doi.org/10.1016/0016-7037
(91)90139-V

Wang, M. D., Guo, Q. H., Guo, W., et al., 2016. Synthe-
sis, Identification and Quantitative Analysis of Aqueous
Thioarsenates. Chinese Journal of Analytical Chemistry,
44(11): 1715—1720 (in Chinese with English abstract).

Wang, X. W., Wang, T. H., Gao, N. A., et al., 2022.
Formation Mechanism and Development Potential of
Geothermal Resources along the Sichuan - Tibet Rail-
way. Earth Science, 47(3): 995—1011 (in Chinese with
English abstract).

Wei, H. Z., Jiang, S. Y., Tan, H. B., et al., 2014. Boron
Isotope Geochemistry of Salt Sediments from the Dong-
tai Salt Lake in Qaidam Basin: Boron Budget and Sourc-
es. Chemical Geology, 380: 74—83. htips://doi. org/
10.1016/j.chemgeo.2014.04.026

World Health Organization, 2008. Guidelines for Dringking -
Water Quality, 3rd Ed., World Health Organization,
Geneva.

Wu, S. F., You, C. F., Lin, Y. P., et al., 2016. New Bo-
ron Isotopic Evidence for Sedimentary and Magmatic
Fluid Influence in the Shallow Hydrothermal Vent Sys-
tem of Milos Island (Aegean Sea, Greece). Journal of
Volcanology and Geothermal Research, 310: 58—71.
https://doi.org/10.1016/j.jvolgeores.2015.11.013

Xiao, J., Xiao, Y. K., Liu, C. Q., etal., 2012. The Incorpo-
ration Species and Mechanism of Boron into Mg(OH),.
Earth Science Frontiers, 19(4): 173—182 (in Chinese
with English abstract).

Xiao, Y. K., Beary, E. S., Fassett, J. D., 1988. An Im-
proved Method for the High-Precision Isotopic Measure-
ment of Boron by Thermal Ionization Mass Spectrome-
try. International Journal of Mass Spectrometry and Ion
Processes, 85(2): 203—213. https://doi. org/10.1016/
0168-1176(88)83016-7

Xiao, Y. K., Li, H. L., Liu, W. G., etal., 2008. Boron Iso-
topic Fractionation in Laboratory Inorganic Carbonate
Precipitation: Evidence for the Incorpora-Tion of B(OH),
into Carbonate. Science in China (Series D), 38(10):
1309—1317 (in Chinese).

Xiao, Y. K., Li, S. Z., Wei, H. Z., etal., 2006. An Unusual
Isotopic Fractionation of Boron in Synthetic Calcium Car-
bonate Precipitated from Seawater and Saline Water. Sci-
ence in China (Series B), 36(3): 263— 272 (in Chinese).

Yamaoka, K., Hong, E., Ishikawa, T., et al., 2015. Boron
Isotope Geochemistry of Vent Fluids from Arc/Back -
Arc Seafloor Hydrothermal Systems in the Western Pa-
cific. Chemical Geology, 392: 9—18. https://doi. org/
10.1016/j.chemgeo.2014.11.009

Yang, H. Y., Hu, J. F., Hu, Y. L., et al., 2013. Crustal
Structure in the Tengchong Volcanic Area and Position of
the Magma Chambers. Journal of Asian Earth Sciences,
73: 48—56. https://doi.org/10.1016/].jseaes.2013.04.027

Yokoyama, T., Nakai, S., Wakita, H., 1999. Helium and



892 i BR B 27

http://www.earth-science.net

o548 %

Carbon Isotopic Compositions of Hot Spring Gases in
the Tibetan Plateau. Journal of Volcanology and Geo-
thermal Research, 88(1/2): 99—107. https://doi. org/
10.1016/S0377-0273(98)00108-5

Yuan, J. F., Guo, Q. H., Wang, Y. X., 2014. Geochemical
Behaviors of Boron and Its Isotopes in Aqueous Environ-
ment of the Yangbajing and Yangyi Geothermal Fields,
Tibet, China. Journal of Geochemical Exploration, 140:
11—22. https://doi.org/10.1016/].gexplo.2014.01.006

Yuan, X. H., Ni, J., Kind, R., et al., 1997. Lithospheric

and Upper Mantle Structure of Southern Tibet from a

Seismological Passive Source Experiment. Journal of

Geophysical Research: Solid Earth, 102(B12): 27491—
27500. https://doi.org/10.1029/97jb02379

Zhang, A. Y., Yao, Y., 2007. The Polyborate Present in
Aqueous Solutions Containing Boron and the Affection
Factors. Journal of Salt Lake Research, 15(2): 50—56
(in Chinese with English abstract).

Zhang, L. J., Ye, X. C., 2008. The Existing Forms and In-
fluencing Factors of the Polyborate Anions in Aqueous
Solution. Norganic Chemicals Ndustry, 40(2): 4—8 (in
Chinese with English abstract).

Zhang, Q., Tan, H. B., Qu, T., et al., 2014. Impacts of
Typical Harmful Elements in Geothermal Water on Riv-
er Water Quality in Tibet. Water Resources Protection,
30(4): 23—29, 77 (in Chinese with English abstract).

Zhang, Q., Tan, H. B., Zhang, W. J., et al., 2015. Water
Environmental Effects of Kawu Geothermal Water in Sa-
jia County, Tibet. Water Resources Protection, 31(2):
45—49, 54 (in Chinese with English abstract).

Zhang, W. J., Tan, H. B., Zhang, Y. F., et al., 2015. Bo-
ron Geochemistry from Some Typical Tibetan Hydro-
thermal Systems: Origin and Isotopic Fractionation. Ap-
plied Geochemistry, 63: 436—445. https://doi. org/
10.1016/j.apgeochem.2015.10.006

Zhang, Z. F., Zhu, M. X., Liu, S. B., et al., 1982. Prelimi-
nary Studies of Hydrothermal Geochemistry of Xizang.
Acta Scicentiarum Naturalum Universitis Pekinesis, 18
(3): 88—96 (in Chinese with English abstract).

Zhang, Z.J., Deng, Y. F., Teng, J. W., et al., 2011. An

Overview of the Crustal Structure of the Tibetan Plateau

after 35 Years of Deep Seismic Soundings. Journal of

Asian Earth Sciences, 40(4): 977—989. https://doi.org/
10.1016/j.jseaes.2010.03.010

Zhao, R. S., Shan, X. L., Wu, C. Z., et al., 2019. Forma-
tion and Evolution of the Changbaishan Volcanic Geo-
thermal System in a Convergent Plate Boundary Back-

Arc Region Constrained by Boron Isotope and Gas Data.

Jouwrnal of Hydrology, 569: 188—202. https://doi.org/
10.1016/j.jhydrol.2018.11.040

Zhao, W., Mechie, J., Brown, L. D., et al., 2001. Crustal
Structure of Central Tibet as Derived from Project IN-
DEPTH Wide - Angle Seismic Data. Geophysical Jour-
nal International, 145(2): 486—498. https://doi. org/
10.1046/7.0956-540x.2001.01402.x

Zheng, M. P., Xiang, J., Wei, X. J., 1989. Qinghai Tibet
Plateau Salt Lake. Science and Technology Press, Bei-
jing (in Chinese).

Zhou, Y. Q., 2014. Proprieties, Structure and Electrochemi-
cal Reduction of Aqueous Sodium Metaborate Borate
Solution (Dissertation). Qinghai Institute of Salt Lakes,
Chinese Academy of Sciences, Xi’ning (in Chinese with
English abstract).

Zhu, B. Q., Mao, C. X., 1983. Nd-Sr Isotope and Trace El-
ement Study on Tengchong Volcanic Rocks from the In-
do-Eurasian Collisional Margin. Geochimica, 12(1): 1—
14 (in Chinese with English abstract).

Zhu, X., Wang, G.L., Ma, F., etal., 2021. Hydrogeochemis-
try of Geothermal Waters from Taihang Mountain -
Xiongan New Area and Its Indicating Significance.
Earth Science, 46(7): 2594—2608 (in Chinese with
English abstract).

Bt Hp 325 % STk

FUEE, BEREAS, B 45 1994, M MIT 45 I 25 H 4 18 i
PR B T 9 5 SRR . Bl AR L 39(4): 344—347.

SR, 2020, 5 IR A Hh A R G R H K SO Hb R 2 )
P . A, 94(12): 3544 —3554.

U, 2022, R R GO IR A AL 4 16 PR BT &N B b
MR AR, 96(5): 1767 —1773.

SRUE U, A IR, 2021, TG FECHE A A iR R BRI UK S Bk
b5t HERFL A, 46(7): 2544 — 2554,

3G, 2RI L 2004 BEE KB 06 o 2% 19 7T A o B ok H
R I AR 1 8l PR AR He R0 3R 29 o . Ml 2= 4R
78(4): 482—493.

BT, B, 1999, TR ML AT - H AR 5RO b SRR
i . Abnt Bl oE AL

XA L, 2018, 74 5 48 w2 8 7K 44 2R 42 b i 1) i 3R Ak 24 F 5T
(P2 730 30) . BRI v ] b o R 2

XUBE fafIE, SR WL, 4, 2020, HE2E T IX HLBOK Ak 24 B AT
KA R Bk, 45(6): 2221—2231.

Essh, VRO, BOF 4, 2008, Fl J MC-ICPMS %} K £
H TR 2 R AB A S . M ER R, 37(1): 1-8.

BB, FRARE, BT 45 2014, L Hb P Hb PR K B [+ 452
FEHER bt R X Y R P EBLE (D) L 44
(9): 1968—1979.



%34

)55 26 - % 35 2070 A o 0 4 M B Al 25 F 5 30 e 903

R, #4446 Curtis, G. H., 1987. [ nl K 11135 20 1 B 8 Al
AR R R A MR EL 2R, 30(3): 261—270.

AR, TN L AL, 2012, HE KA 11 I & 1A] G K ZE K B
e B KO R0 22 A3 AR 9T . i E 5T, 20(3): 15— 20.

AEAR 5L L 0 TR, ST L % 1996, w5 JR M T 7K 8 7K SC Bk
b2 B8 R 0 A TP =X 5 U JR R R R ——
PLAEALSEJFCA B . s BR=44, 17(1): 85— 97,

FEEE, BRIV R, 2000. B HAdE H X A R A
FANRBETICRHAE . v B2 (D %), 30(4): 407—414.

KA A, E2pp, R, %, 2014, 358 A pH X0 76 7K 7% 1
R G IE A A F Y . JEALER Tl , 46(7): 39—42.

e, BEEA, XIREME, %5, 2000. V5 5 i 5% &5 . L B

TARCEE SR, YRR, 4, 2016, BANERAL I 005 R K E
FE s b b s . i fes, 44(11): 1715—1720.

TG, T, ML, 5, 2022, )11 564k 0% v 4 i B s U5
TERHLEE 5 I & 1 ) . b ERB 2% ,47(3): 995—1011.

W ZE, MRl XIS, %, 2012, Bl A Mg(OH), 2 K 4L
oA TSE, 19(4): 173—182.

B L, 2R, R TE, 45, 2008, JCHLB R SR TOR % ) [H)
£ 2 5018 - BOOH), 8 A Bk 18 5 19 TE 3% . b = A} 2% (D
%), 38(10): 1309—1317.

HREl, 22, B &, 2006. ME/ LK TR R R

B IS R 3 . b B RS (B R ), 36(3):
263—272.

ik 72 25 Wkate , 2007, B R 5k K ¥ W I 9 Al G A7 AR TR 3
SEmm R L AR IBESY , 15(2): 50— 56.

SRARHE LRI, 2008, 7K W AN AREC B S R AR TR B X

MR R . JGHLER Tk, 40(2): 4—8.

JRPE, AR M S5 2014, VG ML HOK LA T &
XT3 K BT A 52 L K SRR, 30(4): 23— 29, 77.

JPR, LR, BSOS, 4, 2015, VU RS 0 B 1 M HOK B9
IR RN . K BFIR AR, 31(2): 45—49, 54.

SR, ARAEH, QIR 45, 1982, 1 K S BR 1k 2 59 )
Y AL KB R (B AR 2R, 18(3): 88— 96.

HOA, 17 B, 1989, T mE i R W) L b Rl
AR H AL

JEl i Ax, 2014, i BT 00 M IO 285 4 B v Ak 2 3 i (il
SR SC) . VYT E RR A B R WIS T

JRMR S, BAEZE, 1983, B 55 RO AR S 2R 50 il 42 370 5L« 9% e
JeilA 1 Nd-Sr Rl 2 5 o T £ 0F5% . hekfbat, 12
(1): 1—14.

RE, EWY, g, %2021 KT XEE RS
K2 K SC Hl Bk A 2 AR B B . HUER B2 46(7):
2594—2608.



