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Fig. 1 Location and general situation of the study area
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Fig. 2 Hydrogeological map and sampling sites of the study area
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Table 1 Main chemical indicators of Cd-containing water samples
e oH Na' K Cca®* Mg* HCO; S0%- cr NOj TDS i
S040 7.19 1.37 0.41 57.43 6.08 149.62 39.33 1.46 0.67 281.81 0.0001
S224 8.08 1.65 0.66 72.94 16.4 183.47 89.94 2.61 1.15 291.50 0.0002
S2251 7.51 1.16 0.47 51.96 2.76 131.67 24.04 1.46 0.67 238.84 0.0002
S227 8.26 1.15 0.32 69.67 0.99 145.25 55.07 1.3 0.66 215.00 0.0002
S0391 7.25 1.77 0.3 51.51 4.15 131.67 30.59 1.46 1.2 257.34 0.0003
S0391-1 7.98 4.19 0.51 73.84 6.27 163.43 70.80 3.48 1.25 257.00 0.0003
S226 7.70 1.55 0.25 69.67 9.94 191.11 47.72 1.74 1.28 242.00 0.001
S131 7.16 2.72 0.59 67.21 29.32 126.14 185.22 2.17 1.08 365.00 0.0036
YIH 7.64 1.95 0.44 64.28 9.49 152.80 67.84 1.96 1.00 268.56  0.00074
bRz 0.43 1.03 0.15 9.22 9.33 24.47 52.05 0.76 0.28 45.86 0.00119
WREE 0.06 0.53 0.34 0.14 0.98 0.16 0.77 0.39 0.28 0.17 1.61
e KA 8.26 4.19 0.66 73.84 29.32 191.11 185.22 3.48 1.28 365.00 0.0036
f/IME 7.16 1.15 0.25 51.51 0.99 126.14 24.04 1.30 0.66 215.00 0.0001
TE: bR A mg L, pHIGREA . R 1
k2 MRAREMRBETKELEREAT Cd TEFMIFIEE
Table 2 Distribution characteristics of Cd in surface soils and rocks from different geological units in the study area
JTLEARE GRS Pl Py P,m P.g Pyw Pid T.d Tj T,b Twj Q
ERTALS - 68 50 10 129 63 367 479 946 14 83
X - 1.945 2332  6.671 1.697 1.582 0461 0.327 0223 0.162 0.3
44 cd (0% - 1.14 0.92 0.77 2.00 1.26 1.04 0.45 0.50 0.36 0.59
X - 6.044 5973 6.728 5.63 6.511 6.62 7.224 7319 5176  7.845
pH (0% - 0.17 0.18 0.17 0.17 0.18 0.14 0.14 0.14 0.07 0.07
g ERTILES 1 1 37 21 59 9 22 - - - -
Cd X 0.42 0.28 1.03 24.41 1.16 0.19 0.06 - - - -

T XOBFIME, CVAZE S RAL, 155 O RRI L, Cd it B ymg/ke, pHIGHEA .
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Fig. 3 Durov diagram of the groundwater samples
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Fig. 4 Relationship between Cd distribution in groundwater and Cd content in surface soil in the study area
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XAH TR (SI3D) e, HEHH —E&RA B
R AF R 38R Cd 2 2 g I R KB Cd 77
i S131>8226>8224); — &AM N KRG R 0TI
KHEH R 5 R A BANG =B R A S KE
(4 S131 #0455 S039), T =& R AW Sk 28 Kk
A, Cd AE Fo M T /K A5 B0 A R, 1 R R AR
(S039 & FFE % 0.0003 mg L™, i S040 Hi 7k 46 i1
Cd %14 0.000 1 mg- L"), 7 S039., S040 45 57K
HE DX BRFST A9 S Y &L ZK 10, ZK 11, ZK12 R If
RAGMH Cde 5238 T =B R AESKZ, CdEHT
KRR B W R

XFEE Al K A AR K B KRR Cd &, S040,
S2251 N AE A K A Y Cd, 5 F7E 0.000 1 mg-L,
e il b TR S039 FEA K IH AN AHERAG I H Cd, B
HA B, % 0.0003 mg-L™', HHH T ] i 58 7y
FRH R S134, S136 %5 FF KA M H Cd, i B
S039 AJREA Hi%az 1 S131 HEH i) Cd S R e
UK, el H TR ] e T R 2B
BRBOE RN T KICA, HH R KANATEE
BB R . ZmA KB fmEKE cd S RERT
FERE R R KRR RS
3.4 &CdHTKKNKFASHEEMESH

IKAR 252 43 22 6] B AH DG S B R 4B R B 7
Z I8 A S 5 56 R, 38 1 sk Ak 2 20 43 18] Y Pearson AH
SEAESAT, AT DLW T K B S Cd A A DGR
JE, ¥R Cd 5 EEAHMRIEE R, h& 35,

TDS 5 F B ¥ Na', K, Ca’ . Mg” . HCO; .,
SO\ CI | NO; LI#RE IEAH I 2R, 156 B ik S 4y J 4475
J& TDS By IE; Horh Na', K, HCO; 5 TDS #i % &
B, M 0.754~0.819, 1 BHH X TDS B 53 #ik % /= o
Mg™'. SO; . Cd =H MR E W 8%, B =4
A AR 56 75 1 Mg 5 HCO; M 26 R B/, B A
“ABMIFAEH EEORIE, Cd 5 pH 2R, 2
M TREE pH HAYHG K, Cd 1Y i FETEREAIR

35 CdHHERESSEH

MIC TR HBRfE F R IR SR B, Cd Ml Zn #Y)E T 3%
o E, HW & s ER k2217 ALY, i A5
KW, INBED BT SR AL YRR AS R
Cd Al Zn B EZRAZT 7>, B0, 3T INEED 1Y
AL Cd 5 Zn W BEA DG HE, A B DR N
WA GUA T Cd R Zn B FEEWAET " @t
X PR BT B B AT AR 2R A B, B Cd
M Zn B4R, IFUCH BB E Cd Ml Zn 1Y HE ZRAFH
P, ARWIEARTEH T K K 1R & B Zn S, ]
REJE PN TAEX B R Zn B EEAA B,

AU Y X+ HOIE B ST 5T, Cd e R
DLBETE R BT A AL 4 B A FRIE SR U 1
(F 4), FH(E 5% M 0.400 mg-kg ', 0.387 mg-kg ',
&5 A B0 25.03%., 24.22%, HIR N B A H A
(15.58%) . JE R4, A4 (15.58%) . RIREL 45 A7
(10.2%) , KE B LFI /D, 2 ER 0.63%, CdIE
BESFRBIRT |, EREEIEX S AEA . +

R3 & CdABEKULFESHBEXRYERE (HR%8)

Table 3 Correlation coefficient matrix of hydrochemical parameters in Cd-containing water samples (eight samples)

pH Na® K Ca” Mg™ HCO3 Nen cr NO3 TDS cd
pH 1
Na' 0.336 1
K’ 0.557  0.634 1
Ca™ 09317 0514 0.663" 1
Mg™ 0.069  0.588 0.667 0.296 1
HCO3 0.898"  0.430 0.580° 0.929" 0231 1
Noye 0.168  0.685 0.702" 0.397 0.957"  0.254 1
cr 0519 09177  0.798"  0.696" 0.571 0.655" 0.637" 1
NO; N 0.657  0.671° 0555 0.762"  0.460 0.784"  0.450 07597 1
DS 0.790"  0.575 0.809" 08197  0.602 0.754"  0.641 0.665 0724”7 1
cd -0.038  0.564 0.438 0.150 0914 0.054 09177 0.410 0315 0.478 1

#% 7E0.01 7K OBUN) | A0S . *. 7E 0.05 K- (CRU) - i 3 AH 2%
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Table 4 Geochemical speciation composition of Cd element in soil
RIS R KIES BTSRRI ADS EHMAEES  PEEMSES mANSES RES
F/IMA 0.123 0.001 0.019 0.012 0.014 0.016 0.007 0.022
FHE 1.598 0.010 0.249 0.163 0.249 0.400 0.081 0.387
SEYNIEN 8.737 0.061 1.158 0.845 1.857 2.339 0.399 1.781
bRy 2 2.044 0.014 0.275 0.206 0.437 0.556 0.096 0.502
5 S RN 1.279 1.400 1.104 1.264 1.755 1.390 1.185 1.297
hi k(%) 100.00 0.63 15.58 10.20 15.58 25.03 5.07 2422
T Fr i fimg ke, FEAEm=16.
b Cd LR NS BT R ARG, I Cd T &R A % 21 2
ORI A+ TARCHA AR A B 48) S H AR 1L 04 é 0
{H, 5 26.41%. 2 T o E;‘j )
Lavergren 457" il i ZE S Ak 2 SR UG T-Bt, JIF Sk 4 4
ALy 2 B 5T h Od 1) BRI A . XA = s »
SRR LTI B 6 R 5 AR B B B
S5 HETT T 4MH7, Cd Y B RAERAS Iy BRI £R 5 1) i o
(PR ERZE B 352 19%~66%). X UtIH1E B A R AL ~
R R R 2 A A Cd B AR S 1L 3 o ==l
EATRIEA. DK R 64 R LR LA oo SO o
. AE IR G 15T 5 B BCE R o of & C

o, X — B G AE AR R X e A E Y, 1
FRAL AT it i A TR TR, SBOLY) TRt
ATKAAS, BENA S PR S AR A . & Jm A fL
PSR i BE /NI — 2R DUREY), R
CAE PR T SEBR LA™, A ERR Y
MBS P A R AR . DESE X R EA R P YRR L) 2 5
RAGARNBAE IR, RIS T 0 b 2 R e
R, i T IT IR G4 R AR B AL S R I
WAL, Cd BRI RO T /KAl &, A KRG b
& pH HYTH R, Cd 35 ik E R T 1] (R A
3.6 &CdkEiEfiEH DT

i R KA BB PR B 6) 3 Bl
HON KR IIfRA H AT, 2 F KRS
f S EVERT ), 456 MR RO o BRBRES . KR
PR 5 ik R YR8 8R4 I 1) T4 R ELS B0 A7
BN, Cd 7ML T K i A i — 2w AR B AT RE

4 & it

(DBFFEIX T Cd MR RBERR B U IR T
TERABOSREE T KRG, KAERA LY

BEl6 & CdkEw s BErE
Fig. 6 SI box-plot of the Cd-containing groundwater samples

(IR R 8 7 AL AR AE, & Cd KBRS R Cd K BE
e FH 2R CdKFESO; P& R A Cd
IKFERY 3 4%,

()X AN B RBOSMET Cd SR,
VL% RN Rt s, A A WUkl 485 cd iKIH
EAE, HA R RIERAL. Cd i iEugrE ik AT
KRG, G IX & 1 K Cd i EZORIE, Cd 5
SO; HA e B 3 IEAH G

)BT RCZE T o N K 38 shis %, ik 7
VEUEAE R, Cd FEYTIA T /K o s SRR s, B 3t
IR Cd & g &, A TDS o &, 7K i
An 2%, HA W RS, NEAVE RS KR, fF5E X =
BERABMT KRG KEEE, MR T _SR74%
HF 7K Cd BUREE, FRAIK T Cd T3 4Ly AU .

(4)Cd 7E5 A TPIRAPIR S AR PR ER 010 =, KL
fb)E Cd ZHE Mot A e ERIEE, LR
RS Cd 25538 ATKAR, BEIMEREE XU o 1R A1 2L
MR Cd b N KFEIE RS 3 A v i AR R B A
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Study on the migration characteristics of cadmium element in the black shales of

the groundwater system in the Guandu River Basin of Wushan area

LIU Yongwang', ZHU Zonglin', LI Hai’, KE Qingqing', LUO Bo',
LIU Jin', DENG Xingian', ZHANG Yongwen'
( 1. Southeast Sichuan Geological Team, Chonggqing Bureau of Geology and Minerals Exploration, Chongqing 400038, China; 2. Geological Team 107 of
Chonggqing Bureau of Geology and Minerals Exploration and Development, Chongqing 401120, China )

Abstract The Permian black shale in the Wushan area is characterized by high background values of harmful trace
elements, among which cadmium (Cd) is particularly prominent. These elements can easily enter groundwater systems
through rock weathering, soil erosion, and human activities such as coal mining, thus posing potential threats to
regional ecosystems and public health. However, previous studies have predominantly focused on Cd accumulation in
soil and crops, while paying less attention to the migration characteristics and pollution mechanisms of Cd in
groundwater systems. This study employs a multidisciplinary approach, integrating techniques from geology,
hydrology, geochemistry, and environmental science, to systematically investigate the migration characteristics of Cd

in the Guandu River Basin. The primary research methods include field surveys, water sampling and testing, data
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analysis, and geochemical modeling. By examining the pathways and mechanisms of Cd migration from black shale to
groundwater, this study reveals the transport patterns of Cd within the rock—soil-groundwater system, clarifies its
pollution mechanisms, and provides a scientific basis for environmental protection and resource utilization.

Analysis of 40 groundwater samples revealed that eight samples contained detectable levels of Cd, ranging from
0.0001 mg-L™" to 0.0036 mg-L"', while Cd was undetectable in the other 32 samples. The pH values of Cd-containing
samples ranged from 7.16 to 8.26, indicating neutral conditions. The average sulfate (SO;") concentration in Cd-
containing samples was 67.84 mg-L ', three times higher than that in Cd-free samples (22.81 mg-L "), highlighting a
strong correlation between SO;~ and Cd migration. Additionally, the Total Dissolved Solids (TDS) values in Cd-
containing samples ranged from 215 mg-L ™' to 365 mg-L ', with an average of 268.56 mg-L "', indicating moderately
hard to hard water. Research findings show that Cd-containing groundwater in the Guandu River Basin primarily
originates from the karst groundwater system of the Permian black shale. The Gufeng Formation within the Permian
System exhibited the highest Cd content. Although Cd remained enriched in soils derived from weathered rocks, its
concentration significantly decreased. Cd entered the groundwater system through leaching, which is the main source
of Cd in the groundwater of the study area. Coal mining activities have significantly altered the groundwater flow paths
and intensified leaching effects, leading to Cd enrichment in mine gushing water. The highest Cd concentration
detected was 0.0036 mg-L™" in gushing water (Sample S131) in an abandoned coal mine, indicating that coal mining
activities are a significant anthropogenic factor contributing to Cd contamination. Additionally, TDS values in mine
gushing water increased sharply, resulting in water quality deterioration and posing potential environmental risks. The
Triassic karst groundwater system can effectively dilute Cd concentrations. This system is characterized by abundant
water resources and demonstrates significant dilution effects on Cd concentrations in Permian karst water. For
example, Cd was detected in the Longdong Underground River (Sample S039) during both the dry season and wet
season, but its concentration was only 0.0003 mg-L "', which is far lower than that in mine gushing water. This dilution
effect effectively reduces the risk of Cd contamination. Geochemical modeling revealed that calcite and dolomite in
groundwater are close to saturation, while cadmium sulfate and cadmium carbonate have not yet reached saturation.
This indicates that Cd has the potential for further enrichment in groundwater. Cd in rocks mainly exists in carbonate
minerals (19%—66%). Analysis of Cd speciation in soil shows that Cd primarily exists in the forms of iron-manganese
oxide-bound (25.03%) and residual (24.22%) fractions, with the smallest proportion in the water-soluble fraction
(0.63%), indicating that soluble Cd in soils is mostly leached into groundwater through weathering, and soil
acidification further enhances the dissolution and migration of Cd.

This study elucidates the migration mechanisms and contamination risks of Cd within the black
shale—soil-groundwater system, offering essential theoretical support for controlling Cd contamination in similar
regions. The findings regarding Cd enrichment in coal mine gushing water provide scientific evidence for groundwater
protection and pollution management in mining areas. By clarifying the impact of soil acidification on Cd migration,
this study underscores the significance of controlling soil acidification for regional ecological restoration and
environmental protection. Additionally, this study also highlights the dilution effect of Triassic karst groundwater on
Cd pollution, offering guidance for the sustainable development and utilization of groundwater in the region. The
results of this study can serve as a reference for ecological conservation in the Wushan area and other regions
characterized by black shale.

Key words the Guandu River Basin in Wushan area, black shale, groundwater system, cadmium contamination,

cadmium migration
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