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Abstract: The salt lake of Sua Pan, one of the largest salt lakes in Botswana, is important resources of natural alkali. To identi-
fy the sources and genesis of subsurface brine in this salt lake, groundwater and surface water near this lake, in addition to sub-
surface brine water in the lake and salt crystals from solar salt field were collected and determined. The contents of major cation
and anion, the isotope compositions of D, O and *’Cl, and the " C age of groundwater were calculated. It is found that the
subsurface brine is characterized by enriched Na and K, and depleted Ca and Mg. Results of D, *O and *’ Cl show that surface
water is closely connected with subsurface brine in Sua Pan, while the role of groundwater recharge on it is weak (the difference
of ¥Clis 0. 04%,—0. 06%,). Relationships of TDS-yx. /71 indicate that leaching of halite affects the formation of this subsurface
brine (yx./7a==1), and the age of *C (about 20 000 years ago)indicates that the fluctuation of ancient climate is considered to
be an important factor of the formation of Sua Pan. Based on the above knowledge, inverse simulation of subsurface brine in
Sua Pan is modeled by PHREEQC software, which further verifies that salt lake of Sua Pan is mainly the result of strong evap-
oration and concentration of surface water and halite leaching by groundwater.
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Fig. 1 Makgadikgadi Pans showing locations, terrain and rainfall
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Table 1 Water samples collected from Sua pan

FE S SWo1 SW02 GWo03 GWo04 BWO06 SWo7
Zu 26°11. 224'E 26°22. 055'E 26°27.126'E 26°28. 373'E 25°57. 871'E 26°14. 439'E
20°12. 798'S 20°05. 645'S 20°30. 683'S 20°30. 517'S 20°27. 852'S 20°17. 889'S
B3 HiZRK HiZRK Rk Rk H R K IS
b g5, Nata 1] Nata 1] Dukwi #f1[X Dukwi #[X Sua EhiH Nata [E /N
SRAEIRE 0~30 cm 0~30 cm >36.93m >>34.50 m 2 20 m 0~30 cm

K2 KEHKLEDTER

Table 2 Results of hydrochemical analysis of water samples

T SWo1 SW02 GWo03 GWo04 BWO06 SWo7
EC(ps/cm) 1024.0 138.3 1556.0 1562.0 183 300. 0 4333.0
pH 8. 80 8. 89 7.16 7.08 9.50 8.83
RECC) 32.9 26. 4 28.8 27.8 29.0 30. 3
HCO;~ (mg/L) 130. 43 85. 81 583. 50 518. 97 4118. 85 364, 52
CO32~ (mg/L) 49. 52 0. 00 0. 00 0. 00 15 445. 06 210. 80
Cl™ (mg/L) 207. 44 3. 20 216. 75 252.79 41 640. 00 1076. 08
SO % (mg/L) 20. 58 0. 90 93.22 95. 40 12 480. 00 97. 90
K* (mg/L) 14. 91 6.33 4. 81 4.14 2108. 90 49. 23
Caz* (mg/L) 16. 81 16. 26 23. 08 16. 34 7.30 10. 64
Mg?*t (mg/L) 3.05 2.78 35. 22 30. 94 3.50 0.78
Na™ (mg/L) 185. 30 5.43 269. 76 296, 44 46 278. 01 1028. 80
TDS(g/L) 0. 630 0.121 1. 229 1.218 112. 655 2. 841
IH P S 145 ( 20 0. 981 4. 486 1. 548 0.017 4.371 4. 808
PR IE R Cl» HCO3-Na HCO;3;-Ca » Na HCO; » CI-Na HCO; « Cl-Na Na-Cl Na-Cl

VL PR A R S 50% ® b i KR

| R IKRE
VAR B2 6 5 3 48 5 0% A KR
VILGE & & M ot iR ok & O R K
© T T s o O #hil pi K
VILAH 1 J 55 18 0 & 2o LB
IX AT — % BT BH & 1 S A
A I 50%meq x I

/\ /\
VONY AVAVAVAVAVANAS)
30% N NONNNINN 70% JAVAVAVAVAVAVA
20% AVAVAVAVAWA'AvAW 30% 80% ZNNNNINININN 200,
IRWAVAVA. i "AYAVAVAS A INININGNONINNANIN 109
\NINNINNNN/ XL

90% 70% 50% 30% 10% 0% 30% 50% 70% 90%
80% 60% 40%  20% 20% 40% 60% 80%
«— Ca— —=Cl=%

Kl 3 JKFEER Piper =4k &
Fig. 3 Piper graph of water samples
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Ringrose et al. ,2005) 57 : Sua Fh P4 (ALHD 7Y
Rk #4928 Cl-Na 7K, H Na™ & & 7F 34 000 ~
66 600 mg/L[A], M Ca™" F1 Mg*" [y & & ¥k T
1 mg/L. 51 B U2 19 1 F 7K (GWO03 Fl GW04) Ky
HCO; « CI-Na 7K, # Bt T 7K ) 51 1b T i 7k
Jr I HCO, AUK ) CLRLK & Ak 1R

TDS JEA [ 5 “Eh AT < 7K (112. 655 g/1.) >
M HE T 7K (1. 218 ~1. 229 g/1) > /K (0. 121~
0. 981 g/ L) f4HAE . T 7E Nata [E 5223 B 1L ¥ Hb s %
FE B FEKRE (SWO7) TDS(2. 841 g/ LK F-HL T
7K s K (TDS™>1 000 mg/L fi7K). [ SW07 4p, 1
flkEEH HCO, ~ \CL SO LK Na™ B3 - &
T T b 7K > BT i 7K > BT s e K I RRAE s K
DU 0 < RT3 1 7K > B s 2 7Kk > FFF A 3 T 7K
FIRRAE. TSR0 B S ORI i P s 3k
A H oA 5 Ca, Mg kR ER 5 (Ringrose et al. ,
2005) , HRH 1 A 2 Sua SR T A LR /K H
Ca™" \Mg™" B Fr izt i T MU K TR W T i K. 3
A |, Sua SRR LT pa 7K 22 20 0 3 10 & Na il K, 3%
Ca Fl Mg (475

FIr A 7K FER) Piper —£REI(E] 3 iff— R, 3k
T B - 3802 R B KAk 2 25 2R B e 22 I8 41
X VX, IR Fh A L 50 %6 5 FhA BRI 3 4%
W3 (Nata, Semowane 1 Mosetse) HiL 25 7K [1{) 45
B FE AR s Fe 7K SWO2) th 9576 V X,
SR R R Bk R R A L BR SWO02 M 2 K AN

GWO3 H R ZKFEA R HAR R B 25 R 36 1 VIT X,
AT A Ja B R A .

4 KRR LS R

4.1 SEEMNELERSHH

HR AT pa 7K AR, O RS 3R 3 A s R 2 A . (1)
A A= TORR B 7K s BSR4 — S 350 R 1 oy W 7K
B A K (2 RAB AR TE K K, BFRAKB A
HZ IR IR 2R A Rt oy T 1) e s (3) A T)
KRR A3 i S0 b K (CE5H 748, 1996) . il ik p 7K )
FaE AR R ARAE » AT DA A2 B 7K B Y2 oy 18
TRZE W 4 L KA A B I 2 R ER 7K 1 b 45 55
(Ringrose et al. s2005; KJK), 2009), 4R, LALE
X} Sua FHhid AW BT EIAR D S R R
Fi AR (Clayton et al. ,1966).

H1 6D-6"0 S 2 & (& 4) T H1 . Sua 5151 BT 1
I K (GWO03 1 GWO04) F1 H#i 3 7K (SWO1 FiI
SWO02) ) 2l S Al 1 R K P8 1E B BRI K L (D=
868 0-+10) (Taylor, 1974) I K [fif . i A% £h 19
DX BAF A 1 i T 7K R i 7K T B 57 R A R K A b
2 RS i /K (BWO6) WY fELe A, B A T
B R A Rl 2R IR B 7 B4R, 3K AN T 3 9 1Y)
K—AEMEAEH (Taylor, 1974) 8 ki /K 5 & A 2K0"
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Fig. 4 Variations of 6D and 8" O values of water samples collected from Sua Pan
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—0. 4% — 1. 7% F1 8" O (435 Ay 2. 25% Fil
3. 15%0) » DLW ER I [X. Nata [ 5 #5243 el i) 3 26 7K
55 Sua EhiiHh T &K Z AR K IR, U
Nata {3t 2K (SWOL F1 SWO2) Ja) 45 M4y L7 [7]
FIER T HE R pi 7K (BWO6) 119 4 40 A8 A ] 32— 2548 7R
Sua ERHIHLT i ACGEHF KSR FN 78 K DA St KoK 5
RERRER S Z RIACAE 45
4.2 VO RMLRERE S

B EE NI TR & R E
B A AR B AR L SRR IR 2 kA
FH LA B A 15 A R 45 R 3R 1452 0, 635 1 7K b &8 A Aor
FRA R A Y A 22 5 R TR 45,1995, 1996). FH
TRERE SRR MR A A B [ AL 3R (AR )
PVEAE N IR A BRI, e SR A2 e 5
RIS T A &R O B4 ,2003).

Sua £5 1T g 7K Bz J 0 £ 377 1 1 45 b B
HuR K PR E SR A 3R A5 R Ak 3 . AR
AT LA R R T B O 9 b R 7K A B ER T P BT 1
IKBERG BT CLAR L T 28 R 3 X Sua #h#1E
JICHY E S DTHR. 3X o PR O 1 K 2 R A R A i R
TCI® CLAE S Na® S5 [H B 7B i bt 45 &
REIM 22 5123 2 307 CLAR G AT AR, BTSR[] 44 L
K E AR CL X 5 ARZ T 45 R AR — B WL
& ,1994 0 TR ZE, 19955 T B4, 2003). Sua £
T BRF A2 P b AR P b T i K 2z Tl R 6 3R
LY 22 AR /N, 7E 0. 0490~ 0. 0670 [l 4 » B
FNIZER TR T 0 b T KOG R 151 A 1T e 7K AR S AR
P55, E—2 I Sua EhiHI T /K 22 2 A
FEIVAT i 3 2 7K A2
4.3 TDS-Yr/YaXBTH

Yra/ Yo CE T TR BE LUAED RN S KA 2ok
H T AHTTAR (<0, 85) 104252 B 5 £ b JZ2 s g 1R
F(=1) (Ringrose et al. s 2005). \\ TDS-yx./7a %
F B 5) Hroa] DA B A< Y 5 v 6 390 B 3 1)
FEAKFNHL T 7K L DA B ER Wb R X K BIV6 7E 3> 7/
ya=>1 BRI HERR 1 Hok B TR TR Y AT RE.
2 A58 s (Eckardt ez al. s 2008), Sua RN
JITA M 0 H 0 A 7 O SR AR 3T K CF 2 R B
38 )Y yna/ yare 1, 7R IZER W R 3T B K
A RE AR B Eh b 2 DR T AL
4.4 “CREZELREHW

WL % # (Shaw and Cooke, 1986; Shaw
etal., 1992; Ringrose et al., 2005; Burrough
et al. , 2009)%} Sua FHIITIRPHIAFERE (2. 2~10. 8

®3 HmHTCMRER

Table 3 5% Cl values of water and salt crystals samples from

Sua Pan
FE 5 ¥ CI(%o) d 6%
GWO03 0.22 0. 06
GWo04 0.24 0. 04
BWO06 0.18 0. 02
EANTT 0.29 0.07
I i WA
A HRIKFE
4 ® R X KRR
0O Mgk
O b i /K
3k - 4 LR
s .SWO7 * ﬂflf‘)ﬂ}l'
Z [+ O et
L AGWO03 L
2T Adwos BWos TR
jS\.Noz ESWO! Sua Pandb # W] K 7 Kk £&
Nk
B a S5V 0 2
0 % 1 1 1 1 J 1 1 1 1 1 1 1 J
0 1 2 3 4 5 50 75 100125 150175 200 225250

TDS (g/L)

B 5 Sua WAL K HHEKFE /705 TDS 2340
Fig. 5 Relationship between yx./yc and TDS of water

samples from northern part of Sua Pan

F 4 Sua HBEKKC ER

Table 4 " C age of brine water from Sua Pan

w5 BAEE MO0 IR G 4R (ka)
BWO06 13.464 21. 459

U C A (ka)
16.580+0. 27

T AT TIRABISE BT HHL T B /K 14 8% 14
Toi sk, AMEGE il £ i M R K R C AR R
H] Fontes Fll Garnier $2 i i 4b 226 B — Al i 2= ¢
B 5 BOE BB AT AR I RE , U R 1 T
(R4 2 A4 S » HAS i DXl )3 T 7 s & K2
18I DXORIR He X GRS K £L FIBRTLI L 2000).

F 4 B RIEJE W HL T K C 44 R
21 459 a, J& T30 20 e TR HHE (12, 6 ~1 J54F). 5
DU 208 ) AR A 266 1 BRSO S e
() FEWE AR AL BRI vk 1 32 355 (1855
1998) » IR A ) A Ao A5 2 DI — ) KA 52 %, 78
L7 JTAERT IR B e v, oK R EMRF 1~2 C
(Holmgren et al. , 2003) , ZJ5{EAN T UK )G HH . S f
2 [ gz B4 30 BRAR 2 I 1) B 2 e B % 30 %% (ant-
arctic cold reversal, ACR) HH ¥ JLIKZ¥, & 1. 35
T [ iz 305 3 dpe i o 1717 DA BER BE S ThE R A 4 i, B 4
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2 500~ 6 0004 [H] 8 35 7848 » 22 J Ak e [ I 44
Forh At fi 9 A2 v 1 BEAE 1700 4E i (Servant
etal. s 1993; Holmgren et al. , 2003). WF5X /N,
A Y e St DX DA G BB 381 4t P~ 1 i B [l
TR 5.7 C(Holmgren et al. , 2003). [2] 1 [¥13
R b, v IR Ep B2 R 40 b DA 4 /0N s WK 57 AT
PE— A R A CHF R . 1995). 3R /K 4R i
71N » Sua ERWIHL T B KGR IR T AR UONE R R4
T T 18 A ) A TR A A 1T 1 2ok A rp B T B 2
ALFE AN B BE GRS HE L 2002) « 1l S AR B B . 3
FOKERIT IR TE AR T HE A A BV K A AN e
DAFERZEY BT B s v e T TR B, ) K A
A/ RS FT £R B B 1 AN Y B B2 R AT
TR T HA LU SO ER AT R, BRI AT DL, 66 55
LR Rl B AAET R0R 5 TR n R 2k 5l
Sua HIE A — D EZEHER.

5 K/KIER AL

FIH PHREEQC $A:Xt #F 5 7K 38 AL 2647
R, AT DA e 7K T B A S i A 1) = 8 ek £k
St R LRI R (255 ,2003). 78 Sua Fhilfiih
T R AR R U DL B e BRL R B B A L S5
AR DX A D 2 AR A o B T2 R T T 1K 1)
BRAb2E OV R, 43 I DA R E M T AR AR A
PR 21 o BRI KAV AU A DA B T i B
KA kA giia AU A s AE T YA,
BB CE VR T i A v A W 2R R (X0 AR
. NaX KX, CaX, DL f& MgX, WA S Z5 &
NIy A 5 CO, 1R 2 5 RO R SAAE s pH AR
AL B R RSP 2B, AT 4552 B AN E
T 0. 01~0. 05, 38171 7 fh 45 & i Hh A 280 () i
SHPEFNRRE PE AT .

BUZE R (GR 5) R, #2546 Sua i1 &K

TR e B R R K o3 78 R RO A A L TR R K
1) JBE 7K e % it 6 32 1 1 LA Ak 27 B 0 ok B O 22
10°~10°) s FyR B 5RO DR AE R %A FX 7K
TE B BTk T4 A DA SO 8 T . LEAh 15540
S5 EN A EH A P X Sua Fh1 KK
T AAFAERZ . 25 FEER 15 H X b R 7K (*>30 m H#
T I S PR 7% S 5 B AR5 SR 7R ER IR 3R 7K
XoF 10 7K A BT RAE FH N S BRI R Fh A v
fif. 27 IR Sua SR A3 11 7K R B2 ] 37 b
FOK AR FUZE K U AR - LA B B 3 R /K 5 5 R b
J2 R IR E 4

6 ZEie S

XS ELAN Sua BR800 b <1 7K | BRI A M 32
AR K L 09k 37 1 3 45 G oK Ak 2 A ) R
(DBOMC AT COREAHT I «

(1) Sua FHiHh T i 7K Rtk 9 Cl-Na UK, 5
B E Na™ Fl KT L35 Ca®" Hil Mg™™ (45 50 3Rl
R (3T K U R HCO, » C1-Na Bk, 1% 25 “Bif i
H R K — R HL T i K7 5 1) 2 B HCO, Alja) C1 AR
IK AL BRI,

(AR R K RFY, Sua il X b K
DLt 7K (30~40 m PREE) 2 847 B KA FEIK 1)
NG ERTHIHE R K /K 5 Nata [ 5T FE Hi 6K 2
(B AR BT 7K 1 2R, 9T CL 455 i 75, R0 b T g
K 3Z AR TR 0 T 7K A R 25 AR 3D, I 3 A7 %)
JE L] 3 b 2 K A R 4

(3 TDSyn./ 7o K F B7n £ W DX r A 7K AR I 3R
VAR TR HoHb R < 7K 7T BB 32 7 R 1 JZ 5 DB AE
FRIREIA s T <K C AR Y2y 2 J7 48 X% I Y
W S AFERAE 7 22 B0 Sua £hiH1HL T 5 KRR 5 T4
W VKN AR R 6 86 53t DAk o S0 i 2 18 T
WIS B0 78 A BT B % Bl ) A S5 A 2 Sua

RS Sua T pI/KE W A HBER L FAREY (B L mol /L)

Table 5 Geochemistry models for the evolution of brines in Sua pan

e 5 H:O Ak Ji g A A Hzf KA CO;
SWo1  BW06 —1.26let4 1. 538e-1 —1.891e-1 —3.514e2 1. 220e-1 —2. 844e-2 3. 514e-2 3. 7791
SWo02  BWO06 —7.794e+4 1. 418 —6.526e-1 —1.756e-1 1. 578e-1 —1. 605e-1 1. 756e-1 —6. 335¢e-1
SW07  BWO0O6 —2.567¢+3 - —1.320e-1 —7.751e3 1. 210e-1 —1. 356e-3 7.751e3 2.735e-1
BW06  —2.578e+3 - —1.302e-1 - 1. 191e-1 —1.362e-3 - -
GWo03  BWO06 —2.869e+3 1. 271 —7.363e2 4. 542e-2 1. 197e-1 —7.626e2 —4.542e2 —8.165e-2
GWo04  BWO06  —2.720e+3 1. 242 —7.786e-2 4. 661e-2 1. 212e-1 —6. 354e-2 —4.661e-2 —7.03le2

T SUE R R MKIE W AL B AR B JBE 219 A 5 TE AR A KRR A B K A
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