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SRR AR R 28 BT R R R 2 R 0 A
T M . T AR R B BT IR A TR B T K A M T e
FRIRB LM BE. 20 42 90 4FAR LK, B
& KA B R WETE A A A WA 2, 5805 AR 2 3 74 30
BRI T FEAEZ /K, FEWAE T —
I 28 )= R H A 5 R i DA OG (Wang
Linlin et al. » 2020) . i A MAS[R] B9 £ B2 X HIE A
M AL RIEAT T RGN, K B EAI LT ik
Ji B 5 HR U5 B AT TR B S PROBOR 2 K TR G TR
¥RE (Fan Qishun et al. , 2007; Tan Hongbing et
al. , 2011;Li Jiansen et al. , 2013;Shi Guocheng et
al. , 2016),
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SRR PEER AT T — R 5 NW-SE [a] #8 4 A4 38
1 KRS 5 !

1.1 HE&EL

SRR 2 3t AL T R D AR U S SO L 3
JEAR . FHA VT K 850 km, FALFE 150 ~300 km,
FNTE AL 12, 110" km? . 4L 1E K F s |-
JE& TR 4 S0 A 3 a1 I DX A Sy A T 1
T O A 2 A R T G Ay I 20K 4 g 3 T 4 3K 2
G R T 4% A KM 2 2% 1Y b o i AL AR
(Dai Junsheng et al. , 2000; Tang Liangjie et al. ,
2000; Wang Buging et al. , 2006) ([§ 1),

HIABEFE R S8R R G AE FE 0 — e 7 42
A 1 2 — A X 3l 57 A B K ( Tang Liangjie et al. ,
2000) , EN3Ciz gl LA » 5805 A il e 5 J 2 Bl B 56 Al
G 2 U B R Y A M 3 T b B B2 (Tang
Liangjie et al. , 2000), " Hr A= 4C LAk, 4 b I 4
TR VRLIE L T —&JFE 2 6000 ~7000 m, &
AL IX 36 10000 m 9 5% JZ (Zhao Fan et al. , 2013),
B A B2 Al B R DT A B il 4R IS R RN Y 4
il L 00 2 e A0 36 TR E AL . I I A e i A
FIR) VG 0 - L g 3 A X 7t B VS A i ey SR 4
#l(Wang Yadong et al. , 2011), a2 R4
ks e 3 TR N SR TR | - TN T S
LU 7 200 0 Z 3 Y BT R AR 4 SR A . X S T R
TR T B IRF (6] 17, 358 )y f) I () 4 42 o) 3 4 3
o BT AE AR TR . [A]E S2 B R 4 W7 240 Bl i S e

(Zhang Tao et al. ,2012), HA 75 RHE & F & 2L
TEE MR KK

F T XA T 583K R 20l v 3t X, — BLEE 57
B8 JIRER W3 ) AL T A5 X AR 5 AR AR
4 1 B B B Rl (Zhang Xiying et al. , 2012), XN
A 2T R LT PR A T E L AR L
PG, R 2D = 5, O B 3k BE 2 2680
m, KT RS 1 LB R IR A% B A B TR
# (Gao Donglin et al. , 2006) (& 1), P§& & J5/K
R IAE LB AR B AR 3 43 X b8 TR R R —
HLEP NI DX o A5 T 48 K R Fk 1 2 S 100 A DX ) 1 o 2
H1 8 S5 T 204 3 0 B R — S IR RO ER 7
Ab T B ERE B R W R AT E B W R Z A — 4V
2% /N A [a] A 7 (Dai Junsheng et al. , 2003; Gao
Donglin et al. , 2006),
1.2 R 5iNRFE

A M A A LR B AR H 28 BB AR R 43 D
WIS B R4 (B L) #T BT 5 T T4 4l
(E;) - s I TLemdl (Nog) fF b b4l
(Nyy) s FoBrge Falab 1l 20 (N, y) F 35 41 (N s)
LARAQp ) GR D AR EFER 5 D5
FLAL T B 3 L IR BE A T 2000 ~4000 m AR,

T AR Bl A 7 AR A F TS ORI A W RLR
U H 2 e R R b R A D7 1 R B R A
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Fig. 1

L8 3K K F b b S5 £ B 5 SR FE 5 0L B (P Gao Chunliang et al. , 2009)
Geological sketch map and sampling location of Qaidam basin (modified from Gao Chunliang et al. , 2009)
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Zechun et al. , 1996 ;Sun Zhiming et al. , 2004 ;Fan
Qishun et al. , 2007) , MFRR HFERRELETH T
VI N RE R R VN B U R RN SERR S| I N B RO -2
302 DL R AR | DR A Dy 3 YR
F18 SR 1 % b DX AR K 28 g o BRUB —32 k o1 R
I — R A AIDTFL (Su Nina et al. , 2014), #HiE4
R EE T WA TOR E TR LR BUS K B s
b e A F (Zeng Xu et al. , 2021), ZEIUR L
TR AT ) AH Sy 32 0 0T op 7S i B F R W AH (Dang
Yuqi et al. , 2004),
F1 EEAZMFERBEMEEAR
(#& Nie Junsheng et al. , 2019)

Table 1 Cenozoic magnetic stratigraphy of the Qaidam basin

(modified from Nie Junsheng et al. , 2019)

[ B3 b 2
HEAE AR (Ma) ftt 4H Ve JZ AE AL (Ma)

ESENiin

2.6 2. 65~0
BB AR
I NIl Wi 734 8.2~2.65

24 \ R ITE 14.9~8.2
R R R 22~14.9
T LT 31.5~22

65 [cE NiiN IR SGE 42.8~31.5
g RLis S R TIE|

MOTTRAR B TR K B AR AR LR S R
MR DL G BA A P A AR A8 Y AR AE (Liu Zuhan
et al. , 2006; Chen Xuanhua et al. , 2011), - ¥ (7
B T AL L T ) M T AR PO T VS B L B S

LR T A AT
2 FEECRE ST

ARWFGE 5 TR ES 5 KA i 38R [ S8 R 7 1 b
IS ET AR AL 3 XS it ) R S Al L BT 1D o A 465 e A 1l
(JSD) VIS MELLN(L2) IS (YC2) .41 = 5 (HZKO01) |
SRR (E2) 4 Bl fLK & K. K Sk i KK =
noYC2 pg K ¥ B h 68°C, HZKO1 X /K i ¥ ik
85 C HEFL Kk 151 m, BiFLFIHE WA 2. SEALE
KIZE R A 2R EA —, B L JS1. L2, YC2,
HZKO01.E2 % )2 & /K H ¥ 43 B3 & 670 ~ 2495 m.,
1800~2500 m,300~2515 m,1080~2922 m,1770
~1950 m, AR K FEFTR L 10 L RO
SEUREAR B L b 5 5 K G BE 3 U, MU I bl RO
J2 B 7K B 3 T R B2 L pH (B A B Ok SR AR R AR
i 2 R o B AN TBCREAR O FH AR S 1 2, R )5 7EAIR
TS5 TR R PRk ] 52 56 5 3 A2 B A R R AT O 5
DA 3kt G PH G BRI

B K AL 22 B4 I AL B Na®t [ Ca®'  Mg®' |
K'.SO; \HCO; .CO; \Cl %W a5 B,
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Fig. 2 Borehole profiles and brine samples from Yiliping and Xitaijinar salt lakes in central Qaidam basin
Qp' AL AR s Nos— P F I 4 Noy— BB I s Noy— Pl @b i s Nog— B T80 4 Esg— T TS84

Qp!'*"?—Qigequan Formation; Njs—Shizigou Formation; N, y—Shangyoushashan Formation;

N, y—Xiayoushashan Formation; N; g—Shangganchaigou Formation; E; g— Xiaganchaigou Formation
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fE T RN IR AT

B 1) 57 2R 00 4R ) 8 Ik 5 B P A R o 8
SHAiAE 4y B L A Amberlite B4 3 BE L B F 58
e ZE R UAR P AE BT PR IR AR S ksS i 2R
R S BRI AT WAL L, SR 5 EALI . W R A6
Z AR E W BT NBS951H3B03 49 {6 2 4.05193 +
0.00012(n=3), KAk 2% 20 4 5 0 TR 42 25 3 24 76

Hh [l k2 B 7 10 R T T 5 T R A 2 e A
e

3 4

3.1 KU

T AR A TR )2 K K AR 2R A (R 2D,
WEK KT n(Na" ) <<a(Cl") H[n(Cl") —n
(Na' ) J/n(Mg*" ) =1 AR 75 b il B 43 25 4 iy oK
P2 R A WAL A AL

MIRAR 2o B a5 R — BEF—PY 5 35 J5 /K
W DX R KA A BE 5 i » HEF- X Dy 145. 36 /L,
BARME R 70. 72 g/L. AHXF 583K R 25 b 74 3 A L
TZ 57K v AR DX 0 Ak B RS T =3 2 Ja) (L
Wenxia et al. , 2016;Liu Xixi et al. , 2019), % &
B Na' (ClU dy g i Ju 3, 15 56 5 78 15 A4
1 DX PR T K X E & B Na©™ L CL 7 2 6 A i 1%
(Liu Xixi et al., 2019). M FH & F 41 ik & .
p(Na")=>p(K")>p(Ca®" ), Na" + K" [y Jit & ¥ i
AT 24.30~84. 94 g/ 1 Z [a] . 5 75 5 g Jit R 70
AW AT )2 p K Mg i i R 8D (Li
Ruigin et al. , 2018), FZERHE T4H W N p(Cr ) >
(S0P ) = (COX ), Ol W BEA T 74. 15 ~
143.52 g/L Z[a],SO; \HCO, ik E s Cl 44
Z—PRHEHRL L,

BIZ K BULi,Sr S50 R & e, A&
G T 7K (Li Jianseng et al. , 2014), FE5 A
Li & w28 KT B, Sr &A1 /- 8Ot R 18
HRA P EE LR FE RO A a0 Y
H AT DL DUR A 2R B 07 . B IR

Eh

NitIN

JEp KA S R R A A AT 129,50~
547.50 mg/L Z[8], V¥ & &y 332. 82 mg/L,
i CER 51 A0 R 25 7 Hl o ) A B ) (DZ/ To212—
2002) , AR 1 A5 AL R 0. 326 ~0. 5% . K 7K
B (LICD By i # & A7 150 mg/L. i /K 8 4
(B, Oy w] %M 13 AL 28 400 mg/ L, IR J2 i 7K
o B SR B A AL BB AL L S Ak B R
AT Al 2 NG 17 o o RV S LR VAT 3% N
CRAOKER XS IR)Z K B BT IR R AN B

R2 KBEAREHPH-BEFNEEFIREMKX
RERKKUFESTER

Table 2 Hydrochemical analysis table of deep brine in

Yiliping and Xitaijinar salt lakes in central Qaidam basin

FE i 2R = Js1 L2 E2 HZKO01 YC2
R (g/mL) 1. 09 1.1 1. 04 1. 16 1.08
pH 7.51 6. 87 7. 48 7.02 7.16
TDS (g/L) 140.7 | 151.85 | 70.72 238.7 124.8
K™ (g/L) 1. 96 1.22 0.48 0.65 0.61
Na™ (g/L) 48.01 47.5 23.83 | 84.29 39. 59
Ca?t (g/L) 3. 94 7.3 2.57 5.92 6. 22
Mg?* (g/L) 0.41 0. 86 0. 37 1.23 0. 89
SO?™ (g/L) 0.83 0.57 1. 32 0.52 0.81
Cl™ (g/L» 82.23 | 88.82 | 40.87 | 143.51 | 74.15
HCO* (g/L) 0.21 0.16 0.28 0.19 0.09
Lit (mg/L) 104. 6 57.9 20 9 22
B** (mg/L) 496.5 | 269.1 239 174 134.5
Br~ (mg/L) 59.25 | 59.75 | 35.17 | 30.68 54.25
Sr?t (mg/L) 264. 2 420. 9 129.5 547.5 302

RJZ KK B R AR REOT R 45 L R W (5R 3D,
A RBN T 0.53~0.59 Z A, 254k /)N, 4R R %k
T 0.21~0. 86 Z[a], Bk R E— A T 0. 18~
0.54 Z Al B4t Z B0 /IME K 4. 82(HZKO1) .

3.2 WEGIRAR

BAMAEEREAME "B M B, H &
19. 82 % Fi1 80. 18 % (Xiao et al. , 2013), B fEH—
FRARAZE W R A JC R KW h F 2L BCOHD;,
M BCOH) . B XAEAE . PIE A XS & i 2 4% TR
Z pH K IR SEF E 0 (Kakihana et al. ,
1977) U B AL F ik A = BC A7 . 0B i ) T AT

RI3 EEAREMPH-EFNEEE NI RAMRRENKEFHRIERY
Table 3 Ion characteristic coefficient of deep brine in Yiliping and Xitaijinar salt lakes in central Qaidam basin
gy | HERE WA R R M BHERH
(rna/rer) (X10%rg,/re1) (SO~ X10%/2XCh Cox™ X 1000/ p¢1~ ) (nCa®t /nMg?")
JS1 0.58 0.72 0.51 23. 89 8.5
L2 0.55 0.67 0.32 13.69 8. 44
E2 0.58 0. 86 1. 61 11. 62 7.05
HZKo01 0.59 0.21 0.18 4.5 4.82
YC2 0.53 0.73 0. 54 8.19 6.99
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Ei v (Palmer et al. , 1996) . SCEGIFEY R BH . B [H L
E R iR )RR DNITR S VAN ER AR P A R
Bl & R ) R B 55 (Sanchez-Valle et al.,
2005) . Xf—H I 5 F J5RER B X H)Z KK B
23R Sl G R AR TN SR (R . AKX
WIZ KK B[R] 7 3 24 B A6 3 B AR+ 17. 109 ~
+26.69%, Z [A], & ¥ K 20.47%,, 1t /™ F ¥ K
39. 500 [ T A A AR A MR 1 pd 7K o' B 11 {H
9. 690 AR A 2 AL /N T 7 98 5L 0 R 0 A b R
SRR Ay & {H (Xiao Yingkai et al., 1999; Han
Jilong et al. , 2018) ., B & & 5 48 3k K 23 b 75 45 9l
FH B 7K AH Ee R AR A 24 (Li Jianseng et al. , 2013),
R4 EEAZHIB—BFMAEEFIR
X R = e 7k ) i 3 4H AL R
Table 4  Boron isotope composition of deep brine in Yiliping

and Xitaijinar salt lakes in the central Qaidam basin

FRf ) TDS BT o | | 0BT
w5 | (g/L) | (mg/L) (%) | iRz
JS1 140.7 | 496.50 | 0.006 4.75 17.77 0.08
L2 151. 85 | 269.10 | 0.003 4. 65 20. 37 0.08
E2 70.72 | 239.00 | 0.005 11.95 20. 44 0.24
HZKO01| 238.7 | 174.00 | 0.001 19. 33 17.10 0. 05
YC2 124.8 | 134.50 | 0.002 6.11 26. 69 0. 15
4 e

4.1 YBERFBESMRRE

TR o K AR R R T A4y Ol 3 AL D A AR
PR K@ KRB AR KK © RA RN K
7K (Zhang Pengxi, 1987),

AR R B (rna /o) J2 W )2 33 P P 47 36 L T
HH 7K A8 B B M2 KIS S A R S i SR R
KK R BOR FElEIE 1,88 R T kK (R R A HL
TEAK —#/NTF 0.85~0.87 (Li Tingwei et al. ,
2006) 5 V5 S8 R BHR = 1 W] 1 7K vk 4 R R = (Han
Jiajun et al. , 2013) ; B A R H (SO; X 10°/2XCD
R 2R i K T Ak B8 B 1 5 AR B L 2 0% (B R
IE 0, IR K K WY B BT 38 D B 47 (Han
Jiajun et al. , 2013) ; B 50 R L Cpx. X 1000/ per ) AJ
DA 0 ) S R T 1 K e R L L R AOK
T 75 FIR KK & B 4 K 4 05 1 3 A6 B E] G (Han
Jiajun et al. , 2013) ;458 R % (nCa®" /nMg*" ) 2
e by T ] 7K A o AR AT B V) R R e 1 K A
PR G LA Jo R R L S A s S U A oA (L
3 R IE KK IR bR — K T 3. WFSE X 4% B AL
)2 b KA R BB /N A F 0. 53~0.59 Z ],

TRA AR R 805 K 722 BT R & A G (Li Xianging et
al., 2002), #EIFEZEBEEDIF . X /K ra/ra<<0. 87,
A RB X101y, /rer) > 3. 33 B, Ry PR AR it i
K s R VA R TR Y pa K IR SR R 0. 083 ~0. 83
(Wang Yunpu et al., 1982; Li Tingwei et al.,
2006; Alcala et al. , 2008),

AR FE A AT 5 A Al AL K B SR R G R B
JST FLA G R B KA R 23. 89, i HE )2 < 7K IF:
AEE L AR TR R BOEI R )Z K B A A T
TR o A 4 SR 2R B — A0 HE W IE T X K AE TR T
211 1 BH B A2 W BT R 5 BN 1 K A A LA A (L
Jiansen et al. , 2013), £S5 E5EE REGE KT 3, [A]
s e G T TOARAS J s AT M3t A R BCAR /N B IR T
X—m. G U EIE R OR AR R
It T 2% B R AIE & 4R 0 R 2 i K A b d A A ) 42
I ¥ s NS B AR
4.2 WRXRERE KB EFR

)2 B0 7K R I R — PR KK A SR 5L b K b 4%
TCF AR B FZ A F AE IS T A 1 s a7 A A
AR . R )KL B 38 vh 5 4 A 7 3 )2
WA ERERE T ZNK-EER NS &
Na,Cl JCEK . [f] i A HEER B #9810 i K Fil— 28 1
i TR A X2 KR RN R 1
Fi G Z A O R SRR S5 . RS
I VGIR R 2 B K A W WE T 4518 B AR — B (Liu
Xixi et al. » 2019), & B 3% X IR )2 1 7K i 735 1 75 45
B2 K BA A B ORI, J2 75 2 4 L DT AR
O ok AR v Y K T RS I B, T 2B T

MK B R AL SRR B IR 2 K W S £
R IOCR A KR R e T HIE 98 A
BHEHM., Li Tingwei et al. (2013)1A v, 7 H
JKHY BRI 2 20 185 7K A v 4 7R R S B A O
LRI = e R L N O iR A= B o £ 1 S
H g 7K /9 B ] 07 3R 20 0 AT S e H ) 5 ok 8 (L
Tingwei et al. , 2013), ABFFEHE G B [ 4 & F
BIE N 20. 4490, H A& RAE RO EUE T AL v BTl AT B
A AR B R 85 [ I W 5T X B[R] 3R {E 5 vy
Rl K B Al 5 B 1 20 2 3 (Li Tingwei et
al., 2013). BRI R(ES pH Z [0 I JC . 3 P A1
KRR R =0.08) , RUIFE AT pH A2 52 0% X
B [E R AR EE PR MR T SR R
AR B 10060 -1 5 L T2 v K B ) 457 3R 2H A
B2 0 OE . 3 B0 I B J5 R T RE AL A . D B/CL 5
Wi /N BB B W 6 I B AR A 6T B T
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(Xiao Yingkai et al. , 1999); @ &k B8 £k 45 & 13 72 5 é;j:[:i/[:\,

OB ST B gE A CaCO, 1 f A% v 805 Bk R
EILPIVE  RZ KK Ca®' SBR[ KB A]
AE 23 Bifi /b Hk () B R 6 A Hh 2 3 [ R Hp o DA 5 2L
S B {H AH %} 3% 0 ( Vengosh et al. , 1989), {HZA& K
WFFEAE S B D R Z KK 01 B 5 Ca® & i i AH G
PEARE ST 70 U B — 5.

HIAWETEIN g B A% B ) i) i AT RE S AR &
WKW E & BLLL IR F R A (Wei
Haizhen et al. , 2014), L F i 45 v K B 1l i & &
BLLi fY PR B UK LiLB il ke B 23 0l g 0k
96 mg/L.180 mg/L. & Li ] /K I V5 A Iy Hb %y A 24
TR 3 A T b 1 R W A T R A A R A
TFEKREE B K KB K (Yu Junging et al. ,
2013;Li Qingkuan et al. , 2019; Gao Chunliang et
al., 2019). —HUI¥— P4 & 3 J /R $h W40 4 52 IR
& BT IR K AN 25 MR K 18] T s A i R R AR B A
TR Mk . SRR 1 E Bk B TR
BIAT K AR 25 T )T RS AR B PR R
J2 k0 7K B AR 5 X R 5 v BT DR AT AR 22
B& At (Li Qingkuan et al. » 2019), [&] B, %fBF 5T
Xz KK BLLi & g A7 A0 M 0 B, & I 2 A7
AR WA M (R* =0. 88) , th )\ 5 — J7 1] & W] L AL
A AH TR] A 490 5 R 5 AN AR LA b BR AR 2747 g o Mo
TH A ) 2 BT T L2 oA 5 5 R R 4 o G 9 K AR 5 B A
WA . W RS 12k H (Wang Yadong et al. ,
2012) ., i JR Gk L XA BB 2R B 3 00 A 3 VR 2
AR ZR AT AR L s T L T Sl B AR AR OK
FFEEM B.Li (Li Jianseng et al. , 2014) , R# A
FAWOH AR R BLLL JC R WA W30 BT B
HWOR KGR RSB . B AR A AR & L )E P
(Garrett et al. , 2004),

25 BT IR FATTAS 5 8 AR AR X R R
B 7KV BT T R [ Ml JE R S R R R IS HE BR
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#2800 B A B B KR 2R A T ) A T e AT B A5
Wb 1 e ZUA 2 AR L AT B 1 CaCl, BLK
. PUHRT R Sy R 5 DCIR 2 1 7K 0 Jo o 1 i /R
T MG R R Zon a7 IR B R K R
Na.Cl & # #®ItR 5 B.Li SE TR N HA AR
PR B TR G 7K RS B . 33K P RE AL R T oK 2 i AN ] X
SR AL 2 R EAFAE 22 S Ve R T RN 22—

(1) B3R A 2 3t v A8 R 3 1 7K g CaCl, Y, Horp
B.Li & #55.

() KA L5 M W, 7K AR R ) Na . Cl
T RICR FERIE T X Kis Bk 7 h s ug ny s 2
AR 2 KK R B O R R85 kKB
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B R T B AR AR F . S8k R 2 Hh b
DX R B K R LA T A R TR AE

(LA AT, Se 1k R A R R 2 K 5
PEHR Y CaCl, 8 7% 2 5 7K 72 8 B HL A AR AL . B
FLAT b 3K A0 Hb 2 7K TR A R U

B« B v [ R A B T R 0 P R W Ak 2 oy
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Abstract

There are abundant deep brine resources in the western Qaidam basin with good prospect of
exploitation and utilization. However, previous studies have mainly focused on the western and northern
Qaidam basin, and little is known about the occurrence and formation mechanism of deep brine in the
central part of Qaidam basin. In this study, the deep brine samples from the Yiliping and the Xitaijinar salt
lakes in the central Qaidam basin were investigated. The hydrochemistry and B isotopic composition of the
deep brine samples obtained from deep drilling in this area were analysed, and the hydrogeochemical
characteristics of the deep brine in the central Qaidam basin were clarified and the origin of the deep brine
is discussed. The analysis results show that the deep brine in the middle of the basin has high salinity and
is CaCl, type water body. Based on the systematic analysis of the deep brine in the study area, it is found
that the formation of the deep brine in the central part of the basin is related to the dissolution and
filtration of rock salt and the strong metamorphism under the confined formation conditions. It is
suggested that the B isotope was imported from Kunlun Mountain hot spring waters. The different sources
of normal and trace elements reflect the “dual structure” characteristics of the material sources of deep
brine. The results of this study will provide an important scientific basis for understanding the formation

mechanism of deep brine in the whole Qaidam basin.

Key words: Qaidam basin; Yiliping-Xitaijinar salt lake; deep brine; water chemistry; boron isotope



