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Abstract: Heavy metal pollution is a prominent problem in the antimony mining area of Xikuangshan in central
Hunan. In recent years, integrated waste remediation and ecological restoration projects have been vigorously
implemented in mining areas, but the effectiveness of groundwater pollution remediation is unknown.
Groundwater samples collected from the antimony mining area for 10 consecutive years from 2013 to 2022 are

used to systematically study the chemical characteristics of groundwater, the inter-annual variation characteristics
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of antimony pollution, and the sources and pathways of antimony contamination by the hydrochemistry analysis,
ion correlation analysis, and geostatistics. The results show that (1) the HCO;-SO,—Ca type is the main
hydrochemical type of groundwater in Xikuangshan, and the formation process of chemical components in the
groundwater is controlled by solid waste leaching and salt rock dissolution. (2) Three aquifers in the mining area
are contaminated with antimony to different degrees, especially the Shetianqiao Formation aquifer, with an
average antimony concentration of 7.139 mg/L, which is significantly affected by the oxidation of pyroxene. The
sources of antimony in the Xikuangshan Formation and the Lower Carbonifer aquifer are mainly controlled by the
leaching of solid waste such as tailings and waste rocks. (3) The average value of antimony mass concentration in
groundwater in the Shetianqiao Formation aquifer varies greatly during the 10 years. From 2013 to 2015, the
average value of antimony concentration was 13.31 mg/L, decreasing year by year. From 2016 to 2018, the
average value of antimony concentration is 7.28 mg/L, increasing slightly year by year. From 2019 to 2022 the
average value of antimony concentration is 6.06 mg/L, with an overall decreasing trend. Analysis shows that the
ecological environment in the mining area is gradually improving. This study will provide a scientific basis for
assessment of the effectiveness of the implementation of ecological restoration projects in mining areas, as well as
the prevention and control of heavy metal pollution in mining areas.

Keywords: antimony mining area; groundwater; heavy metal; antimony contamination; ecological restoration
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Fig. 1 Hydrogeological map of the study area and location of groundwater sampling points
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Table 1 Sample testing index and methods
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Table 2 Statistics of groundwater samples collection from 2013 to 2022
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Table 3 Statistics of groundwater chemistry in the study area

B, N - R/ (mg L) )
O wmm i WSE pH N N N - - . — TDS/(mg'L")
. K Na Ca Mg Cl SOy HCO;3

AHIBRA HfE 7.83 429 8.79 79.27 5.05 12.16 118.06  121.28 426.17
20134 12 L mIIE:) ¥H 8.01 0.94 5.49 94.36 9.37 7.41 13125  180.39 44532
TamGE ¥ 8.20 0.60 1.98 96.71 4.71 5.70 81.94 202.13 415.52
AXHIMRA HIfE 6.83 233 22.88 50.48 3.95 4.69 125.49 72.00 313.20
20144 15 Bl ¥l 7.21 0.90 17.13 71.38 7.66 2.74 144.08 117.84 378.67
ARG ¥ifE 727 0.53 12.47 63.49 2.91 1.18 97.17 123.57 318.28
AHRA ¥E 8.42 3.15 19.37 51.23 5.76 5.69 77.95 126.98 259.45
20154F 16 B iia By 8.01 1.57 13.48 75.00 6.50 3.96 72.77 196.00 291.75
TG B 7.55 0.61 2.71 88.15 3.44 0.94 65.40 205.00 276.31
AR ¥ifd 7.34 3.95 41.48 72.63 8.66 21.44 14899  137.97 380.53
20164F 22 Bl BfH 7.67 237 14.70 94.23 9.44 5.24 13512 204.92 378.55
T ARG ¥ 7.41 1.20 6.93 100.13 1235 121 87.40 267.67 349.09
AHFRA ¥ifd 737 — — — — 8.08 126.90 — 243.11
20174F 26 Bl ¥ 7.74 — — — — 458 134.92 — 273.80
ARG ¥ 7.64 — — — — 13.09 252.07 — 355.33
AXHIMRA ¥i{E 6.84 — — — — 491 248.83 — 530.67
20184F 18 Bl ¥E 7.30 — — — — 4.74 207.62 — 560.73
ARG ¥ifE 7.24 — — — — 1.40 55.50 — 298.00
AHRA ¥E 6.73 — — — — 4.74 198.66 — 422.80
20194 16 B iia ¥ifd 7.47 — — — — 537 113.47 — 402.40
TG B 742 — — — — 0.46 23.10 — 192.00
AR ¥ifd 7.38 5.63 25.97 113.62 9.70 9.18 20629  187.12 506.51
20204F 25 B4 BfH 727 2.03 8.89 119.61  10.80 429 133.48  233.14 417.57
ARG ¥ 7.53 1.01 1.22 78.00 4.59 0.49 73.00 199.50 269.49
AHFRE B 6.97 495 37.27 77.74 9.11 432 188.08 16821 435.00
20214F 21 L mIIE:) ¥H 732 237 7.30 71.37 9.76 3.41 103.78  213.60 319.30
ARG ¥ 733 0.75 1.83 61.53 7.69 0.41 62.00 245.67 266.67
AXHIMRA HIfE 7.89 3.30 38.42 10622 13.54 7.55 193.08  176.62 487.83
20224 20 Bl ¥E 8.00 1.49 7.86 119.10  11.68 4.69 11645 21891 375.82
ARG ¥ifE 7.95 1.04 2.20 94.30 9.09 0.66 65.03 204.00 276.67
F/MAE 4.05 0.47 0.88 21.38 1.61 0.00 57.90 6.10 102.00

P FRAA 890  10.80  192.00  209.00 3510  141.00  638.00  356.00 1110.00

A HHRY

¥ig 731 4.14 28.66 81.75 8.64 6.94 173.64  154.78 397.88
IR = 0.85 2.65 36.73 41.18 6.51 8.36 130.85 102.98 207.80
/M 6.81 0.32 0.77 28.60 2.17 0.53 26.90 37.20 157.00
ig;; 191 - HRKAE 8.63 5.56 68.20 179.00  37.20 29.80 541.00  373.00 982.00
¥ {8 7.57 1.73 10.31 96.28 9.82 492 136.01 199.79 390.01
PRz 0.41 1.41 11.97 39.79 7.32 6.10 98.22 68.68 160.79
F/ME 6.88 0.26 122 57.20 2.86 0.37 23.10 10831 172.00
TSRS BRIE 8.34 2.39 21.63 112.00  27.00 6.08 114.00  301.00 454.84
¥ 7.58 0.84 4.09 83.56 6.98 1.33 71.78 212.49 294.69

T R RO R . R bRE2E N T . T ARG AKAERUE A (1~30), RS FRUE2E T I AP, SRR .

4.3 MR KH Sb IG5 QORI 7 g 2350 & 5(a) Bz, MR K RE 7 T Sb,S,
WEBEA™ (Sb,S;) AALIE M B AL 7 FE IR FALTE R LA, o 5 SO 1Y f7 76 R UIR 41 3 &

BT HALEAY B R . BFSIX 3 N E K ZE ) e(Sb)/
c(SO7 ) g 4rai vk, Hvh s A4 & K2 h K
F 8 5 #2 (1), Sb,S, i i F- A5 i i c(Sb)/e(SO;) A Sb %32 Sb,S, A k¥, B I M A G

Sb,S; +70, + 10H,0 = 2Sb(OH); +3SO; +8H* (1)
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Na'Xf X N K ER5E H Sb R IR BAT — & i1 78 &

HLTR R 7K 5 Sb V5 Y i AR R AR
K BT HL T 7K Sb TS Yeik AR, BEREERR A AN IR
IKJZ L R [A ST MR 1 7K CRAE A5 Sb. SO, i & ik
JEEF TDS AFBRASALFRAE AT 20 B, Hb T 7K s AR5 2
W 5 R, & e bRk B2 AR PRAZ A6 DL R 6.
DAL R K A5 Sb Y BTV EE A, AN [R5 K ) M
K Sb B JE R e R B RO [R], AY HAR L K T
WA T ARG, HEETU XA 1LHZK
JZ 1) 5% 5 Dx6., Dx8, B H T /AR | 2 L iF
A 2 340 WK 00 7 AR XGR AE/IN, bR 7K HY Sb Y B R
JERARMR T AL 20 1L P HE T 7 Dx2 SR A5 B X
- BV (3 1 Dx4 SR 5, Z 87 16 s A,
HoHb R 7Kk H Sb 9 J5T £ R BE BAIR K SCAE I C3 AL T4

4.4

F4 20132022 EEE/KEHTK Sb REKRESIT

Table 4 Statistics of antimony concentrations in groundwater of each aquifer from 2013 to 2022

Ax BT

e

TS

O g e

STON:E
A~ /(mg'L") /(mg'L"") /(mg'L™")

HiE

bz A5 R R

Bt R/ME

4~ /(mg-L") /(mg'L") /(mg'L")

IZ N}

MiE

bz SAAC ,f

/ME

RRME

HifH

/(mg-L™") /(mg-L") /(mg-L")

20134 2 10.350 42.380 26.364 — — 8 0.020 0.986 0.258 0.307 1.192 2 0.032 0.097 0.064
20144F 5 1.205 39.160 9.755 16.468 1.688 8 0.012 2.775 0.504 0.929 1.844 2 0.012 0.222 0.117
20154F 6 0.890 13.100 3.813 4.649 1.219 8 0.001 0.360 0.119 0.138 1.165 2 0.004 0.520 0.262
20164F 9 0.048 46.100 6.730 14.830 2.204 10 0.006 0.540 0.165 0.173 1.045 3 0.017 0.130 0.089
20174F 11 0.051 44.700 7.011 13.144 1.875 13 0.007 0.470 0.165 0.170 1.032 2 0.009 0.018 0.014
20184F 6 0.067 34.000 8.105 12.951 1.598 11 0.001 3.080 0.524 0.896 1.711 1 0.460 0.460 0.460
20194F 5 0.040 18.500 6.476 7.585 1.171 10 0.015 16.500 1.930 5.139 2.662 1 0.270 0.270 0.270
20204 9 0.086 20.800 6.036 7.299 1.209 14 0.008 1.040 0.359 0.409 1.065 2 0 0.117 0.059
20214F 8 0.470 24.100 5.284 8.005 1.515 10 0.004 0.850 0.244 0.238 0.977 3 0.017 0.037 0.025
20224F 6 0.019 28.800 6.445 11.068 1.717 11 0.003 0.920 0.202 0.271 1.341 3 0.008 0.011 0.009
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Fig.3 Inter-annual variation of Sb concentrations in groundwater of different aquifers
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Fig. 5 Correlation between Sb and conventional ions in groundwater of different aquifers
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Table 5 Basic information of typical groundwater sampling points
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Fig. 6 Inter-annual variation trend of Sb, SOﬁ‘ mass concentrations and TDS in typical water sampling points of different aquifers
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