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Fig. 1 Hydrogeological map of the study area and locations of water samples
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Fig. 2 Geological profile of the study area
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Table 1  Statistics of situations, water temperatures, and pH of sampling points
5 HE/m TK)Z P KI/C o pH W5 WE/m FoK)E E3i1 KI/C pH
J1 170 pid=kay LT VI 17.2 7.54 132 — AIRE K 13.7 7.78
2 47 NS ZapRAK 15.1 7.38 133 0.5 — oK 17.4 7.42
13 75 iy E1 Vi S 17.1 6.88 134 215 AR A=K 17.4 7.14
J4 120 Vay oy HHIK 16.2 7.23 135 58 Hzt wK 15.9 7.91
J5 86 Mz A=K 17.0 7.22 136 0.5 — oK 17.1 7.56
J6 130 Hz=d FHOK 18.3 7.83 137 2300 AIRE wHK 16.4 7.26
17 127 AR ATIK 16.8 7.39 138 100 Hz%r A=K 14.5 7.17
18 148 VY S HHIK 16.9 7.51 139 352 EPa HHIK 14.9 7.70
J9 152 AR HHIK 16.6 7.69 140 250 ey &a HHIK 7.91
J10 26 batiig FLBRK 17.4 7.46 141 4 Mot A=K 14.2 7.82
J11 100 HIRE FHOK 17.6 7.43 142 50 Vay &y wHIK 14.6 7.34
J12 183 Vay =y FHIK 18.6 7.58 143 31 V) %=1 A=K 17.6 7.84
J13 130 Hz=d FHK 16.2 7.07 J44 200 Hzod HHK 17.7 7.65
J14 137 Hz=% AHIK 19.1 7.52 145 300 AWE A=K 19.0 7.85
J15 87 Va) = HHIK 15.9 7.38 146 20 AR A=K 16.2 7.56
J16 60 Vay oy HHIK 16.8 7.21 147 23 ey & e wK 16.6 7.49
J17 213 VaY = A=K 16.0 7.35 148 36 Mzt A=K 19.2 7.49
J18 158 HIRE K 16.5 7.13 J49 3 AIRE K 17.7 7.72
J19 0.5 — K 153 8.02 150 180 AR HHOK 17.3 7.47
120 186 VY S HHIK 17.0 7.49 151 220 VY= HHIK 17.2 7.54
121 125 AR HHIK 17.2 7.05 152 350 ey Ea HHIK 18.5 725
122 22 WEE L FLEUK 16.8 7.48 153 260 VA= A=K 18.6 7.34
123 93 HIRE FHOK 18.1 7.51 154 280 Vay &y wHIK 19.7 7.44
124 146 Vay = HHK 14.9 8.05 155 40 Wt FLBUK 16.5 7.28
125 33 ARE HHIK 7.61 156 183 VY S FHIHK 182 7.57
126 — — FHIR 18.0 7.36 157 15 biNily fLBRIAK 16.4 7.10
127 — Mz HHIK 7.28 159 5 WgEt FLEK 16.8 7.80
129 — Vay oy HHOK 14.1 7.58 160 30 WL FLBUK 17.6 7.54
130 245 N Z4RIK 14.5 7.55 61 — Hos A=K 16.9 727
131 50 Mz HHIK 16.1 7.40 162 — — HIR 17.6 8.06

FIZE S 2B (KT 0.85), ULHANO; HIZE kA2 31 AR [R]
X 38k N\ 2535 3h A 0y 3 ek 5 B S A R UH k. T b
FAKPNO; S8 (BN 9.44 mg LK FHET K, %
HHYAT 7 B4 98 U 1] RE AN 23 R K NO; 9 E BRI
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SRR A —B 4y J& T HCO,-Cl- Mg-Na, HCO,-SO,-Cl-
Mg-Ca-Na 7K . HE XA K K 2228 AL L HCO,-
Ca fil HCO,-Ca-Mg I F . A /KB + E 2
Ca™', Mg™ " 35 [l 5 DX R HET X s 7K 32 22 U
HCO; | SO N E, HIZAMAX A /K SO, Al Cl
FLEH B R . EEAMA XA KoK A2 25 i ) &2
Z= 1) JEL R AT R R R 32 3 T AR AR TG T K 195 T b
25 o T DK YR SRR AL SR K A K AR 2E S A A A —
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Table 2  Statistics of hydrochemical parameters
Kk ¥ Na' K’ Mg* Ca™ cr NO; So3” HCO3 TDS
payiil) FEFR mg-L™ mg-L™ mg-L™ mg-L™ mg-L™ mg-L™ mg'L" mg-L" mgL™
N 31.16 3.71 17.41 77.05 32.67 10.96 114.38 180.42 379.75
H/IMH 10.06 1.76 12.04 64.62 12.07 7.81 67.99 174.69 268.65
HigK
SEEE 18.91 261 14.82 68.93 21.93 9.44 90.61 178.51 317.86
AR RE 0.47 0.31 0.15 0.08 0.38 0.14 0.21 0.02 0.15
N 70.75 2.59 49.96 234.58 105.47 93.72 159.12 549.86 948.69
Lk fe/ME 12.08 0.61 15.98 75.02 23.91 435 10.47 226.24 283.85
; EHE 32.73 147 29.45 142.14 54.77 41.77 82.42 336.98 554.27
A RE 0.58 0.56 0.44 0.36 0.60 0.85 0.68 0.31 0.37
SN 98.78 8.91 42.10 216.20 95.05 148.44 187.12 549.86 822.35
. f/ME 3.98 0.38 7.43 10.12 1.82 1.71 23.62 80.19 191.65
ATRIK
A 23.76 1.57 19.73 112.12 40.92 39.51 92.80 276.27 475.44
T 0.69 0.84 0.31 0.36 0.57 0.87 0.40 0.26 0.30
N 23.56 4.00 26.26 106.07 37.04 69.50 74.00 340.80 454.51
B/ IMH 10.12 1.32 7.23 41.96 7.85 1.99 30.49 111.69 160.27
Z4BIK
SEEE 18.23 2.13 14.00 63.82 17.98 31.67 46.05 207.63 298.47
LT 0.30 0.51 0.54 0.39 0.65 0.93 0.36 0.45 0.36
x HEHX 80/ \80 o FLBRK
O HAEAMGIX Va 60 : N OHiFK
+ (AN X S \00 G A#pUK
7% / X
S 4
\ 40 é
\20 20/ 20
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Fig. 3  Piper diagram of water samples in the study area
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SO,-Ca 7K 55 hy 52 F (1) Z2 FloK Ak 22 2 B A7, 5
2 S B HE I Ak B R ] B HCO,-Ca 24 B, HCO,:

SO,-Ca BRIk, 15 I 78 HEM X (1) 55 775 SR Kb 4252 1 H:
TR B RN
2.2 tHXMELH

Xt F B KA A8 FR 4T Spearman AH S 43T,
SrMTEE RN 3 Frs . AKAL2EFEFR R TDS & 2 Al
Ca™, SO} # it 5 i i 1E A 56 56 & (R>0.8, p<0.01),
U TDS AU N E 2ok A F Ca™', SO & B AHEn;
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%k 3 Jk4LZ3E4R Spearman 8% RELERE
Table 3 Spearman correlation matrices of hydrochemical parameters
Na' K’ Mg* Ca’ cr NOj No/a HCO3 TDS
Na’ 1.000
K’ 0.134 1.000
Mg” 0.468** —0.021 1.000
Ca™ 0.401** —0.344** 0.309* 1.000
Cl 0.658** -0.214 0.451** 0.567** 1.000
NO3 0.150 —0.371** 0.193 0.675** 0.535%* 1.000
S0%- 0.606** —0.044 0.200 0.651** 0.553** 0.467** 1.000
HCO; 0.227 —0.337* 0.462%* 0.600** 0.384** 0.441%* 0.205 1.000
TDS 0.686** —0.234 0.456** 0.850** 0.741** 0.668** 0.815** 0.585%* 1.000

** HCHERE 0.01 E EBEGUR); * AR 0.05 2 EBEUR).

** The correlation is significant at the level of 0.01 (double-tail). * The correlation is significant at the level of 0.05 (double-tail).
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TR, % R F] ClU, NO; & B i il LI IH A 2%
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Fig. 4 Ratios of main ions in karst water
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AT y(HCO;+SOX + NOj )/y(Ca +Mg™)=1 : 1 £k /3 1,
T Mg™ . Ca” A HAth ok I8 5 NO; (A 4% DI A 5
Wu S G W Rl 2B 7 R S IR R B AR
S AL K I AT RS ALVE T SR H, 3 B0k
PR ER AT W) s ik oL 2 v JF R 10 Bl R i />, 2 T 3 K
HHCO; % 5 AH XS K AR S5 1T Wk BR +h ™ ) 145 it e 7™
A THCO; & 54 I FEAIG.
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Table 4 Loading matrix of rotated factor

F1 F2 F3
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Hydrochemical characteristics and formation mechanism
of karst water in Baotu Spring watershed

WANG Nan'?, XU Qin’, SUN Xiaoyan®, WU Xiancang’, LI Changsuo"’, GAO Shuai'’
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5. University of Jinan, Jinan, Shandong 250022, China )

Abstract Karst groundwater is an important water source for human production and livelihood, but it faces the risk of
pollution. The study of the hydrochemical formation mechanism of karst groundwater is an important research topic.
However, due to the evident control of factors such as local hydrogeological conditions and the intensity and manner of
human activities on karst groundwater, it is challenging for us to explore the hydrochemical formation mechanism of
karst groundwater. The Baotu Spring watershed is a typical distribution area of karst in Northern China, which has faced
water quality deterioration in recent years. However, there is a lack of comprehensive case studies that combine multiple
mathematical and statistical methods with hydrochemical analysis in the study of spatial differences in the hydrochemical
formation mechanism of groundwater in Baotu Spring watershed. This study collected three surface water samples, six
pore water samples, 47 karst groundwater samples, and four fracture water samples from the Baotu Spring watershed.
Hydrochemical and multivariate statistical methods, such as Piper diagram, ion ratio, correlation analysis, factor analysis,
and cluster analysis, were used. Additionally, ArcGIS geostatistical functionality was applied to investigate the
hydrochemical formation mechanism and spatial differences of karst groundwater in the Baotu Spring watershed.

The results indicate that the contents of Total Dissolved Solid (TDSs) in surface water samples ranged from 268.65
to 317.86 mg-L ', with small spatial variations in different chemical parameters. The hydrochemical type was primarily
HCO;-S0,-Ca, indicating good connectivity of surface water. The TDS contents in groundwater samples ranged from
191.65 to 948.69 mg-L ', with large variations in all chemical parameters except for K', indicating significant influences
from local hydrogeological conditions or human activities on karst groundwater. The hydrochemical types of karst
groundwater were mainly HCO,-Ca, HCO,-SO,-Ca and HCO;-Ca-Mg, with an increasing proportion of SO; . The
dominant cations in karst groundwater were Ca”* and Mg”". For anion, in the indirect recharge zone and discharge zone,
karst groundwater was mainly dominated by HCO; and SO;~, while in the direct recharge zone, the proportions of SO;
and Cl in karst groundwater significantly increased. Correlation analysis and ion ratio analysis reveal that the
hydrochemical composition of karst groundwater in the study area is mainly influenced by the dissolution/precipitation of
minerals such as carbonate, sulfate, and halite. With an increase in the flow path, the interaction between water and rock
became more thorough, leading to an increase in ion content in groundwater. Pollution caused by human activities
increased the concentration of NO; in groundwater, and the nitration process reduced the release of carbonates resulting
from carbonate mineral dissolution. Therefore, human activities can directly pollute groundwate and affect the natural
water—rock interaction mechanisms in groundwater. Overall, the degree of pollution in groundwater in the study area is
not significant, with the hydrochemical composition being mainly influenced by water—rock interactions. However,
human activities have also led to the contamination of CI and NOj in groundwater, with the polluted groundwater
primarily distributed in the central karst zone with strong leakage in the study area. The karst groundwater in the
northwest area was polluted in a lower degree, mainly because the thickness of the Quaternary system may reduce the
direct pollution of karst groundwater by human activities. This study explores the hydrochemical formation mechanisms
of the Baotu Spring watershed and provides preliminary analysis of the spatial differences in the hydrochemical
formation mechanism, which can support the protection of local groundwater environment.

Key words Baotu Spring watershed, groundwater hydrochemistry, multivariate statistics, spatial distribution
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