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Abstract: As a widely used antibiotic, sulfamethoxazole (SMX) is being increasingly detected in aquatic and soil environments,
where its residual concentrations continue to rise. It is imperative to investigate the fate of SMX in the hyporheic zone, as it is
critical for safeguarding river ecosystem health and ensuring water security. This study collected hyporheic sediments and
conducted simulation experiments to investigate the migration and transformation processes of SMX within the hyporheic zone
under various hydraulic gradients. The results demonstrate that dynamics of sedimentary environmental factors in the hyporheic
zone, driven by surface water-groundwater interactions, were initiated by successive shifts in microbial diversity and community
structure, which in turn modulated the migration and transformation processes of SMX. Hydrolysis, desulfonation, and
biodegradation served as the primary pathways for SMX transformation in the hyporheic zone, with the dominant attenuation
mechanism transitioning over the course of water interactions. Proteobacteria and Firmicutes were the primary microbial groups in

the hyporheic zone and the key drivers of SMX biodegradation. The removal efficiency of SMX varied with hydraulic gradients in
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the hyporheic zone, with a more significant removal observed under the lower hydraulic gradient condition.

Key words: hyporheic zone; surface water-groundwater interaction; sulfamethoxazole transformation; bacterial group;

hydrogeology.
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(Kaandorp ez al., 2018) , By 47 fe (14 A 28 BR 5% )
Z RO Bl iR R R K R
K b R A Y AR B N T A e T E O A R

Az F R PRI A B GRS PR HL B s PR R A
A At B XU 11 — A i 28 R AP 28 (Bai er al., 20195
Dong ez al., 2021) , ik it F 2% e (SMIX) J2 5 | fiff
) 2R A £ 2 — Jia et al., 2017;
Wang and Wang, 2018) , H H AR5k th 28 J A ik
JE R P A K R R KRR B AR 2R v R A
g5 AT, SMX AE g K R 4300 Sk 100%6 A
81.25% , ¥k & fie K AH i ik 4.0 pg/L F1 1.3 pg/L(Ma
etal., 2015).

VB by 1 22 7K 55 b T /K A B AR FH 9 S B A4, v
T AT E I SR 7K SCAE IR A0 A W 3 BR A 2 0 A P 7
FE A0 (8% ,2017; Wen et al., 2024) . #13
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a1 £ 32 56 7 (Zhang et al., 2021). 1F H#b 3 /K
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A= W P TR B4k, % Ak X B 35 G T 1 I A R
i P29 SO, MINH, " (Jiang et al., 2014 ). fif e 2 Hit
ARAYERERE R, B2 ZMEREZm, Al
I I 2% 1 2 B e SMIX I il 1) GBI R 2 — L WF 5T
R, SMX B B fife AN 75 Jay BT 7™ 4 DR 480 2% A, o T
1 U 5 3 55 & A (Kassotaki ez al., 20165 Liu
etal., 2017) , B AW 5% O HIK Bl T 2% ok A% R A 5
M) V5 3t O AR vh R A W R g o A K A B e
] Y BE B R vk B R T 5 e T G ) Y R A K
R OFEH%,2018;Qu et al., 2025) (B AE K05
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Py ik A&, DT B A A 4 AT TS G ) AT RS e AR AL
il , HEBR S AP0 (32131 55, 2024) .
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1.1 XWERESHH

11,1 R E RS0 50 5 kB A R
FEREKF 280 0 Al (B 1), 8 TR N3 R E o
100 em () X80 em () X 20 em (58 ) , HJEFE N
15 mm f 4 AL B 35 0 A% . A A R S5 A BE A 5 em
14 3E R KR 0 R A A i B ol 0 3 5 A K AR ) K AL
550 H K R S B, A K MR T E 40 B 55 200 H
LA JE Je2b W, B 1k 5 A N 0 R U k7 A
IKFE R SF R 20 e () X 20 em (%) X 20 em (&),
B L E i E 8 20 em () X 18 em (58) X
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Fig.1 Simulation experimental device for the process of water exchange in hyporheic zone

112 EBRHENARY R PVCEHRE 80 cm i
T U A DU AR S IRCIE] A T B A AT R
T, BB A% 0T, 15 2 528 DA R L e R L ER )
00 2 PORRW) T2 i, SR T R SCIOG KL BE A
DU RLAR , 2 B0 A A R 3h A i R AR
R E AL B R B — 4 OO BE 1 ) HT 634~
2012 I 5% PR g NH, I NO, & 8 . 2R A
AR — e OR300 s DL AR A v SMIX I
GiREW, L HEEL FAEN 179 ¢/em’, VT
U NO, NH," #il SMX 19 & & 4 3 20 mg/
kg.0.58 mg/kg f118.6 ng/g.
1.1.3 EWRITEET BT, E2
JEE S H 7K Ak i R I 9 LA RL AR R 0.5~1 em 1
0K AR S 08 )2 B 1R ORI %, I 78 15 Al PN B
Y50 U R DL b DA s 4 32 Tt Al PN B 7 A= 0 SE Ui . Bl
Jo A5 T N 4 )2 HUFE 80 om UL R W KR i, HEL2%E 5E
B, TETURR A T 3 11 2% 2 om JBE BE 19 00 85 A LA 2y
A A5 7K I By 1k 3 KR DT RR P 3R T i R b L R o8
UG BT WA A HE ORISR R B R M
b S B A A 2K, B A P
14 L B 45 48 38 B AR ACIR A, B 298 TR 008 A 7K i
PR RR R IR 72 hE S5 AR K, HERSE R . B S
Wk A AKX B AR SE AT I U L T R A (A
296 J8 , 5 E % MR ZE K d NO, (NH, Al
SO ¥k B8 2K W T R, 4 3 0.08 mg/L .
0.025 mg/L F15 mg/L, i 5¢ B35 i b 5 vk .

BT W N K — R K 38 B AR O R
AT S BT, MATAT B 8L X3 A b 3 7K 5 51 V3 A5 411

MK KD 5 bR K G AR DB TR MR K N A b
KB APL R A UL b T K kb 2 K G R L S A AR
Hh i o T R ke A K AR P KA BE DL IR AN [
K J1 B BE DT IF 58 A TR K B TR SMIX 7 i
UL R RS S AL RS . 5250 1 8 ALK T B
JE BIEC 7K g 46 B (HLL) A 7K I 86 B2 (H2) , H2 21 52
B AE H1 2045 o5 JF e, 76 8048 K 1 B0 B 2Z 0, 8
WA — AT b et B2, B K 1 4 AR TA)  H2 5K
B4 0F 51 B M H R — 30, 55 41 58 50 Fp gk it
6]k 30 d, 45 5 d HE 4R AN Jy 1l , P, 552 56 30 ) 40 4%
34 b K — bR K 52 HOAE R, 4 o R AR — A
MoK — MR K A2 HAE R (0~10 d) V58 /> Hh
FoK — T K22 BAE A (10~20 d) FIES =4~
F K — MR oK 22 BHAE A (20~30 d) , B 1~2 d
e B — UOKAE RN K T3 86 BE BT 0 WL 3% 1. S0 56
R PG AT 5508 WA, DAL 3 SRR S TV
{14 3 PR B 512 50 T BE 48 1 7E 25~30 °C.

i AT 0 2 5K L T A TR KA R, S % ]
T 3R KR bR 7K A% 21 43 S PR Bt BEAT A DL IC
B, S R L Y T A G MMk B AN SR 2 N 3
B
1.2 WiXIEFR

KRR IR FE bR 4 45 SMX | pH & it 48 (DO) |
SO,/ AINH," . Hoe  NH, R H &80tk
SO, 2R B ER A1 L 3k vk, pH DO SR H AR 36 0 5
SMX ¥ B 7 >R F [ AH 2 B — e 2500 A 6 3 1k
(SPE-HPLC #). (3% 73 7 & H] Agilent 1290 Infini-
ty 11 & OB AH (B3 R 40, Bl & XDB C18 ) A 3%
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Table 1 Design of experimental hydraulic gradients
gy b SR ACRR 25 3R K Hi T AKCRb 28 4 26 K
e Hit 2 7K K A7 (cm) R 7K KAV (em) IR I3 Hb B i 2 K IK A (em) iR 7K KAV (em) IR IR
H1 75 52.5 0.225 62.5 75 0.125
H2 80 48.5 0.315 57.5 80 0.225
F2 MRKEMURNEEAS RIRE
Table 2 Composition and concentration of constituents in simulated surface water
Yy i C.H,,0, NH,Cl KNO, KCl
e % (mg/L) 3.64 1.34 11.59 18.39
L7051 Ca(HCO,), NaCl CaCl, SMX
et (mg/L) 330 3.33 18.34 0.5
£3 WTOKRMENREES RRE YR UL U AL K T pEL (L B 6] B 52 B
Table 3 Composition and concentration of constituents in oK — MR KA EAE I SEd (30 d) , H1 &
simulated groundwalcr #F—F%‘BEE}L lﬁﬂ( I:P pH {ﬁy\ 77’\’78 —F IZ% §|J 70’\’
WE  C,H,0, NH,Cl KNO, Ca(HCO,), NaCl SMX 7.2, H2 550 F AW EFLBR K pHAE M 7.7~7.9
| —~ b/e 5 R TR Rk v A
WE(mg/L) 1344 0475 303 630.87 895 0.5 FERI7.0~7 1, S0 LKA, BRI BB L T ik it

FE (150 mm X 4.6 mm, 5 pm ki 45 ) . (0 3% A3 H i 46 1%
BN 30 C Lz ik BE AT AR 2 B 5 T E A A B AR
FH 88 TE o 88 &g BB R SMIX bR oE R
(C,,H,N,O,S) 4l fF >99.5% , Ml X} 70 ¥ fii & K
253.27 , i 1= RO A 5% 4S04 It Sh A H L H R K
SR AH T G, SIS K R 258 T K L E PR AL SE
T U 7 A4S S 43 5 2k BRORE AL SR 4R 0 TE R
HEAT B AR O, R o R AT R
PIREVE AR A B, D0 A 3T 4 4 16 S FEA  H I
ZAF R LR R RTRE S IC N CO, SR 45 S BE A IE
oy C1,H2 548 N 5250 FF IR AT 25 305 FE & 40
C2.C3, 455 A FRAEB B (15.30.45.60 cm) , 4351
it N CO1~CO04, C11~C14, C21~C24, C31~C34.
WL A X SMIX 1 25 Bk 28, o SO K Wk BB 5 0 g
SO0 348 PN 328 R v 08 I 38 1) SMIX I fIG vk B =2 25 )
HEIK U BE 0 LOAR . S0 P 0 A 2 FE A v R B
VBB B 03 A BR A W AT 00 o

2 SR HE

21 BRENRYAERFESMXEERE =Y
TALHFAE

211 EBRTABRORERFELONE L8
B8], P A [l 2K g 86 BE T W i 15,3045 F1 60 cm

FLBR K v pH B #2308 , Hh 3R K — M K 38 BAE A it
T A1 05 A A DT R ) DN B P A B 3 W e AR Sy rh b
.

PR K 780 BE R W A DR L BR K H DO v
JEAS AR AR AN 2 i, B I 2 W0, E HT 64 F
M HE 6 KRB 25 b K I 4R (5 d) B R 7K — MR oK
& HAE I EE (30 ), Wi i DL ) L Bk Hh DO
e M 7.63~10.95 mg/L, T B %] 2.08~6.47 mg/
L fE H2 5T, DO WM 6.63~10.8 mg/L, FFE
F] 1.26~5.7 mg/L. 1€ W5 FK J1 86 B 45 08 F W8 il
FLBR K B DO e B2 A8 Akt AR, H DO ¥ B2 3% K
FRfh K — KL BEAE A R HEAT R
B b 4 M K — bR UK 32 AR L ZS RS W
TURR W N DO W J32 52 3 1 53 A1 JF 3 B0 L Bl % 5 44
Jor i 228 v A X L AR OK ) SRR B, K
Tl JBE 25 AF TR W il O AR AL R K v DO ¥R BE AR K
IR PR Z .

212 BRTENBYHSMXKRETKANEZSH
P AN K 76 BE TR T A DB AL B K T SMIX VR B
AR ACFRAE W B 3 TR . f 1B 3a AT AL, FE HI 254 F
SR, b R K RN 5 1T K 2 AR P R A DA

FLER 7K SMX ¥ B S B0 1 FH ka3, SMX [ 5 it 47
A b 07 Rl gt A5 400 DX ) ] Vs i TR A 9 18, 3 1S W It
TR LB K Hf SMX R B 0.12~0.41 mg/L
FEL P, B 48 hy R 7K B 45 b K AR 5 (10 d) |, R
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Fig.2 Concentration changes of DO in sediment interstitial water at different depths under different hydraulic gradients
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Fig.3 Concentration changes of SMX in sediment interstitial water at different depths under different hydraulic gradients
a. H1 41 SMX; b. H2 4 SMX

AT DR FLBR K R SMIX ik B 8 9 T, W
i ZE N SMIX VR JEE D) 2 0 /) i B o e L K e
SMX ¥ i 7£ 0.19~0.43 mg/L & B W , fit K1H N
0.43 mg/L, Hi BUAE b T K #b K &b B 3T . 58 — A F0 5
AN R K — HR K A2 LR R SMIX R B I A T
TR b B FL A 5 58 — AN R AR AL . 28 = A 0
L5030 d) B, B AT A UL FLBR K b SMIX ik
FEFE0.22~0.43 mg/Lyu Bl N . 5 SC 8w AH b, 2848
3A MR K — b KA B H W R, HL 44 F FLER K
t SMX ¥R BE A BT BT, H AR T AL SMIX vk
B, AT UL SMIX e B AE R K — b T K BEAEHR
KA T B B AR L HL A0 T W 6 SMX
171 B2 hy 56 %6 f 1€l 3b AT AT, FE H2 5440 T,

B TR = AR OK — R KR B R AE R  ,
FLBK o SMX K JEZ 430 7 0.23~0.40 mg/L,0.27~
0.45 mg/L f10.3~0.45 mg/L i Fl A, H2 & 1F T %
T X SMIX -1 2B 4 40 %%

25 BB B e T T b K — Hb R KA BAAE
JH B8 08 T SO W 4 K T8 2 F0 DO e B2 19 22 5 (&
2) , HE T BV VT PN AR AR I TS A R G A )
450 5 TR AN TR, DT 52 e v O+ SMIX Y
TR ML R (I 3) . IR SRR B EE R W it
i DR LR K SMIX R BE 9 R A AR AL . 5 8
B IRATAH b, St KoK — K2 BEAER G,
DR FLBR K Hh SMIX ik B2 F B S 5 240 T g A
4 B 00T SMIX e B, HL SMIX ¥ J3E 7 185 37 45 45 1) L
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S0 Y S R Re v et e R X VR Bii NI 2L 7/ L AP
LB K K AT IR SR A LS — R
K — M 7K 32 B R A 6 7 b 3R K kb 45 b R
K AR KRR A TR, Hh K3 A SMX A
DO & R UURY M R Z VLAY TR, T8 SMX A
DO ¥ B 7E %5 8] 1 35 S A2 @ A I A 43 A R AE
5 4 2 7K SMX AT DO #e B A L vl %, SMX 7 i
& H I KA T 30, U i DU h SMX ik
JETE 0.12~0.41 mg/LEHE N , AR 4 0.12 mg/L.
M 76 MR 7K R 45 b 3R K 2 B2 b, B T K R 25 S
] 3 I HLK i 22 18 , SMX Fl DO 7 ¥ i 47 DL AL £L
BRK 4k 2245 B0, SMX Uk B 5 B0 M T K I Fx
7R, VT 3B 43 SR AR Y 43 A REAE O B 3 A TR
t SMX #¢ B 75 0.19~0.43 mg/L 35 Bl I, S (K K
0.19 mg/L, Xt b 5 Fl kb 45 7 16] 1% 355 T A9 52 56 4%
AT DL, Hi R KR 45 M R K A& A TR W A 6 SMX
F14) 0 U AR5 SR A b T K R 4 1 K S T W

PR R R K )86 BT, B8R W iy LA A FL B
K SMIX ¥ BE 3 5O HE AR ARL (E T R B O
BORA BT 25 (F 3) . A W58 £ R KRS
FIVIE 1) 57 Hb 32 7K R0 MR 7K K A7 22 B 52 W 1T 4 S5 A
TR AT B 7K I BE BRI ) S O T W A A UK
6B (Gartner et al., 2012;Xia et al., 2023) , A H0F 5%
Hh PR Y FL B K o SMIX R B 78 5 A [ 7K g 6
TR TR AR R S s R X L ] 3a A
3b ] LA & B, w5 K B BE S A T 0 A DR A FLBR
K SMIX e B A 1 I i T IROK R R X R
M AEAR K Jo B BE R W Al K 45 B B IR G TS
YL W) i B S, — 5 1R B0 Y AT A b AR T
AT B L T A L B K H SMIX U B 2 ) A5 b
AN, 5y — T K K 45 B R RS e )
B 78 43 3 ek (28 P 45, 2016) , FECHT N Y SMX
W AR T H2. W i DU FLBR K Hh SMIX U &
23 6] 43 A7 R AE 5 DO JEAC — B, 522 90 Bl 45 TR 32 1Y)
T /0N 1 e, FL B 0 ) H Y — B4 F 4 4R
B H2 A T UGN 3 B A7 B3R B8 IR 3R
B, b 227K 5 MR K 32 BV H RE 95 5 B0 i DU
Py AL B K B AN [ 0 S AR G 5 R B JE T S
SMX i B e A ad 8 R W)k ) 6 fe 24 5 B0
i UL 6 SMIX 1 32 I8 AR AN A, 25 3R o, IRk
S 6 B R W X SMIX R 2K BRRCR A K T B
JE %A

TR UL HY 1) TR B A 5 IR B G ) T I AE RS

B WL AL R T i A 06 e A R A Y A K A B
pH (A 1€ 7~8 i [l ] B, K g v SMX E 2 LLBT S
FIERXAFAE 5 5 B w50 A R AN
Sh W B, i B2 BE 158 (Sarker ez al., 2023) , W fil K
FIRRBE AR, MK — M T 2K 28 B G AR o
T A% G DUA Y LB K b pH (E 3 2 B R &
P, HRAR e 7~8 Z ), PR, A 0 v 3 A R
X SMIX %) W it A R e 55 . an & 3 T 7, 5 d A B4
T SMIX e A8 AR H, AR K 7 B8 R AL B K
SMX ¥ Ji 4 B 45 M 27K 55 1 K 28 BAE HT o 7 5
PR /N i, 3% KB SMX ZEW A h R T B
B, i AT BE & AR K A LR W B R SE E H (Borsetto
et al., 2021; Chabilan ez al., 2023) , Fx & 5 3 SMX
R T 0 K B
2.1.3 ERTINAAY R NH, SO, K ETFE
PR PR 86 BE R W Al LR FL B K NH,F1 SO,>
WAL & 4 iR, I AT LR Y, 54 A 3%
K Z R0 LB K NH, B (/N F 0.025 mg/L) A
Eb, BAR K 180 B R FLBR K Hh NH, i 8 38 A 1 5L
B B THE T R . i B da ] L, AE H1 A&
LA LR A M R K — M UK S8 L 2
Ja , FLBR K H NH, ¥ B 43 54 2.1~9.5 mg/L., 2.0~
8.1 mg/L 1 1.9~8.6 mg/L & Fl I , 3 ¥ {8 5 51 Ky
5.9 mg/1..5.0 mg/L 1 5.1 mg/L. i & 4b 7] Al , 7£
H2 R85 — LR =AM 3R K — MR 7K 28 B
W4k s, fLBR K B NH, W E 4 B 1.61~
8.33 mg/L,2.35~7.56 mg/L i 2.03~7.65 mg/L i
BBl S 24 R 4.9 mg /1L (4.8 mg/L Fl4.5 mg/
L. 255 SR, W FP oK 386 B R DUFR 4 FLBR /K NH,
W HIOR B L, H 2K — bR K 3 B 4
B g 7K e BE T A 0 R A NHL R B 3 AR IR T I K
JIRR AT

PN K T3 86 B R W A R A AL B K R SO
W AR AL AN ] 5 TR, P RN K T 86 EE TR DT L BR
K SO WEY B —2 . H K Sanl LLFE 1
HI&MHTF B — M= A EK— TR H
HEE S W i DR AL B K T SO ¥R B 43 i)
1E 1.26~5.01 mg/L, 2.56~6.66 mg/L Fl 3.45~
7.54 mg/L{S A . /1 8 5b Al KL L fE H2 oL 4R
— =AM R K — bR KR BRI A G
WA UL B AL B K SO, W B 4y B AE 1.56~
7.32 mg/L.,2.13~7.56 mg/L F14.03~7.85 mg/L i
FRL P . 5 AR 7= 4 NHL ¥R B2 43 A R[], i K 0 8 B
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Fig.4 Concentration changes of NH, " in sediment interstitial water at different depths under different hydraulic gradients
a. HIANH, ;b H24A NH, "
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Fig.5 Concentration changes of SO, in sediment interstitial water at different depths under different hydraulic gradients
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Fig.6  Shannon indices (a) and Chaol index (b) in river sediment samples
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Fig.7 Microbial community members at the phylum level and the genus level in river sediment samples
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