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Abstract Boron is an important element widely used in chemical engineering, agriculture, material sciences, and nuclear
industries. The nuclear fusion reactions of hydrogen (H) with the boron isotope "'B can be potential as an ideal clean energy in the
future. There are amounts of boron strongly enriched in subducted sediments, altered oceanic crust and serpentinized lithospheric
mantle. Boron is an incompatible lithophile and soluble element. Boron can be readily transported during subduction dehydration,
resulting in the serpentinization of forearc mantle wedge with such born-rich fluids. The mantle wedge is extensively serpentinized by
fluids derived from forearc dehydration of the subducting slab, with boron captured in the serpentinized mantle wedge. Most of borate
deposit seemingly primarily occur along the collision suture zone, especially along that continent-continent collision develops after
ocean-continent subduction. Therefore, the primary known economic borate deposits mainly occur in the high altitude intermontane
basins developed at the convergent plate margins. Anatolia Plateau in Turkey hosts the largest borate reserves around the world which
may be associated with the massive forearc serpentinite or serpentinized mélange recycled to magma source during subduction erosion.
The erupted volcanic magmas transport boron-rich volcanic rocks, ashes and hydrothermal fluids to the surface, from which boron is
leached into closed basins, the typical byproducts of orogeny. Combined with extensive evaporation and, dry and cold climate, borate
deposits eventually develop in orogen. The boron reserves of China are only 3% of the global ones, mainly from the Liaodong
Peninsula, Qaidam Basin of Qinghai, Tibet, Sichuan, and Hunan Province. There may be more potential boron resources for China.
We thus call on more efforts on the research and exploration of borate deposits and purchase of abroad boron resources as strategic
reserves.

Key words Boron; Borate deposits, Serpentinite; Mantle wedge; Volcanic arc
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9 AR AN Z — TH S IR S E R BT R & . LI EF-TER R 5, INAT 22 608 R R L B B il
Wb AT AR BAEIR B KO LIRE R P ARG EREGEM, MERKLRE KR TS MO K L2 ERBBRBAKRA, £5RAEIT
P AT EA IR T KL A&, AR A2 AR R Zab g LA g A A P, o, FAGABEEAS T
W F T MEGRA . REB LA R KA AR KRB0 MR A, e KRBT R BRI A B, IFE S W KRR A Bk ek

XKiEiF B AR R RS MR AL s KOL IR
hEESES P541; P78.93

AT R AR . BilRES VIA FR(K4nR) Hi%
& e A, 5 IVA 5 (B Rk 8 ) VA i (R B
fift) VIA W% (B TTR B AL G W) B 1 om0 et ot
Sb, i T B AR A U 4w a4 s A ) SN, T i 4 e i
e, XEAb A pE B R A R SR,
Bz B AL L Al AR R Tl U, M0 (B
TR B0 — WAL BR (ReB, ) (AL (B,C) gkl
(Nd,Fe,,B) . FiIHGE (Y8 7 & 7T R A B QA 9, W] 1 ] T
TR R oA S AR S Tk e, JE R Y A g
SRR IR ARG S, 2B TR P rh gz g . B
TR R, FEA% AT, e AL B2 AR v IR, BRI
ARk A 240 F . BEAh, TS SR TR AR I 2
A S0, AR G R A R RE b T, A A R A
PP IBERE o, A 2 2 e (B A5 301 155 149 7 1% BB U ( Hora et al.
2017) .

B RS 2 SO PR A K ISR A AR AR i
B BRI B W R (4R, 2013) , HATHES Bk
LA AL R A 32 AR b T R B BRI S (Helvacr e
al. , 2017) o L& sh %t F 08 R 19 T8 i A5 5 22 19 5%
(Smith and Medrano, 1996; Helvaci, 2005) , B[I{si J& 204 EL 71
ORI IR, A 5 IO Sl s 3l A H2 55 H)
219 5¢ & (Helvact and Alonso, 2000; Pueyo et al. , 2001;
Risacher and Alonso, 2001 ; Warren, 2010) ., FX[EBREATE
BRI ER KRB A 14 1l 5T %A, AELI T HE ) 4 1t R
WRH R 5 T 2R % & 0 3% (USGS, MRDS % 4
eV o Sy R TG BLA (1 T 8 LA A e F SR W 1
WS A SOR WIS TITEIR vhly o B0 PR AL, JF 52 Hh Al
TR TER A BIARS FR 1y v e

S pve 3 LR= 3 e g Y

W R0k 5, T Fi /iy 10. 81mol/g ( Baxter and
Scott, 1921) o 1ETCER JA W b, WAL T 56 2 A4 TIA
TR 28 2. 34g/em’ , #4545 2076°C , i 5 3927°C ik
SRR =07 i AR BEIREE R > 9, fEAR 4 RO 2T, T 4
REFRBE, 0 AR RO SRR, MRS T2
+3 M0, G EOCR ARG SRR, SRRk, 2
EI PGS T vh AR . B B AR A rh D
VLB AE , 0% LA ( Borax: Na,B,0, - 10H,0) \P4/K Al
b (Kernite: Na,B,0, « 4H,0) ol #l ik ( Sassolite: H,BO;) fi}

TEXRAE, si i AZ R E iz b, Bl <0 B = i
MBS R o 3 23 B X A AR AR T Y A3 E A% BE D FAE
TETE 20 5205 2 WY, 0 19 - 43 TC e ) 2 R A i 0 1 v
SRR, HEEERE BT, 800020 m R B0 (kA4
&, 2014) , TR RINIRER Tk th AR A9 & I ) ( Kistler
and Helvaci, 1994) , 335 % ¥ T 3F iF 40 22 & = ( Smith and
Medrano, 1996; Garrett, 1998) . It4h, Wil 5 % T K, Hin
i B A TRRE T IS o AEOLTE B IX, R RR 32
TR T e R b B S K 28 h B AP BERT IR D0VE Tk
WA R (A%, 2014)

WA 14 AR, B A bR E R E" B X°B
(Aston, 1920, 76 [1 48 5 19 = J&£ 43 51 80. 1% K 19.9%
(Baxter and Scott, 1921; Briscoe and Robinson, 1925) , }j 3
FARS B i 28 SR (Aston, 1927)  SE586 KBS TH3R UE B )
[FIA5 2R AT LAAE 3 5t 2 v R A Wi 1Y 4318 ( Kakihana et al.
1977 ; Marschall et al. , 2007) , F/M 8 F 24 F B(OH),
FIB(OH), AARXS &, EAIA7H" B F2 5 %4 B(OH),
h BRI EYB 2 E 4T B(OH), H (Kakihana et al. |
1977 ; Jiang and Palmer, 1998; ¥ /¥f, 2000; Jiang, 2001 ;
Jiang et al. , 2008 ; Marschall and Jiang, 2011) , #[E]{7 2 4H
BEELL "B £R:8" B (%) = [("B/B) /(" B/
B) nisrsrwost — 111000, AR 45 14 2 F 0 58 1) 4048, L)
2 T s i Bk 26 4 3 #2 ( Hemming and Hanson, 1992;
Barth, 1998 ) ISR 72 48 KA iy v (b 7K B o 7 46
WF 5% ( Spivack and Edmond, 1987; Ishikawa and Nakamura,
1994 ; Xiao et al. , 2011 ; Scambelluri and Tonarini, 2012) ,

2 AERBN o> A

ML USGS 4iit, 2018 A BRala St ifE i 200 11
e, FES AT H I S B A B R e
W P 1 g AEREAT R A A EROC AL 1 A R [
Y AE RE B 1A PRI S IX 2 A T - R o) 2R
AR T AL o B RV 3 KL Sl e R
Berb TR ACSEPYHR, B 7 S -5 EL RORE B 1L 44 9 B A
A7 DU A1 T e H 2 AR B M) . g i e 7 R i I
TEWRAE WEFE I el B 408 PR 5 B 45565 1 i A0k 7 5 el

(@ USGS. Mineral Resources Data System ( MRDS). htips://mrdata.
usgs. gov/mrds/find-mrds. php
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Fig. 1

DB,

Z HATHIET LA 86% M43 #i 78 £ HH 2 440
. 5 )58 ( Anatolia Plateau) , 2 4 DX 4 7 42 3R d5 1) 8 K7 11
IR ( Helvaci, 1995, 2015; Orti et al. , 2016; Helvac et
al. , 2017) . T HHAN K 2T BT ot ad 1, S Al
DURRBSIAT PR , 554 0 B2 B o Tl B2 F) ) 4+ (Helvacr
and Firman, 1976; Helvaci, 1986, 1989; Helvaci and Alonso,
2000) o 33X J2 H T 5 BT RLA AR He 0 KT AR B T I 48 Jifr 2
T A — ZR 9 b S UK I A 3t TR R A W A, R B Y T
BURAL T S5 ok 86 4 st v B 50 46 Ok B IICE S I BE I
2 55 TR IR B0 0 O AR S T A DT 0 B O At =
(Helvaci, 1986, 1989 ; Helvaci and Alonso, 2000 ) , B[l 5% %1
A9 KL T SR PSR A 205 AL e IS TR AR B e
R T iz X A8 K (Helvact, 1984, 1986; Helvaci and
Alonso, 2000) . 1HAh, 37 T 0 F 4 JE W0 7 #F S 2 b 35 11 74
R ER , 5 R H T B B SRR, AN JE Tk
VO R 2 W1 Ut FR &2 4 19 W 5 JK ( Helvaca and Alonso,
2000; 7, 2013) . R 42 E7 A #F 8 ( Warren, 2010) , H
HI R 280 IR 1 KB 2 AR R 8 07 IR L 260 T T4
SR I, FF H Tk B W2 T S T B L ]
b 11 5 9 R T o A 43 A T R 56 U b I L Y I
X (AR BTARSE B RRD) BT o AR, 3 2 b X
R 2051 B N e =N N 2 = N N O S C YA
R ER I, A AR 32 30 4838 AR e kLl IR K J A
W R Z R

L 1) it B S A R A R ) 3% , 290 3200 JT R, 2
TARRAILAR TG SRR A0, VU EC PO 1 LR A X

Worldwide distribution of major borate deposits (data source; MRDS, USGS)

HAL T FRE I R R TR E B AL, HA# A2 5 4
[ 40% LA b AL IR R & 2 B A 2R RE &
IR PR H 5 T AR 78 A 8 38 EL DT RURE ], TV BT K7 a4 4t
Z 1 (Peng and Palmer, 2002) . [A]i}, 52 273 AL B 5200,
TE I BT ) LARROK TTORR RIS LI B 64 75 ST B e 4R, it
O TR AR A T BB R (Rt T AN AE S5 2% ,2010) ,
TSR A G Ry SRR ™ X, £ A IV oy 28 Jot o 20
BT BRPEAR A B Rl 2 0 o 55 980 S BT 7 R A 2
ok AU ER AR, Ak i 2y 5 2 E 1 50% , 7 T XI5
SIRA 22 0 S5 0] - R -3 B % A T - DU 5 Lok BIE
A EF LI - 2 B T LI R AT R A v (3 L TR A 3 4 v
(HRHET FIARSESE,2010) o HR 2% R S AT A 1 HH K R |
JCSEHAT RAR A AL, 322 550 bl K L o S B ok 1
BTCERA 5K, W2 15 35 Bt Wb W 2 42 3 1 s =5 1a], o
HH AT R AU S R R E R LG IE T & 55 W
" ( Warren, 2010) ,

3 W&

IO 2 8 4 T AL K (4.5 x 107°; Spivack and
Edmond, 1987) iR # (1 x 107 ~150 x 10 %) K[l
52(10x107° ~11 x 10™°; Rudnick and Gao, 2003 ; Marschall
et al. , 2017) AR PEFE (9 x 107° ~ 70 x 10 ™% ; Marschall et
al. , 2017) J¢ 5 i Hi b8 (0.060 x 107° ~ 0.173 x 107,
Marschall et al. , 2017 ) %45 Bl AN [6] () 4 2 o, ELAS [ e )
TR R B R KA, R, B R 28 4 R 8 F
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Fig. 2
(modified after De Hoog and Savov, 2018)

FUIE - 5T -3 8 R G 3 A B A AR T B9 A 80 B
(Leeman and Sisson, 1996; Jiang and Palmer, 1998; Xiao et
al. , 2011; Marschall, 2018) , FH i 7A% (1) K7 A A P A 45
FEVE RIEPEE BB T TR ALK BT R 1 &
HR Y (Palmer, 2017 ; De Hoog and Savov, 2018)

4 AR (R PEHLSEAE Y SRV B R 2 b 2 T
JZ B T A GRE T, TR R T VSFESE . 5 R AE Y
TESCAHLL, IR A 7e v 3 AT S 2 1 &K 1 (4 2 e A
ESTREIN TP AI A AN KRN R A A NP I Rl &S
A WEBUA) , } 2235 3% ~ 5% HIK KRR G s G E (Sun
et al. , 2007) , BANER, B, B0 45 . 52 B PSS AU AR 2 TR
KPR B W AR AR, AU 0.4 x107° ~2.5 x10°°
(Marschall et al. 2017) , T {42 J 9 3 57 WU HL AT g ok B )
(9 %x107° ~70 x 10 ~°  Marschall ez al. , 2017) o It4F,
THITCER T AR 1 A G S0 1) S A 2 v, R S0E T
SHNTCER B e 3 A (Pabst et al. , 2011) o PR AR E
WS A B R S A T B B 0 10 x 107°
~91 x 107° (& 2; Spivack and Edmond, 1987; Lécuyer et
al. , 2002; Boschi et al. , 2008 ; Harvey et al. , 2014) . {ff o
TUBY) P G B FE Rt R X B, R A T 1 x 107°
~150 x 10 " [] o Frp A= ) PRI BR IR 4 Rk 47 24 43 3 oy 28
x107° ~56 x 10 ~° (Allison and Finch, 2010) F149 x 107 ~
97 x 10 ~° (Kolodny and Chaussidon, 2004 ) , ‘& fi1H. 4 #8 XH&
B & B g P62+ (101 x 107° ~ 163 x 10 ™°; Tonarini et
al. ,2011) 5B A (75 x 107° ~ 105 x 107%; You et
al. , 1995) W HL.75 #H %} & ) 8 & & (Plank, 2014; De Hoog
and Savov, 2018) ,

Schematic diagram of the boron cycle in subduction zones illustrating the B concentrations and isotopic compositions

4 BIerh S U ER AL R A 5 ™

4.1 FRFER R E IR F1EER

TA7E L s s B0 i, (HENFE DR ph DT AR ST |
T St s e S0 PRI v e BE T B o TR AR A i
FErb B TR A P R A Bl ) o U AR W BE R o
B BEAME ORISR . B AE S P TC R, SIS e AT I
ZH IR R R R R M (B 22 T ik 40%0) o PRI, il
[ (3 2R DA g 2 FH R 73 B ORF et JE A0 30 1) T ) i (]
2) "' B i FAE AR 5 42 (Hervig et al. , 2002; Wunder
et al. , 2005; Harvey et al. , 2014) , JEta KEZ R A (8" B =
~12%0 ~ 0%0; Marschall et al. , 2017), % i /K (8" B =
+39. 6%0; Foster et al. , 2010) Kz P 52 nja) 33F 11 {6 1ok 2% V5 5%
s S E (2 %, 3L 8" B (TN — 4% ~ +25%0, V-2 {H
N +3.4%0 (Smith et al. , 1995) . PRI #E S 1L SV
8" B i A F + 7%0 ~ + 20%o0 2 [f] ( Spivack and Edmond,
1987; Lécuyer et al. , 2002; Boschi et al. , 2008; Harvey et
al. , 2014) , ¥4 bESUE L& 8" B AT LA3K +30%0 ~ + 41%o
(Vils et al. , 2009) ,

B OC 2R A T SR 5 W ) 52 3R 14 43 PR A7k 23 B G 00 e
B AR Rty 7 LA RS A AN ) S50 /K 2 B2 1Y) 22 5
T8 (Leeman et al. , 2004 ; Marschall et al. , 2007 ; Pabst et
al. , 2012) . FEPR AR 13 A9V AR MU 82 (10 ~ 40km) , 52
SR b R B K 5 AR A5 IR K AR Tz Y e S A ik
(Reynard, 2013) o iR BARF b 0 B 0 3R BECPE BE &
TR T HT B AR S LA (6.6 x 10 7° ~ 126 x
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107°; Benton et al. , 2001 ; Deschamps et al. , 2010; Harvey et
al. , 2014 ; De Hoog and Savov, 2018) , H.F & fF v i€ B 484
BRAT TR Wz s (4 2) .

T AR B8 R A1 P AT v R v, AR e B s ) 3 1 —
TR I MR S RINTZ HE ) (Martin et al. , 2016) ,—3#R 73
T A2 ARSI b 18 B2 AT 22 & A2 MBS0 Ak (W et al. , 2018)
B WK o e I o 0 1) 2 3% 48, =0 %) 0 I 5 3R AU
R BRAR TS VE TS FITUR ) (6 5L S (9 B0 ) (0 R PR . ik fel
AT e 20 T VR B 85 (6.6 x 10 7° ~ 126 x 10™°) , H. %3
AR EEMFENE (8" B > +20%) . th T RFbkEsrs BA
TEIPE T, AT LA BT AR B 3G A 8 K AT IR A A o, TE
& I e S0A i L B S04 JE ( Benton et al. , 20015 Savov et
al. , 2007) , & MARHATHEME B e B SR Z 25 Th s A T R
fill (Benton et al. , 2001 ; Savov et al. , 2005, 2007 ; Kodolanyi
and Pettke, 2011; Pabst et al. 2012; De Hoog and Savov,
2018) o AL, —SEBIFFE Ay L R e A ) 2 3R 3 SOk 5
Fff 42 ( subduction erosion ) 5 [ Fif i 44 VR 2% = (forearc
serpentinized mélange ) 1Y) & & o1 Wk ( Harvey et al. , 2014;
Martin et al. , 2016; De Hoog and Savov, 2018) ., #XT, 7 i
TR v 1 A AT 1 b B AT T 1 87 B AL, I
AR A AR /495345 X8 ( = 15. 3%0 ~ 9. T%o) , T i 4
SUUR i 0 A SE AR AE T 23 AR 8" B fEL( Cannad et al.
2015, 2016) %

4.2 TRTEME i R AHEIE LTS R R E HLE

B R 1) o PR 5 00 v i =2 M) g O BB e AR B 3 A 4 il
(Ozol, 1978) , JuFLLI 5 1l i IR Z ] B QMR R ¢  13. H
IS A LA A 0 B 9 B2 Y5 LAY T 1. 3%0 ~ 36. 6%, F-
A 12 x107° ~15 x 108" B KT + 18%0. HlIf7 %
NTE RRE R AR T LT3 4308, BRIk Ll IR X s 1
[ (3 2R A I 5 1 0 A RS P A AR AR L, 9IS 3™
BN N Y 322 W) KU ( Exsoy et al. , 2010) o K
LR =& I R TSR W ) AR R AR - A AR
YEM (Ryan and Langmuir, 1993 ) , M iX 66l 70 R £ 2ok A K
A B o S T H: b B TUER W 32 B bt DX e A% ot S
OB S ) ek 7 (Warren, 2010) o Hij 3 © HILE I vhid 72 o
BN A 520 et BB T 3R P Bt A A T e B AE ST
SESCA AL HIIE L A SCIA 3k 7T RE R 1 R A B AR e B
Gy KA I 56 2 — o ARG S i) 20 A 3, FeAi]
R YA V- T R w2 22 g It - o il A 19 DX 3 Jo 2 =2 AT
WA ST o FR53 3Gk L, ol T s e fa
SRR B 3 s ot 30 DA 9 1) B 4 % 4 WA o ( Cerny,
1992; Grew and Anovitz, 1996; Thomas, 2002; 7k 4= 4%,
2014) o TGS Y F L RO AL R, R FRATTIA R -
Rl ORF oty AR TP -V i B 28 B TE A3 1) 3 AR il e
P fon JEE R UL, 5 A5 BICH g 807 b i 2 0 3 20 R AR B K I
Al K R 5 B 2 R, A LU I SR S

— 5 T B IR o R S iR 3 L0 2 05 5 T L i %k
TR A s 55— 5 T, 24 e e W) B BRI AR S 3
TG SE U 4 b, JCHAE TR AU 5 W i U U A 1 2
PR R AR R R AR B e T R AR
HRAE E 3R A iy e IR PR BT ST 45 5, A SCd s L
ol b H A RO A T A 5 B g AR mT RE AR B : (1)
8" B 1 A I T A 1 N 8T B S A AR AL G R
T, PR o i B 18 K L BIR B AE BE D OFF bt Jr E g
I 8" B {E 5% ( De Hoog and Savov, 2018) . (2){ffifi#z K-
B TR R 8" B (/N 5 ¥ AT B B 5 MG - F
(Leeman et al. , 2004 ; Marschall et al. , 2007 ; Pabst et al. ,
2012) F= W, 28 5V VA 1) ¢ L R AZ S0 oot b 8 s 1 i A 5
WAL/ IN AR S B T 32 00T Y8 AL B A (Sawov et al., 2007
Hyndman et al. , 2015) , DL L P934 & 7T 58 5 SOUHT i B2 g
SoARIOL B SR A P22 . HETRIBETERIT, thEg T
T XA I S0 S b S TR 2 o o % F A ) 432 % ( Benton et
al. , 2001 ; Savov et al. , 2004, 2005, 2007 ; Tonarini ei al. ,
2007, 2011) o J4HaAH X =5 O A9 SR AT 088 32 40y o, 7 3% 3ok
] o s b A AR AR BV HOIE L S AR, TR
IR A % sl 5k R T 2 R BAGR A R AR 2 R ( Tatsumi,
1989; Straub and Layne, 2002, 2003; Hattori and Guillot,
2003 ; Deschamps et al. , 2010; De Hoog and Savov, 2018) ,
WFFEIRFE I, 78 AL BRI 298 105 ~ 886°C 1 A4 il &5
EVEREATF 13 x10 7% ~700 x 10 ~* 2 [f] ( Kracek et al. , 1938 ;
Kanzaki et al. , 1979; Quisefit et al. , 1989; Taran et al. ,
1995; Leeman et al. , 2005) , FEAKF 0 £ 100°C /K i 1
FIFARE (BKRAESE, 2014) o KIIUAR B AN A BELS 1 fe
AKAFNER KA B, B TS AR AR, BN A s JL 2 <
BENT DLVE T K la A 20 (5K AE SR, 2014) o ARSCA LS
F BRI R TE 1T BE 5 K 1l IR 5t B PR At A A
S BA RN v BE ORI G, T 2 15 5 I L i i
R B T BRI TR MR b S 88 A GBI B, U B2
TR M R AE I L7 b R AT B B A A i B A
B S (G B P L T8 S RS ) o

5 &k

N AER KA 1 A A B AT AR EE 3, H R 60 89 K R
TR BB TR A TR B %, U A -l o 4 725 Ay i -
Wi A8 P 35 LT o o AR I 7K B I . 8 A e 80 A XoF
B AT e A2 ) 5 A 4 DB

= H G FR I = SR i S T e ERE 86% L |,
OV BURTRE S50 5 (00 oh FA BE AR BE , I 5 AR R R I T B
SR T AART A2 DA 56 o 7o AR vy {88 122 A b 8 4
MeE AR T R A X S E AR R AT S
Wi 5 O 1 5 b A8 B T 32 2 AL I, L 7= 4 o 1
Py 28 RAK R UE T T SR PN 1 P 28 R A, B
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