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Abstract: ' As one of the famous Karst springs in Shanxi Province, the Gudui spring is the only medium-low temperature hot spring, with a long history of development and a
rich cultural accumulation. The karst groundwater in the Gudui spring catchment was taken as the research object. Through systematic sample collection and isotope analysis,
hydrochemistry (Durov map, ion ratio, Gibbs map, and hydrogen and oxygen isotope) methods were comprehensively used to analyze groundwater hydrochemistry and
groundwater system runoff characteristics. The *St/*Sr value of karst groundwater in the Gudui spring catchment was 0.709 to 0.717, and the Mg/ (Mg + Ca) value was
0.27 10 0. 74. By analyzing the Sr isotope composition and Mg/ (Mg + Ca) and 1/Sr variation characteristics, it was concluded that the karst groundwater in the Gudui spring
catchment was a mixture of deep hot water and shallow cold water. The karst water subsystem of Nanliang spring presented the characteristics of carbonate stratum runoff. The
karst water subsystem of Fuling Mountain Gaoxian Haitou spring and the deep circulation subsystem of Houma Basin exhibited the runoff characteristics of carbonate rock and
igneous rock strata. The karst water subsystem of Taiershan Jiuyuanshan Gudui spring presented the runoff characteristics of carbonate rock and ancient silicoaluminate strata.
The 8'%0 value in karst groundwater of Guodui spring area ranged from ~ 11.46%0 to ~7.81%o, and the average value was - 10.08%c. The range of the 8D value was
-83.7%o 10 —60. 8%, and the average value was —73. 6%o. This showed that karst groundwater in the spring area was the result of mixing of various types of water. Through
comparative analysis of hydrogen and oxygen isotopes of 2014 and 2021 sampling points at the same location, it was concluded that the change in water samples at the
Guduiquan resulted from the gradual accumulation of water supplied by Sanquan Reservoir. The change in Sanquan Reservoir was due to the influence of Yellow River
diversion. The karst groundwater in the spring area were characterized by large calcium ion, magnesium ion, and sodium ion values; a small potassium ion value; a large
sulfate value; and a small chloride value. The hydrochemical types of karst groundwater in Gudui spring catchment could be divided into SO,-Na, SO,-Ca, HCO,-Na,
HCO,-Mg, HCO,-Ca, and Cl-Na. The hydrochemical types of karst groundwater showed evident hydrochemical composition zoning from HCO, -Ca+ Mg —HCO, -50, -Ca+ Mg
—80, -HCO;-Na-Ca—S0, + Cl-Na- Ca. According to the comprehensive analysis of hydrochemical isotope and hydrogeological conditions, the karst water subsystem of
Nanliang spring was primarily recharged by rainfall infiltration in the exposed limestone area and river infiltration, and its karst groundwater was recharged by runoff from south
to north to the karst water subsystem of Fuling Mountain Gaoxian Haitou spring and the deep circulation subsystem of Houma Basin. The karst water subsystem of Taier Jiuyuan
Mountain Gudui spring received rainfall infiliration supplement and upstream runoff supplement from the exposed limestone area. Iis karst groundwater flowed from north to
south and received the supply of Sanquan Reservoir from Yellow River water in the natural discharge area of Gudui spring.

Key words : karst in northern China; hydrochemical characteristics; hydrogen and oxygen isotopes; strontium isotope; Durov diagram; Gibbs chart
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Fig. 1 Hydrogeological map and sampling sites of Gudui spring catchment
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Fig. 5 Durov diagram of karst groundwater



4878 ®

B 44 %

(GD42) —S0,- Na-Ca (GD15). #JLiL-JLs L
HEIR B IKF R G A X B HEHH DX Y 7K Al A7 25 7Y
MK M. 4D 45 IX 5 HCO,-Ca - Mg ( GD30) 5 #
HCO,+S0,-Ca - Na - Mg (GD39) — & X KN
SO, -HCO,-Ca-Na-Mg ( GD20 #l GD18) & #
SO,+-HCO,-Ca - Mg ( GD19) & # SO, - HCO,-
Ca*Mg-Na (GD17) =& i X~ SO, - HCO,-Ca - Na

(GD25) #i# SO, - HCO,-Na-Ca( GD23 Fl GD26 ) 5{
# S0, - C1- HCO,-Na - Ca (GD24) % Cl-S0,-Na
(GD22) —4Ei X }ySO, -HCO,-Ca -+ Na- Mg ( GD28
A1 GD29) = # HCO, -SO, - Cl-Na-Mg( GD32). M #h
SR IX AR 3 DX —HE kDX B fb A REAE 2 PH 25 Na 3
Jn, BB S0, 5 CLE . iR (GD32) K fb242E
RIS HCO, SO, - Cl-Na - Mg, BH & F HCO, H 91 38 Jin

x1 HHEREERMTKKLEER
Table 1~ Hydrochemical types of karst groundwater in Guodui spring catchment
- N . p/mg-L~! s
WK AT Ni - SRR KAk
GDO1 PR 23.9 7.96 60.5 13.3 1.1 2.5 3.3 42.2 191.5 HCO;-Ca- Mg
GD02 AT 25.0 7.85 58.6 29.2 2.6 83.3 23.7 156. 3 303.8  HCO,-SO,-Na-Ca-Mg
GDO3 A 24.5 8.02 41.2 27.9 3.1 152.2 101.2 170.6 245.6 HCO, +S0, - Cl-Na
GD04 HE I 24.5 7.73 19.3 17.3 0.9 94. 4 9.8 4.5 303. 8 HCO;-Na
GDO5 I 24.5 7.69 77.9 36.2 1.9 68.6 21.1 194.6 303.8  HCO,-S0,-Ca-Na-Mg
GDo6  HIEIE 24.5 7.48 140. 1 48.8 3.8 99.2 50. 6 448.0 273.7  S0,:HCO4<Ca-NasMg
GDO7 HEIE 24.3 7. 66 112.2 38. 1 2.5 49.4 25.7 290! 8 256.0 $0, - HGOY-CasMg
GDO8 HE I 24.7 7.54 75.9 2477 1.1 7.5 6.8 ;43,2 308.0 HCO, :,Gé-Mg',
GD09 AW 23.9 7.81 69.6 1764 11 4.3 500 314 1 258.0 Hcgg‘lci}Mga
GDI0 #2500 7.65  109.5  83.0 3.6 223.8 430600 61046 | 472.4  SO,7HC@iNa-Mg
GDIl B 245 7.66  109.8  B57 7.6 20s.8  153.7 | 4359 | 233.1 S0, -C1-Na-€a 4
GD12 AW 245 7.59 (816 B4 746 1135 589.5 W 2710 3017 S0, “HEO; Nar Ca
copa= i 24s 760 Isdss 200" 10 127 186 fsis 886 HCO,-Ca-Mg |
Ghia | mwdd | s st e/ @045 26 72 231 [ 4052 “3206 SO, HCOs-CarMg” L
chis Pk | 481 776 ~14874 | 305 445 2649 1570y | 70340 216.4 40,-Na-Ca &
GD16 wk 427 7.19 6476/ 1/ 120.6 C177 2541 '138:1{' 224770 187.3 S0,a r
GP17T |, B 24,7 7.65 911.‘-2' ' ‘38."[)‘ 3l6 69.7 412" 1260.0 251.8 SO, -HCO,-Ca-Mg-Na
GDs | f s 2309 7.51 | 85.8/ [40.00 30 92.7 51.0 2724 270.5 SO, +HCO;-Ca-Na-Mg
619 ¥ HE 2500 7 7.48 1061 ;9.6_.---"}#' 62.1 26.0 299. 6 249.7 S0, -HCO,-Ca-Mg
GD20; [EAIARIE 24.5 7.51 87.9 35.3= 3.5 92.9 33.6 290.0 266.4  S0,-HCO,;-Ca-Na-Mg
GD21 & #pUk 7 18.1 8. 04 36.5 32.3 0.5 100. 2 45.4 94.8 312.2 HCO,-Na-Mg
GD22 HEIT 38.4 7.53 147. 4 35.3 22.3 454. 1 606. 6 444.5 216. 4 C1-804-Na
GD23 HE I 30. 4 7.61 110. 6 39.3 7.7 145.3 107. 4 370. 1 265.3 S0, -HCO,-Na-Ca
GD24 AR 28.1 7. 64 107.1 35.9 8.5 162. 8 170.3 312.7 249.7 SO, -Cl-HCO;-Na-Ca
GD25 A= 24.0 7.52 111.7 37.0 6.2 104. 5 105.5 302.5 253.9 S0, -HCO,-Ca-Na
GD26 HIEBIT 24.9 7.57 107.5 38.4 7.5 127.5 111.7 320. 1 259. 1 S0, +HCO;-Na+Ca
GD27 HE I 22.2 7. 64 70. 4 32.1 3.4 75.8 53.5 163.6 274.7  HCO,-S0,-Ca-Na-Mg
GD28 AT 22.4 7.62 92.1 36. 6 5.0 93.0 86.9 240.3 258.0 SO, -HCO;-Ca-Na-Mg
GD29 AR 24.4 7.86 102.7 39.1 5.7 98.9 95.1 290. 3 253.9 SO, -HCO,-Ca-Na-Mg
GD30 ZLpIK 17.3 7.86 60.9 17.3 0.9 23.3 6.7 20.2 303. 8 HCO;-Ca-Mg
GD31 K 17.1 8.09 34. 4 17.6 1.1 45.4 7.7 12.2 276. 8 HCO,-Na-Ca-Mg
GD32 A 20.2 7. 68 85.5 36. 1 6.3 103.4 111.2 175.4 308.0  HCO;-S0O,-Cl-Na-Ca
GD33 AR 20. 1 8.02 32.0 54.2 0.4 41.2 16.0 77.0 330.9 HCO,-Mg
GD34 K 30. 4 7.74 50.0 33.8 4.6 137.0  154.4 167.0 203.9 C1-80, -HCO,-Na
GD35 AT 15.8 7.68 69.3 19.1 1.7 8.1 8.9 60. 7 228.9 HCO,-Ca-Mg
GD36 A 20.0 8.03 62. 4 25.4 2.1 58.9 16.2 129. 8 264.3  HCO,-S0,-Ca-Na-Mg
GD37 HIBI 18.1 8.06 45.2 15.2 1.2 53.1 11.2 28.2 283.0 HCO,-Na-Ca
GD38 HE I 18.9 8. 04 36.6 13.5 0.7 41.0 6.3 14. 4 245.6 HCO,-Ca-Mg
GD39 A 21.7 8.05 53.1 23.4 3.0 46.0 8.7 85.8 266.4  HCO,-S0,-Ca-Na-Mg
GD40 A 20.6 7.65 86.3 30.7 2.2 42.1 21.0 161.6 283.0 HCO, -S0,-Ca+Mg
GD41 HRIR 19. 4 7.84 62. 1 33.4 1.9 12.5 8.3 45.0 322.6 HCO;-Ca-Mg
GD42 HE I 20.0 7.56 107. 4 33.8 8.3 118. 8 47.4 361.7 289.3 S0, -HCO,-Na-Ca
GD43 FR 18.1 7.75 54.7 20.0 1.5 18.2 9.3 41.5 249.7 HCO,-Ca-Mg
GD44 UK 18.9 7.84 74.1 16.9 1.5 21.8 7.3 66. 8 274.7 HCO;-Ca
GD45 Hu 2K 21.7 7. 69 46.1 12.7 2.3 114.8 37.7 116. 8 297.6 HCO, -S0,-Na-Ca
GD46 K 21.7 7.72 83.1 19.1 2.1 40.2 17.7 119.5 266. 4 HCO, -S0,-Ca
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_;:.: Table 2 Hydrochemical sampling of karst groundwater during different periods in Gudui spring catchment
) p/mg-L7! 18
i pH 8'%0 5D
C32 + Mgz + K* Na* HCO; 804 - Cl- NO; Srz + /%o /%o
GDO1_2014 7.74 64.8 14.0 1.3 2.2 211.0 30. 1 6.7 11.4 0.1 -10.0 -68.0
GDO1_2021 7.96 60.5 13.3 1.1 2.5 191.5 42.2 3.3 15.8 0.1 -10.2 -68.9
GD06_2014 7.62 146.0 48.4 3.1 88.8 274.0  446.0 56.0 2.9 1.0 -10.2 -75.0
GD06_2021 7.48 140. 1 48.8 3.8 99.2 273.7  448.0 50.6 5.9 1.6 -10.2 -74.9
GD09_2014 7.68 86.5 15.3 1.2 8.2 286.0 41.4 7.7 7.9 0.6 -10.4 -73.0
GD09_2021 7.81 69.6 17.5 1.1 4.3 258.0 31.4 5.9 7.7 0.2 -10.7 -74.5
GD15_2014 7.78 150.0 41.5 13.0 203.0 252.0  607.0 153.0 0.2 1.9 -11.4 -83.0
GD15_2021 7.76 148. 4 39.5 14.5 264.9 216.4  703.4 157.1 0.1 2.7 -11.5 -83.7
GD29_2014 7.90 107.0 41.5 5.9 95.5 252.0  273.0 104.0 4.4 1.9 -10.5 -75.0
GD29 -2021  7.86 102.7 39.1 5.7 98.9 253.9  290.3 95.1 9.6 2.0 -10.4 -75.1
GD32_2014 7.96 101.0 39.6 6.0 91.7 282.0  239.0 93.8 8.9 1.6 -9.8 -71.0
GD32_2021 7.68 85.5 36. 1 6.3 103. 4 308.0 175. 4 111.2 7.2 1.4 -7.8 -60.8
GD34_2014 7.49 51.9 24.3 9.9 75.2 168.0 149.0 85.2 0.8 0.5 -7.7 -59.0
GD34_2021 7.74 50.0 33.8 4.6 137.0 203.9 167.0 154. 4 1.2 0.9 -8.1 -62.1
GD41_2014 7. 80 74.7 27.2 1.2 10.0 293.0 64.0 10.5 4.2 0.2 -9.1 -64.0
GD41_2021 7.84 62.1 33.4 1.9 12.5 322.6 45.0 8.3 7.1 0.4 -9.0 -63.4
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