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Fig. 1 The occurrance of boron in the seawater

(using pK;,=8.597) and the relationship between isotopic
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seawater pH values (from references [10,117])
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Fig. 2 The boron isotopic composition in the nature
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Fig. 3 The relationship of boron concentration and
isotopic composition between unpolluted groundwater
and possible contaminants (seawater, domestic

wastewater, and borate minerals) (from reference [56])

15 Y T KB ] o2 2 20 i 386 A 3 52 IX sl
K5 T5 g Wy ok 00 0 22 18] A TR A o AR R L D
495 Y PR R 3R LG S A PR ER BT 15 5 (E AN R
RS B SE R R TS Qe T Ky 8" BAE & AE Lid
TH ) B TS YRR R W A [
F R IR & M OC R (B P i &
AA'—EE'"2 45 O [F 8 X 3580 g 35 15 b IX b R 7k
1 8" B {H . MiZk BB'.CC" I EE' 53 5l /R K Z 15
GEI M T 7K 52 00 R 45 B ) L IRE 7K 3T 1 K B R
g s A E . gk AAT CCT,
DD' Y5 EE' 1] iy 87 3k 7% B L0 9 W B4 )
S B [R) 2 2K 2008 O i e AR 9 81 B fE A AR 4K
HEAS IR S VR (Y N CES DD REE PO B V8
FR MR A A B DX o )6 2R AN [ ok R K
PRIR 5 2o e A o 17 R 53 B0 SR 75 e IR S R
IKZIAI o' BB 22 5 HE K 5 00 s AR K F 19 75
e RE BRI i ok



%28 % oMl

M2 AR AR L 3R R A 2 B 5 R 25

F 5% 2 B, LA 60 8] 4 T 4k e i IX oA Ak 3 A Ak
RIS V5 K 8" B AE K +5. 3%~ +12. 9%, 54
by Fie FH IR Vi AR B 2 R JEORHEY 8 B E (— 0. 9%~
+10. 2%0) — 5 (0 B 8 R [H] T 24 Mok 775 e b R
K14 8" B (8" B=+27. 7%~ +32. 4%0) Fl i 7K
S B (+39%)P . Bassett 20 g8 i,
5 [ v B 307 N T R B 2T 00 oK 32 75 et R K Y
O" B AH Sy 14%0 » B 1 N [R) Ak B 5 9 38 T T K
(9 8" BAE (+6%0~ -+ 10%0) HI 32 8 I 5% i 7K 1
S"BAE (>440%0) . 3£ E B JE I8 ik A [ 4l
IX it A 35 e K 7 L 3 4k N R B 95 00 B R B
W A BT, Vengosh %50 H DL €@ 47 iy
rROE I R K2 bR K B TR 467 2 2H R ) b A
BT M KA MLEE . AF 5 36 B 2 Ml X B fb
MR KB 8" B AE g+ 24. 8%, ~ +49. 9%, ik 7K
SUBAH K +21. 2%~ +32. 4%, ¥ 5 A Ti5 gLk
P 8" BAEATE (0%~ +10%0) . [ I, i3 %6 b
KB AR AN 2 E R VS G K 5 1R T
TR AIRE A . Gabler 1 Bahr' 2 FI 50 5 £
AT Ml X 43 A L e R L i X 2 7K R b
IR A TS Y

o TRT B8 1 R A58 T X 1 4% 457 38 A9 8 K il S
IR WRIE AT B R R OKMTE Y. BT b
T M BRI I W ) B R) 5 3R A R 32 T e T
TR ASTR] S 8 7] 57 2 B By b 1o FH T 7 3 50y A
BRI BN H T K s e g b . AR B R —Fh
3R B4 B ) 47 25 2 B 7K RE H B 25 0. 04 %6 ~
0. 2 0 B4 53 I8 10 101 108 VL A, T ARG Y0 ) R K 5 A7
F U TS e B I 2 AR R R K T e
8 73 3 700 AT LA A 2 DR K4 1 s e A FH 1 1 2 T
Y A X

Eisenhut 25 HfF 57 557 % 7 8 % o 7K B9
5 W5 2 B0 30 0 0 YRR ) B8 A SR B R R R 1. 8~
6.7 mg/L.2 Ji5KH 6 15,8 BAE N — 6% ~
+10%0, 1M A Z Wi IE W5 Y b T K A & 6 B
1B (4-46. 67600 A A BT FE v 2 (3. 6 pg/1) . Bar-
th ™ R FE W B L AL R Z 5 Y Rk 8 B
{H (+12. 0%0) 5 78[5 75§ &F B K 19 8" B H A 1
(+13. 1%, H5 AN Ri5 Y H A K 8" B {H
(—6. 0% 1) Na,Ca Bl iz 5 F1 54 %5 "' B {5 193
MR B IER (7. 5%0~9. 0%0) B i A ] .

Chetelat Z£P°1Fl Zhao F1 Liu™* ¥ 0 [7] v &

B VRS ESI AN SN Y DN L N O (E
e Ve B T A B[R] 452 28 230 AT RE X e 7 22 AN A
FAR

JO7 24 R A S M T K B B0 ] 07 2% 2 s PR 2
L I W BRI kA I HOR AR AR OK /A L
AR R AT S W B 3 R A 2R ORE AR
B R S Y R K 81 B A K i A R Y
ECE 3D J3 80 37T 7K B B4 Al e J3E T i) 1)
A1 2R AR I AR B T — s B BRI

3.3 My ERMET KEE

HLS AR 2 o A T A A B B, 45
oS A PR 81 BB Y 3 R R R Ak U
B 8" BAH . BLW A AT R R IR WF 5 — e gk
PO T B SO HE AT B IR 6L 2R AL O 5 b il
A HAT e, BRI AL R 7RO R R e e 4
IR 0 B A R B R i A 1 AR I ik
A 28 AL PR (4 A 5 50 B Bt

Slack &7 St KA B 6 5 /K I i ST
BEART R T LA W 8 BAE IR T T FSE IR St
S AN TR B R b 5T A A R S A [ 67 3R
FTHE, RMZT IR 8" B A (—23. 1% ~
—17. 2%00) B AIK 5 [ L A g — e HOR B Ak 4
IR (—12.3% ~ — 2. 0% AL £ 1 J2 3 Y 4
(+1.6%0~+6. 7% FIE I HTEEAR B (— 13. 8%0)
S A 8 B TS T kB A
FBlA AR O BIEEA ., TR K
9 8" B AE S B T AR 6 R Vg A 28 k0 TR AL B 1
N R L R ST SN T (Y

I EL R b X R B A A T T RGO KA R
AT R X T R R K DLk — HA G
W, Jiang SEW AT 7R M XIS Al i B BE 3%
LA TN IR B B[R 7 2 AT T BT ot A5 2R 3R
B TR S A6 5 A T S A 8 BAE S +0. 8%,
FlE AR 0" BIH R +3. 9%~ +4. 5%, "
Fo AT &R AMN S BEN+6.7% ~
+9. 7%, W AR B IR T W ) 8" B {E A +9. 6%
~-+11. 1%, WG N 0 UURUE B 32 45 F 3F
T AR R B B A — 8 B AT K L4y A 2
PR T 28 R b i R AV B O AR BT B B L
HAEKENEARH KR, MEC ) TRAHE
WL TE R L E T SR (E 37 5 948 A o



26 Marine Geology Frontiers i ¥ Hb 5 /5y U

201249 A

AREHIR o T WL A B R L RAEWE R KR
b A5 B AT R

3.4 REEBANE

T AAR T U I 3 X 3 R K 3h 1 4 &
A AR BRI K B AR K T B TR K K
JZB R KA K R AR AT RIS . IR AR
BN T R0 - RS N T R R i M
Ji K U & Ml DX [ AR X K AR B BE S IE T 20
e s AR TR E 90 AR IR A LA RS W
SCHRARAE . K AR G S H R IR OK 8 K R 2 B4y
W 222 — RN AR RE R CU vk B &
3530, 3 R A R 2 R K CL Rk >
(200~300)mg/L B &4 T K AR . (HS 8
VM X M R K CL B Jo o vk 32 38 v i IR R A AR
2 BRI K AAR S 3 e KR S FRD 47 Y R DE
AR T R K 75 e G ER A AR AR A 7= 25 (VR
FRAE Y K S HS A T RE S B Rk CLU R E )
B, Bk, CL i HL AR AW b K 2 45 52 3]
T U5 Y AN BE B R TS e Sk R AR R [
I Z ARG K AR ST 7 A 3] — 2E i ], X
FET I K5 1K AR R 7K AF TR A 7K B TR
M EA N A & A ARF W REE, W iE A,
T X HIR K K KK A TR 26 41 7T
PLIX 3t BAR 8 7K AR TR A2 . (HHL R IR K
KR 8" O 22 5%/, Bt K 8% 0 8
ZRAPE KB R R AL R W . 6™ S 2 A Ak ik i
S 5% ) 3 6 R 3R AN () R B b 5 ) T M
Vg AH 5 ki A R R K 1 B0 R R AR A T4 B
M2 50 . WK o' BB AR FE +40%0 &£ 47 . T K
B PR B R B 7K 1 BB IR 57, 50, T LR
WK 8" B — AL T +10%0, Rk, R iRk
— L2 IR K 75 Y, 0 04 v B2 A ST B E R 2 W
T .

Oi #il Kakihana ™ #f 5% T ¥ K X} H A% i & 7K
B9 T 457 2% 20 1 B2 0 73 11 &' B A 28 B 3 6 3 S
K Z BRI SZ 0 . 8" B A & T /K I SR K 2
TR K 55 9 7K 8 TR A R OK B9 TR A W i K R H AR
MRS R SR K B OV B A T WA, Oi
SN H A RE L b DX SR A [ 7 2 4R Y
I B, 1% X SR K 8" B R + 2. 1% ~
+39. 4% WA kU KR KL AR R L 2 Aok IR

Aggarwal 27 FSE T VK I i ROK B B 1R 47 K
Z., WE "B Cl/B HfH A RN K, X 8t
i HAKOR K 5 X R A W IR & R Wz AL
oK Z B TG K 11278 . Hogan F1 Blum™ %f
o] 2 i 3 R 0 AL 3 b K B B R A ER BE O
FEH LRk SV BAEZ K 4 30%0 , 32 B IF K 52 L
K 8" B L A +20%,, Wi R 8 BAE LN
+10%0, MEAKIE A B =>30% [ iR K 8 B
HAE+ 1200 N T KR A HL B <<30 Yo it Hb T 7K /Y
BT 1R) 452 2% 1R 28 48 S g & 2 TR 6r 25 43 R, o1 B
A +55%0~+75% . FE W Xiao %7 ¥ B [F] 1
FOFNBN | S B 45 A R R AIF 5T 3 N T b IX ) BAR
MK AR LT K AdR B85 R LW K AT
b R EOK 8" BAE B IR 5K CU e B A
P — Bk, 5 A2 A B Ze v LA AS TR L O[]
Bk R oM B EH KR A JE 1 o' B (A K
ARBRENA A EIELMN, R RFMA R B
BAKSBMEM SR L F. XA e M X R M
B R 7 22 R ) 3 T B 9 g K R AR B 1A
Rr e AP R AT . B T R X
TRAEWE S T8 A BE A A IR K B T R s
#,

{H R FH A [R5 38 A Sy 0 B8 A0 55 9 78 25 590
WA R K ) PN it 3R K 2 A B8 2 R L 0 ) A7
EISRIN VRS =R (VB Y s o
TR A I R R A

3.5 =XKL

FI AR FL [ o2 3R 0 18 32 B R AR e 3%/ 30T
FHEOK—H (EHOEME RS . TURUA a3
F Y BAE LYy — 40%0 Fl 4 30%0 ., K Bl b 7 7Y
S BAH 2 — 10% = 2% . T ¥ /K 8" B A 1H &
TE+39. 5%00 K/ A i i Hp R A Al T 437 36 73
U5 A 5B 1] 43 3% 8y K SR B 1) IR e 7S 5 I
HERAE Rl WA i A v ) 0 ) 52 2R F 50 K il
A M BR AL S i Y R R AR R A R
BIF 5 R it Sl 2 ot 3 ) A [ 52 3R BR A 27 oy
fiE o [ P Ah o3 X T 5 L AR T IAL £ ) e Bk
PR AETT R T R (g T AR 2020 e r

Rose 8% 5 2 X0f 2 T Hin Ak it 3 300 3 80 ) 432
R IWFFEIA N T KB R JR T R R R T X
PR 2 e S 0 5 i o T R k2 X ) A % A 25



%28 % oMl

M2 AR AR L 3R R A 2 B 5 R 27

WA ST MR AR I 500 . VRl K I A 25 0 ) 7 2% 4 A
FEZRERR L P ay WAL o B, 2= UL
TR 0 A 5 A LK T K B A B ] A7 3R 1) BT AR 40 i)
4 0.67 mmol/L F1 0.29 mmol/L. + 5.0%, fl
+21. 0%, Lemarchand Fl Gaillardet!" % fin &
R4 55 i 3 v 1 B W) 457 2R 20 st 58 R B il
DLV R A B 5 i ph M R K I e AR L L 01 B
HH 7K SR A A XA 3 3R A K A 0 5 AR Y
SN o 2 DX B K Ak 25 0 PR R AN R 1Y .
IRAE 0 )0 2 X Ao 2 K S e Y, X R
A3 A PG VT K AR A A A R R K s
(B b A9 A8 FE RRAE A 5T B0 PG VLR I K 81 B
AEARHL/IN 80 V6 B il A3 A TE — 2. 0%~ +10%0 2
(8], SEA4E R 4. 4% 5. 0%, W FfF A FH X 75 VL 3]
K B &AL R A R R O
A B2 CaCO, T 3 1 F XT 75 V1 70] 7K A 8 [] 452
R AT H 5w T K B[R] A7 28 A R R
B TR DX RRAE . PE VK R B 3 R R T ik R R
AWK (29 83%0) . 6 JE 7 K AL 19 52 mi ) A 2
13% . 15 Y IRl 7K v i i T v 7 7 T U
Wefs b 8 B . Chetelat 25290 37 KT K & T
S i K R Y rh Bl R A R R AT AT
. RUIHLFIK 8" B AE R AE b — 300~ + 9%,
TR " BAHMAS A — 1100 ~ — 60, i
B 52 KA 28 2 5 W il - N 2852 T Rk TR
AR XUARAE i G o R R B AUk X K AR s i B
Mo Mk T 402 ~50%, S 4590 ~
88% . ok H FREMERKALIIA 8" B {EH K — 3%~
+9%0 o ik R AR XA ok AR 7 A W IR 2 A0 . VA
AFE R 0 B E B Uk A= W B Ik g R
B P 2 o JF v ok i o R o 9 1D 062 2R 43 1R AN T
o T W B s AR AR O B W TR 5L 2R 1R A A U
AW o' B {E M IE .

AR T30 K B[R] o 25 4k 2 RUAR B 980T 30 45 26
A P AE b R R R 4 B [R5 2R 40 R ML K
OB S D . Spivack ST 2 4 B i
LRI 3k M - e ) A )7 3R ) g R WL T
8B (E AR AL EE /N (— 1A% ~ + 1. 6%, WAL IX K
O BAE (—1. 0%0) LA KA X (1. 6%0) YR » i fif:
iR XU AL 7™ AR B[R] A7 2 A 0 <<3%0. X A HRF
SRR N E e ST T S S, I R
AR S ) o7 R AR, 45 R, H i B

Mt b A 8T B AE 48 il A 0.8 ~2.7 pg/g M
—1. 8%~ +18. 6%, tr LR W & & & 8B
HETEEE ST MR EE., L5 i
TR T AR 32250k 1 A WCBM A L B 1R R AR B BT R
NG W BRE AR B B i K oM B A Y AR Ak 3 I N
2 U B A8 Ak . TR T R I A A i &
O B A A% Ak 1y A B R b 2 KA AR R g
R iR BE A8 Ak S BRI R o XA AR HH 85
FRVEHH B & s

3.6 EREHBFMNHSE

TRV AR W R R Cf L IR il A 2
94 R IS HIBLFE ) S i K rh B Y 32 A L
WKUARRMIERT 22 5 3 X e Y iR iR 8 .
e ik A8 o, By T 00 R 2R A 1R AR T By s A= )
e T2 5 1) B ) 57 28 2 B0CHs 7™ A= A8 A T 3 2% 4k
W2 5 0 S A W Bk R R A BN BV R IR B R R .
20 22 90 AR LLK B I v AR ) ik R R 1)
[F) 432 3 20 B B it i K pHL 35 25 1 i R CO,
O SR AR S R AR AR 8 B—pH R,
AN A I ES T T IR AR - = S f A= 2 e h 7
ST ORI g G G2 A R W R AL AL, &
F ARG N R £ & F T(Science ), { Nature )% |
Y, 2 3N E N AMNRAT R OR G .

S"'B—pH HARM EEHIBIKIEA LT 3 4
OifgKk . B § 2 Fp £ B A7 X (BCOH), Al
BCOH) ) WA XS & 1 52 7K pH 2 ; BCOHD,
1 BCOHD - [8] i F 8] 47 28 Bc 43 oA R 22 52 7=k
[Ff7 24548, "B & 44 B(OH), 1. B(OH), fl
B(OH), 19 8" B fH2Z K pH ##l; @B H L
B(OH), JE X Z 5 ik A Wik IR £ i) 3% A 5AR
G TR A 26 43 A A s DR Vi A ik T R 1)
O Bow fH3E 297K BCOHD, (9 8" By, B 8" Buusy
=0" By s @ T 8 A6 1 v b B K 0 5 B R ]
(29 20 Ma) , H IL ¥ K (4 8" B, {6 2 D 7E 20 Ma
e +39.5%0, LA 3 KRS HH
FIEI A ) % R 1 8" Bl [T MK pH B2

pH = pK,—1g{ (8" B, —8"B,)/[a 8" B, —
3" By +10° (o ' — 1) ]}
K pK, KK h BCOH) ;4 B B 4 85
0" By R 18 K 1) R) 437 2545



28 Marine Geology Frontiers i ¥ Hb 5 /5y U

201249 A

SUB, HHE K B(OH), By 8" B, {8 . 78 5% bR
I FH A DA A ) AR e FR R Y 8" BABLAC RS 5

a NEK BCOH), 5 BCOH), [[ i /318 &

M A 20 pH L 38 i

p(COH=K,(A+K,/[H" ]+
K, K./[H" ") 2CO,

AL 3] S B KR COL 4 E p(CO . K
K, 4350 Hy CO, B — 20 f — 4% B BS %K.

Spivack %) iy Y AL LA FL AL A B 1R A7 2=
LTS MK pH & B, 21 Ma LIS £ )2
HEK B pH AL 7. 340, 2, B KK 7.5
Ma B3 nZ] 8. 2+0. 2; Sanyal 256177 4R 32 7R vk ¥k
SRR 40 A L AR Sy oM B EAR I T O R IR
UK 22 4 T B ST 3 R VG 3R 2 T K RN 2
MK pH (G LD s . S5 R L AR Uk vk it
W2 K P pH {E L BAL R 0.3 4 0. 1; Sanyal
LR A AT AL U 09 TR A7 3R AL R T AR AR G
KPR pH B9 ZE AL, & B AR BB 2 vk vk 3]
FrBe, T )2 i K pH (H I AR ¥ = 0.3 &
0. 1, 117 £ vk 50— 8] vk 390 5 37 B Bt » 2R RSP 3R Tl
MoK ) pH A IF %4 B i 28 4L s Palmer 265V ML 45
AL oM B AE AR M By K pH (HAS LR BT,
F 16 Ma 24, 5/KH pH {HH 7.8 3 2 8. 4; X
AR e T O A A B TR 4 2 Y F 5T
T, H 8" B (H M AR Ak W B R+ 22, 7% ~
+24. 8%, UILATF HZ M X i £ 7.2~0. 4 ka [H]
KM pH {EAE 8. 10~8. 41 L N A8 1k . JF &
PRI M X B R A o1 B 5 v F R R
5% ;Pearson Al Palmer™* | F A 1% T AN [a] % B 1
K H B 45 i T AT FL ARG ST B (E Y AR AR, EESL T
G K pH— R AL R A LR B
1B R PR JIE 9 +21. 6%0, ] 100~ 600 m 7K I
+21. 3% ~+22. 0 ¥ = BE R ZE (0~100 m)
[ +22. 9%~ +26. 4%, £ 2 WK CO, H
KA CO, &4 5, Wikl K pH % K<
CO, e BE /Y5 i, B 98 2 W, G itk B 4, R
CO, T HA T AR SR A T . B 3 42
KA pH B K T #7028 s Forster™ | FH 17 i A7
LA R B T o & 130 a R in L i g
KE) pH . CO, ¥ BE A COL 284k, I 45 T
Hemming 1 Hanson"™ 2 4 498 5 L BCOH),

& 1B AW 5 8 £ (14 8 15 s Honisch 285 % 8
R0 T T TR A A AL e B R A 2 AT T RS
S5 RO, UK K VE B T pH R E K ) pH
AHARL, JF 48 U pH AR A6 & VKRR CO, e
J A5 A A4 — SR s Honisch 255°° B V2 T4 fL
SEAR A [R) 457 R 20 BRI 5 1 o S R 0 2 U I
W TE] RS COL W BE L 25 B R WY L 7 v 5 <Ak
BRI RS COL 43 A X AR 22 vk KR CO, 43
JE H AL R FT (1 Ma DLED B 552 31 X10 °, {H
SR VK CO, 43 e 5 B 5385 8] oK 91 496 25 0 A
o, x4k BB, KR CO, e 5 2 BRI 1k,
A EBERIBR AP B T vk KR CO, 43
WD R . R BN R KRR
CO W51 1 5 Seki 25 38 b X4 45 L He B[] 37
RAMMIR T LBt KA CO Mk B fb, 45 R %
B g IR R 3 K< CO, e Sl (330~400) X
107°, 5EIE RS CO, ¥ BEAH I (~ 384 X107°),
B Tl Ay R . i (50~120) X 10 °,3. 2~
2.8 Ma Hi[i] CO, ¥ B AH X B 0 F B 5 b 2 3R vk
KA X,

JSEZ A AR BT T R 2 0 58 i AR (1% 50
A e e pH (T8 e f P A T AR I pK, .
3" B 0" By Al a5 1 A7 AL BRI T IR 1 1
F . Spivack" " it 5 25 SN Ky . T K A Bl TR A7
R o' B, 210 E 1 FB{E R +39. 5%0, % 5K
{E 0% 153 211R 2 19 51 A A8 558 BF 58 45 21 19 1 7K
B BN 39. 61%0 0. 04%,57 K hy L AR ME M g
K i B LA B BCOHD, F BCOHD L X 7K
HLES R 8L pKL I B 5E KA 2 B8 Al 1. Dick-
son’ "™ 15 2] (1% B 2 2 O HRL B 5 A 8. 597 B IA R
& H AT oK A 00 8 . HATEOS TR a0 S fH AR
FEFEHE N 0. 972~0. 981, L4 45 BN (1 ) (H IS
ALIE N 0. 952~0. 97655, o,y =0. 974 HLIN Ky
M RERMME. X TFR2SHEA B(OH), $#
NS A YR IR £L  — EAEER KA, KEB
A3 W5 2 X6 3 S A WL A5 (EL 3T 6 4 R 1 T 9% %
W1, BCOH); 7] fig [ &F & A i 16 ¥ 2E 9 ik 2
sl

A BCAETT 5 5 9 K B HL B R B pKa R K 1Y
o' B AHE & H KRG — 458 i A S
T RE a0 o AR P A2 S R L BCOH) /Y
B S5 A Y bk i #h i (H A5 M B G, pH 1Y



%28 % oMl

M2 AR AR L 3R R A 2 B 5 R 29

PO SR AEAE A E VL 38 75 XK B A7
HRARIBEIE . 5350 %A L BUl R 47 3R A v f
I RE R Z A T — % R BR A

A, Yu 8820 H Rae 555 FI A FL 4L
B/Calb B A 6" B 8 Fl & S i v i K (19 pH {E X
et LY 33X W0 o G R AR DR i M Bk A 7 T 5 Y — A
BT I

4 2518

Wt 5 0 ) 57 2% 00k D 0k A S S R ek i L
[Fi) (37 2% b K A 27 IF 50 00BN W 4 9 . T )
CEVEEL BRI S VNS N W S T ON T e
PR B IA 7 B R R A AR B A oy T o R oy A 2%
AIBIFTE R il Ak 2 AL 25 T7 TSR % . 4 ) fiE
75 M FH ik AH OB g 0 EG o i A e T R (A
I A D58 BBl (] 07 38 BE ATy PR 50 dE R A 2%
Ko
SEIH:

[1] TUPAC. Isotopic compositions of the elements, 1997[]].
Pure and Applied Chemistry, 1998, 70. 217-235.

[2] Williams L. B, Hervig R L. Boron isotope composition of
coals: a potential tracer of organic contaminated fluids[]J].
Applied Geochemistry, 2004, 19(10): 1 625-1 636.

[3] Hogan J F, Blum J D. Boron and lithium isotopes as
groundwater tracers: a study at the Fresh Kills Landfill,
Staten Island, New York, USA[]J]. Applied Geochemis-
try, 2003, 18(4): 615-627.

[4] Thode H G. Natural variation in the isotopic content of bo-
ron and its chemical atomic weight[J]. Journal of the A-
merican Chemical Society, 1948, 70(9): 3 008-3 011.

[5] Mecmullen C C, Cragg C B, Thode H G. Absolute ratio of
1'B/1°B in Searles Lake borax[J]. Geochimica et Cosmo-
chimica Acta, 1961, 23, 147-149.

[6] Ramakumar K L., Parab A R, Khodade P S, et al. Deter-
mination of isotopic composition of boron[J]. Journal of
Radio Analytical and Nuclear Chemistry, 1985, 94(1): 53-
61.

[7] Spivack A J, Edmond ] M. Determination of boron isotopic
ratios by thermal ionization mass spectrometry of the dice-
sium metaborate cation[ J]. Analytical Chemistry, 1986,
58(1) . 31-35.

[8] Hemming N G, Hanson G N. Boron isotopic composition
and concentration in modern marine carbonates [ ] ].

Geochimica et Cosmochimica Acta, 1992, 56(1): 537-543.

[9] Xiao Y K, Beary E S, Fassett ] D. An improved method
for the high precision isotopic measurement of boron by
thermal ionization mass spectrometry [ J]. International
Journal of Mass Spectrometry and Ion Processes, 1988, 85
(2): 203-213.

[10] Dickson A. Thermodynamics of dissociation of boric acid
in synthetic seawater from 273. 15 to 318. 15 K[J]. Deep
Sea Research, 1990, 37(5): 755-766.

[11] Klochko K, Kaufman A, Yao W, et al. Experimental
measurements of boron isotope fractionation in seawater

[J]. Earth and Planetary Science Letters, 2006, 248(1/
2): 261-270.

[12] Kakihana H, Kotaka M, Satoh S, et al. Fundamental
studies on the ion-exchange separation of boron isotopes

[J]. Bulletin of the Chemical Society of Japan, 1977, 50
(1): 158-163.

[13] Oi T, Tsukamoto K, Akai H, et al. Boron isotope sepa-
ration by ion-exchange chromatography using an anion-ex-
change resin in halide forms: Separation factors at 25°C
[J]. Journal of Chromatography, 1988, 450 (3): 343-
352.

[147] Palmer M R, Spivack A J, Edmond ] M. Temperature
and pH controls over isotopic fractionation during absorp-
tion of boron marine clay[]J]. Geochimica et Cosmochimi-
ca Acta, 1987, 51(9): 2 319-2 323.

[15] Palmer M R, London D, Morgan G B, et al. Experimen-
tal determination of fractionation of ' B/!°B between tour-
maline and aqueous vapour: a temperature and pressure
dependent isotopic system[ ]J]. Chemical Geology, 1992,
101¢1/2); 123-129.

[16] Spivack A J, Edmond J M. Boron isotope exchange be-
tween seawater and the oceanic crust[ J]. Geochimica et
Cosmochimica Acta, 1987, 51(5): 1 033-1 043.

[17] Vengosh A, Starinsky A, Kolodny Y, et al. Boron iso-
tope geochemistry as a tracer for the evolution of brines
and associated hot springs from the Dead Sea, Israel[ ]J].
Geochimica et Cosomchimica Acta, 1991, 55(6). 1 689-
1 695.

[18] Vengosh A, Starinsky A, Kolodny Y. et al. Boron iso-
tope variation during fractional evaporation of seawater:
new constraints on the marine vs non-marine debate[]].
Geology, 1992, 20(9); 799-802.

[19] Xiao Y K, Sun D P, Wang Y H, et la. Boron isotopic
compositions of brine, sediments, and source water in the
Qaidam, Chinal[J]. Geochimica et Cosmochimica Acta,
1992, 56(4): 1 561-1 568.

[20] Xiao Y K, Wang L. The effect of pH and temperature on
the isotopic fractionation of boron between saline brine and
sediments[ J]. Chemical Geology., 2001, 171(3/4): 253-
261.



30 Marine Geology Frontiers ¥ Hit Jii /i V1% 2012 4F 9 H

[21] Spivack A J. Boron isotope geochemistry [ D]. Woods in Mineralogy and Geochemistry, 1996, 33(1): 645-708.
Hole: Woods Hole Oceanographic Institution,1986. [36] Palmer M R, Sturchio N C. The boron isotope systemat-

[22] Mossadik H. Les isotopes du bore, traceurs naturels dans ics of the Yellowstone National Park (Wyoming) hydro-
leseaux: Mise au point de l’analyse en spectrométrie de thermal system: A reconnaissance[ J]. Geochimica et Cos-
masse a source solide et applications a differents environ- mochimica Acta, 1990, 54(10): 2 319-2 323.
ments[ D]. Orléans, France,1997. [37] Aggarwal J K, Palmer M R, Ragnarsdottir K V. Boron i-

[23] Rose E F, Chausidon M, France-Lanord C. Fractionation sotope composition of Icelandic hydrothermal systems[]].
of boron isotopes during erosion processes: the example of Water Rock Interaction, 1992, 7. 893-895.

Himalayan rivers[J]. Geochimica et Cosmochimica Acta, [38] Musashi M, Nomura M, Okamoto M, et al, Regional
2000, 64(3): 397-408. variation in the boron isotopic composition of hot spring

[24] Lemarchand D, Gaillardet J, Lewin E, et al. The influ- waters from central Japan [[J]. Geochemical Journal,
ence of rivers on marine boron isotopes and implications 1988, 22(5): 205-214.
for reconstructing past ocean pH[J]. Nature, 2000, 408 [39] Vengosh A, Kolodny Y, Starinsky A, et al. Coprecipita-
951-954. tion and isotopic fractionation of boron in modern biogenic

[25] BAGGFR. b RIAETL AR A0 R A R s BR AL 2= BF 52 [ D], 5% carbonates[J]. Geochimica et Cosmochimica Acta, 1991,
FH - Hp B B b B A 2 BF 5 BT 5 2002. 55(10): 2 901-2 910.

[26] Chetelat B, Liu C Q, Gaillardet J, et al. Boron isotopes [40] TIshikawa T, Nakamura E. Boron isotope systematics of
geochemistry of the Changjiang River Basins [ J ]. marine sediments[ J]. Earth and Planetary Science Let-
Geochimica et Cosmochimica Acta, 2009, 73(20): 6 084- ters, 1993, 117(3/4) . 567-580.

6 097. [41] Gaillardet J, Allegre C J. Boron isotopic compositions of

[27] Fogg T R, Duce R A. Boron in the troposphere: distribu- corals: Seawater or diagenesis record[ ]J]? Earth and Plan-
tion and fluxes [J]. Journal of Geophysical Research, etary Science Letters, 1995, 136(3/4): 665-676.

1985, 90(D2): 3 781-3 796. (42 TR, 27 m. HRiEl. 45, w0 0 afk A I £33 201 1%

[28] Mather J] D, Porteous N C. The geochemistry of boron R HER s [T, HuER{b2, 1999, 28(6): 534-541.
and its isotopes in groundwaters from marine and non-ma- [43] Zhao Z Q, Liu C Q, Xiao Y K, et al. Geochemical study
rine sandstone aquifers[J]. Applied Geochemistry, 2001, of boron isotopes in the process of loess weathering[ ] ].
16(7/8) . 821-834. Science in China (Series D), 2003, 46(2): 106-116.

[29] Chetelat B, Gaillardet J, Freydier R. Use of B isotopes as [44] Swihart G H, Moore P B. Boron isotopic composition of
a tracer of anthropogenic emissions in the atmosphere of marine and nonmarine evaporite borates[ J]. Geochimica
Paris, France[]J]. Applied Geochemistry, 2009, 24(5); et Cosmochimica Acta, 1986, 50(6): 1 297-1 301.
810-820. [457] Bassett R E. A critical evaluation of the available meas-

[30] Zhao Z Q, Liu C Q. Anthropogenic inputs of boron into urements for the stable isotopes of boron[J]. Applied Ge-
urban atmosphere: Evidence from boron isotopes of pre- ochemistry, 1990, 5(5/6): 541-554.
cipitations in Guiyang City, China[J]. Atmospheric Envi- [46] Chaussidon M, Albar de F. Secular boron isotopic varia-
ronment, 2010, 44(34). 4 165-4 171. tions in the continental crust: an ion microprobe study

[31] Vengosh A, Chivas A R, MuCulloch M T, et al. Boron i- [J]. Earth and Planetary Science Letters, 1992, 108(4):
sotope geochemistry of Australian salt lakes [ J J. 229-241.

Geochimica et Cosmochimica Acta, 1991, 55(9): 2 591- [47] Palmer M R, Swihart G H. Boron isotope geochemistry:
2 606. an overview[ J]. Reviews in Mineralogy and Geochemis-

[32] Tomascak P B, Hemming N G, Pedone V A. Lithium, try, 1996, 33: 709-744.
boron, and strontium isotope constrains on solute sources [48] Palmer M R, Slack J F. Boron isotopic composition of
for the Great Salt Lake, UTAH[C]. Hot Spring, Vingin- tourmaline from massive sulfide deposits and tourmalinites
ia: Eleventh Annual V. M. Goldschmidt Conference, May [J]. Contributions to Mineralogy and Petrology, 1989,
20—24,2001, 3 758. 103(4): 434-451.

[33] #BMEF, EZakk, Huol, . ob EER Wb ol 6 % ) [49] Chaussidon M, Jambon A. Boron content and isotopic
HFgEl]]. BlaEmi, 1993, 38(7): 635-637. composition of oceanic basalts: Geochemical and cosmo-

[34] BRBEHE, XN B R T B S R A7 28 X6 /K 1A 75 e W 1 7 chemical implications [ J]. Earth and Planetary Science
BERFSELT]. HoRTT S, 2002, 9(4); 409-415. Letters, 1993, 121(3/4): 277-291.

[35] Leeman W P, Sisson V B. Geochemistry of boron and its [50] Vengosh A, Chivas A R, Starinsky A, et al. Chemical

implications for crustal and mantle processes[J]. Reviews

and boron isotope compositions of non-marine brine from



%28 % oMl

M2 AR AR L 3R R A 2 B 5 R 31

[51]

[52]

[53]

[54]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

the Qaidam Basin, Qinghai, China[J]. Chemical Geolo-
gy. 1995, 120(1/2); 135-154.

BRI, VKM, KSR AR H 6 [F) 2 2 b R Ak AT 5
[J]. HuBkfk=£, 1996, 25(3): 277-285.

Chaussidon M, Koeberl C. Boron content and isotopic
composition of tektites and impact glasses: Constraints on
source regions [ J]. Geochimca et Cosmochimica Acta,
1995, 59(3): 613-624.

Xiao Y K, Xiao J, Zhao Z Q, et al. The nonmarine envi-
ronment of Quaternary foraminifers in Yanghuzhuang,
China: Evidence from boron and strontium isotopes[]].
Chinese Science Bulletin, 2008, 53(14). 2 207-2 213.
Barth SR. Application of boron isotopes for tracing source
of anthropogenic contamination in groundwater[ J]. Water
Research, 1998, 32(3): 685-690.

Eisenhut S, Heumann K G, Vengosh A. Determination of
boron isotopic variations in aquatic systems with negative
thermal ionization mass spectrometry as a tracer for an-
thropogenic influences[J]. Fresenius Journal of Analytical
Chemistry, 1996, 354(7/8): 903-909.

Vengosh A. Boron isotopes and groundwater pollution
[J]. Water and Environment News, 1998: 15-16.
Vengosh A, Heumann K G, Juraske S, et al. Boron iso-
tope application for tracing sources of contamination in
groundwater[ J]. Environmental Science and Technology,
1994, 28(11): 1 968-1 974.

Bassett R L, Buszka P, Davidson G R, et al. Identifica-
tion of groundwater solute using boron isotopic composi-
tion[ J]. Environmental Science and Technology. 1995,
29(12): 2 915-2 922.

Komor D C. Boron contents and isotopic compositions of
hog manure, selected fertilizers, and water in Minnesota
[J]. Journal of Environmental Quality, 1997, 26 (5):
1 212-1 222.

Leenhouts J] M, Bassett R I, Maddock T [[[. Utilization
of intrinsic boron isotopes as co-migrating tracers of iden-
tifying nitrate contamination sources[ J]. Ground Water,
1998, 36(2): 240-250.

Vengosh A, Spivack A J, Artzi Y, et al. Geochemical and
boron, strontium, and oxygen isotope constraints on the
origin of the salinity in ground water from the Mediterra-
nean coast of Israel [J]. Water Rescources Research,
1999, 35(6): 1 877-1 894.

Giabler H E, Bahr A. Boron isotope ratio measurements
with a double-focusing magnetic sector ICP mass spec-
trometer for tracing anthropogenic input into surface and
ground water[ J]. Chemical Geology, 1999, 156 (1/4);
323-330.

Davidson G R, Bassett R L. Application of boron isotopes

for identifying contaminants such as fly ash leachate in

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

groundwater[ J]. Environmental Science and Technology.,
1993, 27(1), 172-176.

Eisenhut S, Heunann K G. Identification of ground water
contaminations by landfills using precise boron isotope ra-
tio measurements with negative thermal ionization mass
spectrometry[ J]. Fresenius Journal of Analytical Chemis-
try, 1997, 359(4/5) . 375-377.

Barth S R. Boron isotopic compositions of near-surface
fluids: A tracer for identification of natural and anthropo-
genic contaminant sources[ J]. Water, Air, and Soil Pol-
lution, 2000, 124(1/2): 49-60.

He R, IR AL 2R B H s BN ISR LT L A B AR
2000, 6(1): 1-16.

Slack J F, Palmer M R , Stavens B P J. Boron isotope evi-
dence for the involvement of non-marine evaporites in the
origin of the Broken Hill ore deposits[J]. Nature, 1989,
342: 913-916.

ERZ L ORI XA SR 0 BT AL K BT A =X
(). b BR AR 2 — b [ 4l 0T K 2% 2% ik, 2008, 33(6):
813-824.

Jiang SY, Palmer M R, Peng Q M, et al. Chemical and
stable isotope composition of Proterozoic metamorphosed
evaporates and associated tourmalines from the Houxianyu
borate deposit, eastern Liaoning, Chinal J]. Chemical Ge-
ology. 1997, 135(3/4): 189-211.

Garda G M, Trumbull R B, Beljavskis P, et al. Boron i-
sotope composition of tourmalinite and vein tourmalines
associated with gold mineralization, Serra do Itaberaba
Group, central Ribeira Belt, SE Brazil [J]. Chemical Ge-
ology, 2009, 264(1/4); 207 -220.

Pal D C, Trumbull R B, Wiedenbeck M. Chemical and
boron isotope compositions of tourmaline from the Jadugu-
da U (—Cu—Fe) deposit, Singhbhum shear zone, India:
Implications for the sources and evolution of mineralizing
fluids [JJ. Chemical Geology, 2010, 277(3/4) ; 245-260.
Oi T, Kakihana H. Influence of seawater on boron isotop-
ic compositions of hot spring water in Japan[J], Seventh
Symposium on Salt, 1993, 1. 159-164.

Oi T, Tkeda K, Nakano M, et al. Boron isotope geochem-
istry of hot spring waters in Ibusuki and adjacent areas,
Kagoshima, Japan[J]. Geochemical Journal, 1996, 30:
273-287.

Aggarwal ] K, Palmer M R, Bullen T D, et al. The boron
isotope systematics of Icelandic geothermal waters: 1.
Meteoric water charged systems[]J]. Geochimica et Cos-
mochimica Acta, 2000, 64(4): 579-585.

Xiao Y K, Yin D Z, Liu W G, et al. Boron isotope meth-
od for study of seawater intrusion[]J]. Science in China
(Series E: Information Sciences), 2001, 44(S1): 62-71.

Lemarchand D, Gaillardet J. Transient features of the e-



32 Marine Geology Frontiers ¥ Hit Jii /i V1% 2012 4F 9 H
rosion of shales in the Mackenzie basin (Canada), evi- [87] Foster G L, Pogge von Strandmann P A E, Rae ] W B.

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

dences from boron isotopes[J]. Earth and Planetary Sci-
ence Letters, 2006, 245(1/2): 174-189.

Spivack A J, Palmer M R, Edmond J] M. The sedimentary
cycle of the boron isotopes[J]. Geochimica et Cosmochim-
ica Acta, 1987, 51(7): 1 939-1 949.

Spivack A J, You C F, Smith J. Foraminiferal boron iso-
topic ratios as a proxy for surface ocean pH over the past
21 Myr[J]. Nature, 1993, 363; 149-151.

Sanyal A, Hemming N G, Hanson G N, et al. Evidence
for a high pH in the glacial ocean from boron isotopes in
foraminifera[ J]. Nature, 1995, 373; 234-236.

Sanyal A, Hemming N G, Broecker W S, et al. Changes
in pH in the eastern equatorial Pacific across stage 5-6
boundary based on boron isotopes in foraminifer [ J ].
Global Biogeochem Cycles, 1997, 11(1). 125-133.
Palmer M R, Pearson P N, Cobb SJ. Reconstructing past
ocean pH-depth profiles[J]. Science, 1998, 282: 1 468-
1471.

Pearson P N, Palmer M R. Atmospheric carbon dioxide
concentrations over the past 60 million years[]J]. Nature,
2000, 406: 695-699.

Foster G L. Seawater pH, pCO; and [CO’™ Jvariations in
the Caribbean Sea over the last 130 ka: A boron isotope
and B/Ca study of planktic foraminifera[ J]. Earth and
Planetary Science Letters, 2008, 271(1/4): 254-266.
Honisch B, Bickert T, Hemming N G. Modern and Pleis-
tocene boron isotope composition of the benthic foramini-
fer Cibicidoides wuellerstorfi( J]. Earth and Planetary Sci-
ence Letters, 2008, 272(1/2): 309-318.

Hénisch B, Hemming N G, Archer D, et al. Atmospheric
carbon dioxide concentration across the Mid-Pleistocene
Transition[ J]. Science, 2009, 324; 1 551-1 554.

Seki O, Foster G L, Schmidt D N, et al. Alkenone and
boron-based Pliocene pCO; records[J]. Earth and Plane-
tary Science Letters, 2010, 292(1/2): 201-211.

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

Boron and magnesium isotopic composition of seawater
[J]. Geochemistry Geophysics Geosystems, 2010, 11
(8):1-10.

Mo, HEl. BEAR, FOEBEAYKRE 8V B-pH
TR R T, e 55 4 U 4l BT, 2010, 30
(4) . 215-222.

Pagani M, Lamarchand D, Spivack A, et al. A critical e~
valuation of the boron isotope-pH proxy: The accuracy of
ancient ocean pH estimates[]]. Geochimica et Cosmo-
chimica Acta, 2005, 69(4) . 953-961.

Xiao Y K, Li H L, Liu W G, et al. Boron isotopic frac-
tionation in laboratory inorganic carbonate precipitation:
Evidence for the incorporation of B(OH); into carbonate
[J]. Science in China (Series D: Earth Sciences), 2008,
51(12). 1 776-1 785.

Klochko K, Cody G D, Tossell J A, et al. Re-evaluating
boron speciation in biogenic calcite and aragonite using
11B MAS NMR[J]. Geochimica et Cosmochimica Acta,
2009, 73(7): 1 890-1 900.

Rollion-Bard C, Blamart D, Trebosc J, et al. Boron iso-
topes as pH proxy: A new look at boron speciation in
deep-sea corals using ''B MAS NMR and EELS[]].
Geochimica et Cosmochimica Acta, 2011, 75(4): 1 003-
1012.

Yu J M, Elderfield H, H nisch B. B/Ca in planktonic for-
aminifera as a proxy for surface seawater pH[J]. Paleocea
nography, 2007, 22(2):1-17.

Yu ] M, Foster G L, Elderfield H, et al. An evaluation of
benthic foraminiferal B/Ca and §'' B for deep ocean car-
bonate ion and pH reconstructions [ J]. Earth and Plane-
tary Science Letters, 2010, 293(1/2): 114-120.

Rae J] W B, Foster G L, Schmidt D N, et al. Boron iso-
topes and B/Ca in benthic foraminifera: Proxies for the
deep ocean carbonate system[]]. Earth and Planetary Sci-

ence Letters, 2011, 302(3/4): 403-413.



%28 % oMl M2 AR AR L 3R R A 2 B 5 R 33

PROGRESS OF GEOCHEMICAL APPLICATION OF BORON ISOTOPE

XIAO Jun', HE Maoyong' , XIAO Yingkai’, JIN Zhangdong'

(1 State Key Laboratory of Loess and Quaternary Geology, Institute of Earth Environment, Chinese Academy
of Sciences, Xian 710075, China;2 CAS Key Laboratory of Salt Lake Resources and Chemistry,
Qinghai Institute of Salt Lakes, Chinese Academy of Sciences, Xining 810008, China)

Abstract: The large relative weight contrast between B and '"'B leads to an obvious boron isotopic
fractionation in the nature. Boron is soluble in water and is chemically active. So, the boron isotopic
composition is diverse in different environments. The variation of boron isotope composition (§''B) in
nature ranges between —70%, and +75%,. The negative §"' B values are found in non-marine evaporite
borate minerals and certain tourmalines, while positive §"'B values are common in salt lake brine and
evaporated seawater. Since the 1980s, with the establishment and improvement of the measuring
method of boron isotope, the geochemical researches of boron isotope are increased rapidly. At pres-
ent, the boron isotopes are successfully applied to determine depositional environments and ore gene-
sis, trace groundwater pollution and seawater intrusion, reconstruct ancient marine environment and
study continental chemical weathering, etc. This paper studied the mechanism of boron isotopic frac-
tionation, summarized the distribution of boron isotope in nature, reviewed the achievements and the
problems, and finally proposed the research direction of boron isotope in geochemical fields, in order
to shed some lights on the further development of boron isotope in the future.

Key words: boron isotope; isotopic fractionation; geochemistry;research progress



