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Abstract: This paper is the result of hydrogeological survey engineering.

[Objective] Higharsenic (As) groundwater occurred in the west of Hetao Basin. Investigating the spatial distribution and occurrence
characteristics of As in aquifer sediments and studying the enrichment mechanism of As ingroundwater are beneficial to ensure the
safety of water for local residents. [Methods] Twenty five sediment samples from borehole K02 in the piedmont alluvial fan and
twenty sixsamples from borehole K01 in the plain were collectedto analyze lithological characteristics and geochemical components.
These samples were further to conduct sequential extraction and desorption experiments of As in sediments. [Results] The aquifers
in the piedmont alluvial fan were in a relatively oxidized environment, while the aquifers in the plain area were in a closed reducing
environment. Salinity of the latter sediment was generally higher than that of the former, and salinity of both sediments had a
decreasing trend with depth. Total solid As content in the sediments of the piedmont alluvial vans and the plain area displayed little
difference, but the occurrence pool of solid Aswas quite different. The former sediment solid As was dominated by the As
incorporated in very amorphous Fe—(oxyhydr) oxides, while the latter was dominated by strongly adsorbed As. [Conclusions] The
differences of As occurrence characteristics in sediments were the main reason why groundwater As concentration in the plain area
was higher than that in piedmont alluvial vans. Desorption experiments showed that weak alkalinity or high Na/Ca®® molar ratio

could promote the desorption of As.

Key words: sediment; solid arsenic; occurrence form; hydrogeological survey engineering; Hetao Basin; Inner Mongolia

Highlights: Differences in the occurrence characteristics of solid arsenic in low and high As groundwater aquifers were
characterized; Controlling factors for the As enrichment in groundwater were identified based on the desorption characteristics of
solid As arsenic in aquifers.

About the first author: ZHANG Zhuo, male, born in 1991, doctor, associate researcher, majors in hydro—geochemistry; E—mail:
hydro_zhangzhuo@163.com.

About the corresponding author: GUO Huaming, male, born in 1975, doctoral supervisor, professor, engaged in teaching and
research in groundwater science and engineering; E—mail: hmguo@cugb.edu.cn.

Fund support: Supported by National Natural Science Foundation of China (N0.42102298, No0.41825017) and the projects of China
Geological Survey (No.DD20230426, No.DD20230431).

e TR 1 T KAk BE Y B 3 2% 7 (Meharg et al.,
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H 2 B T 28 A 45 SR (Neidhardt et al., 2014) . 4%
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2023a) . YU H Y AR R 7K i i 32 2k
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and Suzuki, 2002), FATTERA) i (4 1 et v Bl #
A 3~10 pg/g( Smedley and Kinniburgh, 2002; i 4
45, 2020; DB MEEE, 2020), &S RE PRI
i ATk 170 pg/g(Cook et al., 1995) . WF5E &K
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SR IX (Zhang et al., 2020) ,
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Fig.1 Location of study area (a), geomorphic map (b), remote sensing image (c) and hydrogeological profile (d)
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Table 1 Sequential extraction procedure

PR R FRHGH

AF

F1 590 PR 2SR
F2 IR PSR
SRR BIRE . WA

0.05 mol/L (NH,),SO,

0.5 mol/L NaH,PO,

25mL, 25C, 4h, EE WK, Kk —IX
40 mL, 25°C, 16 h&24 h#&—k, A BEE R,
IKPe—IK

F3 AIsEET e A NgREmeiEEn 1 mol/L HCI 40 mL, 25°C, 1h, EE—IK, Kk

YIS (f

S5 EESYANM B A A , 25°C, 2h, pH=3, HHi% , —, IKi
- ;;;mﬁ BA B EAE I ILATF 0.2 mol/L NH,H.C,0, AE)‘&I?L 25°C, 2h, pH=3 SN, BRI, Kk
Fs 58 BAYE A AN 0.5 mol/L NaC,H,0, 35 mL NaC H,0,+2.5 mL NaHCO, (HI#ZE85°C) , M0.5g

A7 () 1 mol/L NaHCO,, Na,S,0,,H,0 Na,8,0,4H,0, 15min?E85C, EH—IX, Kt—ik

F6 SHEER A AT

ERELY), STRACRE LR

BT s mom

10 mol/L HF, H;BO,

16 mol/L HNO,, 30% H,0,

40 mL, 25°C, 1h. 24 h. 16 hj5 %05 gfifg, &R
BEL—IR, #ukk—&

SEIIAN10 mL HNO,, Wit 5 i £ k30%id A LA,
o, AHERBEFN00mL, 0. T, WK

T, 10 SR I R A T A A A s B R A e 1Y)
SAHTRE BE o ICP-MS 173 ok BE R +3.0%, Fa it R
7 0.01 pg/L, REASTH L MEER . Hh o 25 HE G
755 (F6) M HE IO 3 A7 8 e B2 1) HF, 23358 MY
TR IS B . I, Fo By SR IBOR A I 2 i,
o B A AP TR A 2
3.2.2 R I 5 B

AHFZE L FL K02 F1 KO1 4% e B — 4~ #L AU T
TR HEAT pH I B 7 RO XoF i 1 A 2 R 552 i )
HESLES . LI FE T R N A R I B
FIA S | pH X W B ) Y S5 L R RO
(Na/Ca’* (M/M ) ) s Bt i WA BhF 52 1 (18] S 25

(1) B 3l ) 2 52 55

kg A B e i R Bk 1147 1 P ], ASBIFSE T
TR B 1258 . 4y HIRRE 0.6 g B TR
AP, SRJGHA 24 mL, 125 mmol/L NaCl
A1 1.5 mmol/L CaCl, RS, HAR I FEES A, #
AR IR A A, EE 3 A AT, TREW
WE T 9 29 4 130 mmol/L, Na/Ca® H (B 29 K
102, pH {H ] 7.6 MARIEDTRR Y Bok: 545111
4, B 15 min J5 A 150 t/min (415 35 3% 3% 4
b, BURENRIBE M 1 h. 3h, 5h, 7h, 10 h, 14 h,
20h, 28 h, 36 h, 48 h 1 60 h, HUk:Z FiRIER ]
RAYS), BRRIRE Rl 2 mL, ] 0.22 um i3 JE 4%
FUEF] 2 mL BT, A 4°C IKFET IR, —
Z W FE I TAE

(2) pHL X i 8% o 52 Wi £1%) S 6

2] Na/Ca™ (M/M) HLAEZ R 102 FIES 58 B

24574 130 mmol/L, ¥R5% AN [R] pH {E XL ) v il it
W2 B A 52 . B Na/Ca®™ HE{H b 102 1 NaCl Al
CaCl, FRA VW20 5 0y, R pH {E 5351
PH) 5.4, 6.7, 7.6, 8.6 F19.6, TE 5 MNREIH T, 4
BRI 0.6 FrEETTARY), IFMA 24 mL “R[W] pH {H
6 1) NaCl 1 CaCl, MR G, TR I 2 E 141,
A FRAE DR AR A, B 3 A PATRE.
IR AR A B 0 IR AU, #8715 min J5
LA 150 r/min BYFERIR A6 1. 60 h J5 HURE, H
0.22 pm F B AR UE RN B0 T, A 4°C VKA
TRAE, —JH Z N 58 R T A

(3) J52 B R0 IO X i i R o 5 v £74) S 6

52 40 B F 9 B g (130+5) mmol/L, i 3 2k 2%
NaCl Fil CaCl, A% & ok s 48 Na/Ca® B (3£ 2) .
TE 7 AIREU T, 0 BIFREL 0.6 g BTEEHTRRY), IF4
B A 24 mL A [A] Na/Ca® (8 86 B A9 NaCl Al
CaCl, FIR AW, HIAR I FE LT AT, B i FRAE IR 4R
FETPIRAE, BE 3 ATATRE . A AR IR
BV WA PR B, 15 min 5 A 150 r/min £
THEIRZ A . 60 h JFHURE, H 0.22 pm i JE 2RI
PERN BB, A 4°C KA R, — R Z N 58
BN T A

4 ZER5THE
SRR ) = A 4E
BFSE I B L BT it AR X 9L K02 FISEJEUX

B L KO UL AR W i e ME R AR B & 2 s o kAL
K02 TLF A 4 B2 MR A ) % £, TG L Kol 3=

4.1
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F2 BFREEA (130+5 ) mmol/L ZHT, REIRE
NaCl #1 CaCl, ;B &i%&#) Na/Ca®® (M/M ) tb{E
Table 2 Na/Ca"*(M/M) ratio of the mixed solution of
different concentrations of NaCl and CaCl, under the
condition of ionic strength of about (130+5) mmol/L

NaCl/(mmol/L) CaCl,/(mmol/L) Na/Ca®®

2 43 0.3

5 42 0.7
10 40 1.6
30 35 5.0
60 23 13
110 7 42
125 1.5 102

BN R B+ o X F AL K02, 14 m DL B DL
B EZ D R £ AU R R4, 14~42 m £
BUWRGKIZEN T, 7 42~44 m FAEZ 2 m
R )2, 42 m DU EZ RPN B K2 R F R
AR ZE + H)Z(E 22) . H555FL K02 A, A F
SR IX (A FL KO DA A o S AR 5 4 HL& A K
HHEEE)Z ., Hd, 8 m Pl EEEUR N E,
8~40 m W = IR IR 5 7K 2 O 3 9F BLW WA
g+ HZ, 40~42 m WAL+ )2, 42 m LLIR
RLE N B RS 5 K E, X545 R 5 Shen et
al.(2018) —&, BAkE, W5 Xk RZ VIR 3
BB R o0 F, LT 10~40 m 20D &K
2, MK LLT 40 m &L AFAE 1~2 m J5 (Y A X 3% 2
HIZE H2% 40 m DL B2 42 m DL & K2
(DA

@ AtE @AM FKE% A1 2R /(uS/em)
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B wmah b ° ®
i — S—g ¥
; \ |
16 3 >
; . .
24 - A 0/ :
/T
£ J
7N
VA
o ' 4
./>° 5
° o
L
/a !.!'
s b

ORI ) £ B RRAIE RE W8 46 7= DR 1 A AL iR
JEL R B RN AR A AL W 1 38 )R AR E (Horneman et al.,
2004) . %L K02 F1 KO1 JLAA) (2B BEVR FE A ARk
P02 R R B A0 A R OK €8, B S K2 b T —
ANAERT IR i PR 2 o, AR AR ) )3 D R B A 3
5 T MR, AN BEFL B (o R R A e k22
5, HXTFAFL K02, £5FL KOT UL (2R SR,
AT RS RN R TR R A A, FoK R AT
B I BRI, R AL 1 3 SRR B B 5 (van
Geen et al., 2013) .

DU B KR 2 HOA M. P4 L
)2 5 m DL VTR AT ORI, K AR5
I, 2 FHLA TR A . mAE A, TR
W55 KRB TR 1 A8 Ak T B2 m R, DU A
PERURLEE AN, & AR R o P FLUTRR Y F 5%
e b B (] 2), BRI X O T 522
T AU, KR ZE R RRGR, 15 R UTRR Y
S KRB EL (Yuan et al., 2017) . VS ERETT
T B A AR T 8, DR A PRk A, 5
R, 32 Fh ORI 1) 6t = S0k e T A K T
LB T AN, BTATFL KO A TR X, 3T
TR AT S AR S5 40 HL L A KA HE IR B 1R 7% A
Hog, SECOLUTRY #5538 (FIE N 395 pS/em) K
THFL KO2(F{H K 308 pS/em) .
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Fig.2 Plots of sediment lithology, moisture content, and electrical conductivity along depth in boreholes K02 (a) and K01(b)
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4.2 ARYIRIHbERL F4FE
58 X UUFL ) o 0~10 m, 40~45 m Fl 75~
80 m 7 /K)JZALH Ca F Sr i 0 ks T HiAth 5
KIZ(E 3), fHEICE As. Fe Fl Mn WA LAY
FIE . DU A HERRIE SR, 10 m DAL AUTRR
Yy EZ IR AR B o 3, 40~45 m BN IELE
FIZE T2, M 75~80 m HE R AN EE 2. X
AN FL B 3 £ 2 e 2 DT 1 M Bk Al 25 R &
M, KO2 HifLFE L)Z VIR Ca & & {H N 53.6
mg/g, MM ZVTFY) Ca & & H{E M 33.0 mg/g; KO1
Bl P e 591k 48.3 mg/g F131.6 mg/g. &b
+ 2 AE)Z DU Y R TR Y i 2 5 O
W, K2 ENfLEE 20T As S E R 17.6
ug/g, ML ZUURY) As S E N 8.6 ug/g; KO1 4l
U PB4 9k 20.1 pg/g F1 7.9 pg/g. X 25
RN ETRYI TN E &A%, & Cafl St Yy
TR )2 (ZERRIE, 2018) . HGER AE+
JEIRTH W T RE TR, RERBULHT As. Fe A1 Mn S5
JUER (FEIRAE, 2015) .
P B FL TR B U ER A A R E B AT — 2 1)
5o ik 2 B B FL KO2 1Y Ca. Sr. As. Fe il
Mn B K T4l Ko1, HAERZ TR b R
J A (] 3) . 5L KO2 SR Ca (1) 23
4 12.2~86.9 mg/g, “F-I{E K 37.9 mg/g, 4 fl K01
JURR A Ca B9 & RETE Y 9.6~68.7 mg/g, “F-31MH

A 35.7 mg/g. KO2 EifLUTFIYIH As B ¥k J 75 [
F 4.6~33.1 pg/g, FHIMH 13.1 pg/g; K01 H5FLUTHR
W As Y ¥ S Ll 5.3~34.0 pg/g, S HI{E 12.9
ng/g, 2 PR i Sk M X UTRR L As B 75 i
KFFFIX . PAEFLUTTRY T Fe Al Mn &% 119
#Z55 I L, AL Ko2 YL T Fe i & B L
KO1 & 13.7%, H: Mn i 7 &t KO1 & 14.1%, X
FEIEH TAL KOl AL TR IX, DU ; 178
5 (1) KUARAE FH, EL R ORI 4, b T 7K 3t ik
1, KAEREREY, A R F U0 Ak 244 4 1) M
Tk R (SR SCELAE, 2020) . AN, P RIX AR
BR3P, DORRA) ) €0 B Rt 3 B Kk 2 4k
TR IR JF R FREE 2B e TT 3R R S R AR
WA, BT T KRPER ., HIt, 8l Ko2 1
KO1 JTFR ML BR Ak 22 ) N2 S 328 A2 BURR AR AR
KB A
4.3 MR PHABEES

LA i e AR B 1) 35 K 2 I TR W 1 R D
b RPN O E, PR IX S KR AR
LAnwh . My b gL o . Bk, ARHESE B AL
K02 Fl KO1 £ BEH 3 AN A PR AR R DT
AT o0 A B BUSE (SEP) (36 3) o S 56 A vk
GBWO07303 £l GBW07305 1E kb i B i 6 56 [l g
R, 45 RFEH. KT GBWO07303 ARRZS As HY4RHEL
S2HG ) B R 43 51 K 81%, GBWO7305 A [R]IR 245
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Fig.3 Vertical distributions of Ca, Sr, As, Fe and Mn in sediments
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Table 3 Sediment information for SEP

s A KFEIR S /m
K02-M Rk 38.35
K02-F My 62.25
K02-C i+ 41.95
KO1-F b 55.15
K01-S Kb 30.95
K01-C it 37.85

As [HR IS 1 TSRS 518 88%. 4345 RIS
YR B 7 AR ST A SRS XRF A5 A S R A
TR A AR 25 25/ N 10%0

Ay AR ELAS W], KO2 ZhFLrhab . dnmb Ak

T DURR AR A LS AT R AR | BRI

i A AR A oE 4 T E TR S A B AL s S A AR
ILAE R (F4) 2 F, &7 b2 5 A 33%. 40% F11
43%([E 4a. b, c) . HKEZHEPAED S E A
25675 (F5) A e B 28 (F2) o ibJ2 TR

5 00 8 T A Bk A sk SR A 5 G 1Y L AH Bt
(F3) i b R F S5 kMR ER 45 A 1Al (F6), i o b3y
KT 10%, 5 EXNT 5%, % LUy H gy
A7 LR 7% A 12%. 525 5 BB 1 R /K i)
5353 I 2 (F L) R st 61 1 45 8 AL 0 AN B 3
TUUE /Y [ A0 (F7) &7 BRE/, 39K F 5%, B 1L
KO1 40U i AR AR LA F4 A 3 (35%), Hik sy
FJE F2(32%) Fl F6(16%) (€] 4d) o #wbFIZE 0T

LA F2 Ry 3 (53511 R 43% F140%) , ek LA
F4 J9 £ (591K 12% 1 18%) ; BiNTLAh F3 T
H ) E BB It 10%(1 4e. ©) o 400, By FIZE
+ VTR F1 FFT7 B2/06F 5%,

X LU LI bt AR B L K02 FTT- IR XY &
fL KO1 &R, fif & IR b [AHAR =22 0L F4 2 &,
JEE W EELLF2 o0 E L BFL K02 Uy
F4 5% 11.3 pg/g, W 0.5 T KO /Y 4.6 pg/g. MMk
FL K02 i H UMb F2 LA 5.8 pglg, 1K T4 FL
KO1 1) 10.3 pg/g(& 4c. ). &HfL KOl #b 2T
R F2 I B R TF K02, Ak, SR X DT
F3 &t KT I b P AU DO o 3 156 B Ji
X UTFR 28 0y B ) WAL AR B VE RS, [ A A 3
B, 1) B ELIE RS 4 I B A R 58 A J0 e TR R AL
Y R WS G, KoY 3R W
B A PR i, 3 2 A A T B A 55 e A 1
T B, RS S RECE T K v T TG E B
DAY S S ALY ZE A SRR E, 7 25
I 3 S U i A RE RS B T K (Smedley and
Kinniburgh, 2002) . XA T R fa] - J5 X HL R 7K
it e B S 3k e T LA v R A R K (2R g
2018; Zhang et al., 2020) , B T &/KEVIRYIA G
IR A, 5 K 2 B A A PR L T 7K A Ak 2
fIEA 25 532 M e %) AP AR
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Fig.4 Occurrence forms of As and the proportion of different forms in sediments of K02—M(a), K02—F(b), K02—C(c), KO1-F(d),
KO01-S(e) and KO1-C(f)
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4.4 T B Ff R A

DA AIFFT B, WF9T X 3T 7K pH il Na/Ca"?
(M/M) 5 Tt e B8 35943 50 19 TF AH OG5 & (Zhang et
al., 2020), K It AHiF 5% 28 BUAG L K02 Fi KO1 [YTIT
(3 3), 2 BIERTH T pH Al Na/Ca® (M/M) %} i
il 2 B S e o B ) 2R SRR 25 SRR, 7E pH R
7.6, B T 9 ¥ K 130 mmol/L Fl Na/Ca®® It {8 H
102 I 251F T, g I BAE BE S 48 h B AR A 3] Y- 1ty
(1] 5a) o A T e IO RS 38 B101-A7, SI2 56 180 IR NE
A )24 60 he
4.4.1 pH 89 %

SE TR E B TR N 130 mmol/L, Na/Ca®
B4 102, pH &5 BN 5.4, 6.7, 7.6, 8.6
9.6, 4 pH & 5.4 Itf, KO2—F H1 KO1-F JLFRY R
T A B A Y EE A 23 A 0.54 1 0.44; 2
pH FHE 2 6.7 B, AR i o A W B LU A 53531
K% A 0.32 A1 0.30( &1 5b), 3 A fig & R R &K 1Y
pH ] RE {2k S Ak P & A= /0 8 15 i = B0 A R L o
pH M 6.7 LF+% 8.6 Byt & rh, TURRA A A BTl it
A I B, AL FF 0.03 245, 1 pH H 8.6
T 9.6, BURR AR Y R 5 i 8 25 15, Bl |
Tt 0.15, X EHFREE pH T TR kL 4% 18 47
AT, 5 S AP B I B LR ) S SO B A Y
i 2 A A o, 1 AOKES W (Masue et al., 2007) .
4.4.2 BB T 2R 0%

VR E NN, DU ORI AR O
¥ )2 (Dzombak and Morel, 1990; X154, 2014), #H
TP Na" g ERH T /K RS, DL Ca £ T
K R GERENE T 2UH T A DURR Y Uk 25 1 574 T

P ) 75 1 555 1) - =2 8] A 0 00N, A3 0 T e g i
B, 3 FhER G  FR kS5 8 F R4 (Masue et al., 2007;
Fakhreddine et al., 2015) . 4/K H &5 i i — 2 1,
WA IE LT Ca® B BT Na ¥4, Bl Na/Ca®?
LUABLIE IITESE, 330 sz 85— 25007 it 25 sk 55 , A1 2 18 Bf
AR R T K

SRR TP AR pH R 5 AR, A
TP Natfl Ca> ¥ & 2 AF Na/Ca®’ [UH ., 4553
I, A O T %) R B Na/Ca®S U /L A 8% i T 284 1m
(K 5¢), 4 Na/Ca™ HAE N 0.3 B, KO2—F 1 KO1-F
TUF AR P AR R T oy PR I 28 e 11 R AL 9901 A
0.12 1 0.11, 1M 24 Na/Ca™ H {8 34 i 2] 102 i,
KO2—F LAy it i fire 8z B s o 8 O B 285t ) B A
AEfZIAF 0.37, 7F KO1-F JIBHIX—HAE N 0.47.
4.5 HiTKFF&FIFHEY

R E A ZE ARG, XK SR AT oK
BOR . WFFE X M3, 5 BT AT 2 2 b I xfE LA
Tk F i B B Al AR TG R 5K, PRI, Ja Rt ok SR
R K TP FEBEA H B AR TS, X AR K B
WM, 2200 T T AR 45 Bt T K a3 . AR
K CETE IR K BARE) (GB 5749—2022) Al (b
Tk B bR vE ) (GB/T14848—2017) , fifi v i K T
10 ug/L A HLT 7K A m s 7K, 385G X AR F
Fo DAERIFGY K I i i R K AR P R
X, e EE A 857 ng/L(Guo et al., 2008) . AHFFE &
PR, LA wpdt RS XA 2 K 2 DU A [ A A A X e
S, T TR X B 7K 2 DO [ AH e B8 P A X 38
5, HLP SR X TR I B A A e 55 B TSy Na/Ca®
FEIR LA MR, 25 5 a1 R KRS, S8 &

0.6 0.6 0.6
—@— KO02-F .
Z —@— KOI-F < g 2 o
= 047 i/g = 04+ §\\\ _/ = 04+ e 8
S| et | © 4 Pas
z 2 < -
2 0.2 - £ 0.2 - £ 0.2 - g,/
X = =
= = =
(a) (b c
0 T T T 0 T T T 0 T (?
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i} i) /h H
i) p Na/Ca’s

Pl 5 ik i B ) SRBUEL AR ) A2 Ak (a) . ANTR] pH A0 TR B 1t (b) KA [) Na/Ca®™ HUAB A B g i B ()
Fig.5 Variation of the accumulation of arsenic desorption with time (a), the amount of arsenic desorption under different pH
conditions (b), the amount of arsenic desorption under different Na/Ca"* ratioconditions(c)
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o UL, b BOPRE A 1 P Ao kit S (o P i1 A2
AR, DTS A PR 7K A ) AN o SR AR, A TR
K H Na'i i, B UGE MBS HE . T H %4
TG bR 7K, SR AR BRI IE T R R
5 45 18

LA P P AR B DX 7K 2 Ak R ) 4R AL B B
b, PO DL Aiab Ao e oy 32, XS K
JEA T E P AR R AR TR, ORI Uk b R 3
PR DR 5 AR A 5 B R 25 AN R, 1 T AR i 174 T
A 228K o AT R X5 K 2 TR
[ AR LS TP R G A | iR ER | A A oe
TR LA R E Y s E A I A A o
(33%~43%) , V- J5L X35 7K 22 TRy [ A e ) LA 5 g
RS R 3 (32%~43% ), S 75 DURR A 1 o [ AR A
FEVE TR, 75 b 38 2ok fifp W BRE RS Tk Bt R K . I
Ak, 4 pH fEH 6.1 T2 9.6 B, L F1-F J5 X 3T
R figt O B A 5 R B %) EE AL 20 31 T 0.16 A
0.22. [FA]H}, Na/Ca”® BE /R FLAE 3G N, & 80U 5
FRN IR, FOAE 0.3 BOmE] 102 B, 1L FTITR
TS 51X fire W BAF s o b T B s ) AR 4 ) | T
0.26 1 0.36, 7] W% /K2 pH B 55 Fll Na/Ca”?
JEE 7R FLARL A 3G 0, #0250 B TR 4 v B4 i 2 2 e i
B, B T KRR E AR . R, Y HE RV
B AR B Nat i AR 7= A 16 K i HE gk, [
SR X T H 8 AT AR K, B b R
TRBETTIE SO B R
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