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Abstract: Water quality of Jinan spring catchment is getting worse year by year. It is of great significance to find out the pollu-
tion sources and influence factors for exploitation of the karst water and ecological environment protection. However, analysis
of the whole karst water system including the recharge and runoff area has not been reported yet. Hydrochemical method (piper
diagram, ion ratio. correlation analysis) and multivariate statistical method (factor analysis and cluster analysis) were compre-
hensively used to analyze the hydrochemical characteristics of groundwater, as well as the factors affecting water quality and
relevant impact strength in different areas in this study. Factor analysis indicates the effects of water-rock interaction between
limestone and groundwater, industrial and domestic pollution, water-rock interaction between dolomite and groundwater, and
agriculture, husbandry and domestic pollution. Their contribution rates to groundwater quality are 33.1%, 28.4%, 12.0%,
and 11.8% , respectively. Combined with hydrochemical and cluster analyses, the results indicate that groundwater quality in
the study area is controlled by both water-rock interaction and anthropogenic activities. Groundwater with high quality in the
southern recharge area and western discharge area is mainly affected by the dissolution of carbonate minerals. Some parts of the
recharge-runoff area are influenced by agriculture, husbandry and rural domestic pollution with higher content of nitrate in the
groundwater. Industrial and urban domestic pollution severely impacts the eastern suburb, urban and suburban exploitation area

with poor groundwater quality and excessive levels of SO,*, NO, ., TDS and total hardness in a few sections.

EE£TB :HRARB¥HILETH (No.41672246).
EE R TIHH (1992—) Lo A AF 7T A o 8 2R R K BUE AL 5T . ORCID: 0000-0001-7043-3213. E-mail : jywang@2014. cug.edu.cn
* BIWAEE ¥ & 5t . ORCID;0000-0002-0125-4286.E-mail : mgjin@ cug. edu.cn

S| A TIBH , TR, Wi 5, 2017, 5 B R U W KK Ak 24 R A 2 L st A b 3R B 2%, 42.(5) . 821 —831.



822 HERBLY:  http://www.earth-science.net

A2 4

Key words: Jinan spring catchment; karst water; hydrochemistry; multivariate statistics; cluster analysis; formation cause;

hydrogeology.
0 5%

U LR KO SRR B AR A T A S R R
AN R/ B T YR 20 42 80 AEAR IR BEE T
b Ak 38T A A R B AN BT IR S K T SR B AN W Y
K NETE BN N KIS B T — e R B T5 e, o i
K Clm SO, (NO, BB 97 16 S8 05 1
RS BT R, R IUK RS AR 2 (LRI,
2003 ; B ik 1 B2 7R, 2007 s Kang ez al., 2011 ; & 5%
TELE L2014 T 2 45, 2016) . R I 40 #r TF 1 5 T R
SR K AR 27 REAE L A B LTS Y o Y5 RN 52 e (K2R L %
R K BEIRIT & A K A SR R AP AR AT oy
ESiNe'd

KA ZE FEAE B 5 3 2258 i K A 2= S it AR
B P FR B AR 58 07 25 40 W LTS JK K BT I 3 43 A
5. Yok B e K H S50 2 u), R E
M LA X 43 b 3Rk 27 0o A2 45 9K DR 3R RN AR 3 3
A N PRUZR K iR K K BT Y B2 0 3K — 2 7K SO
Jo A 7K SCHBER A A 40088 F 5 1 HE A RN RV (Gller
et al.,2002; Wang et al.,2006; % 5k H 55,2012 56
FEEL,2016). L, Z2 050340 Hr L 7K SCHBR 1k 2 B
RURD GIS F AR &3 T B 97 J7 1 10 1 145 381 8k i
T B e (Reis et al.,2004; Valdes et al.,2007;
Giiler et al.,2012;Machiwal and Jha,2015; W71
4,2016) , Horf Z 5058 1 Jr 1k e A RUOR K 2 K T
B AT 255 B 8 7 K AR 2E R i B HE AR 22 TR Y
WAERFR , IF PR 22 1Y 7K J5T 48 s v A 44 3 52 e /K Ak
SRR EE IR ER 8 R K AR R Y 4 25 R
TRAL 21 53 I T BV A R , O 8 ok F 92 7K Ak 2 B
25504 KBTI 15 e U5 B8R e P2 TR A AT
H.(Cloutier et al.,2008;Zhang et al.,2012; Huang
et al.,2013; =@ K4 ,2016).

DIESC T 35 /5 7K AL 24 R AR i 0 92 22 % R K
2E G W 5T K B AE B 28 ROBE 1 9 A8 AL R AiE (1
R, 2003 1R B4, 2007 ; TIKARSE, 2013) , 4 %)
TRAR 2 B LR o3 B 28R e X DL IX g F AR G R
N B 55 4% PR 2 0T i T 7K 7K B 1% 52 i) B 52 i) 56, 2
(T3 FI A5 , 2008 5 % 55 245, 2009 s T 2 5, 2015) 41
RN K5 e AN 2 AR 45 45 48 b 19 BRI 25 5 75
BSOS IR S8 PN 1 KK TR AT 53 253 XL T 2 T A%
FRBRIA] YA OC 5C 2 e H BT 46 7 B AN [ 75 G 5 F 5 Gy

PR A, 20125 TR, 20145 9 7 B2 FIZE A L,
2016).teAb , b KR 25 A2 T T HEME % R 45 T
KRR B3 B ETE A5 R R A AT T 4 4R v T
HEME DX RN 45 A8 001X, D R R S T B K A2 I
PR 3 A CPIE AT 3752, 20105 5K 32 7K, 20125 08X o B
45,2012 Wang et al.,2016) . X635 #b 45 F2 i X 19 4
DA TR IR R GE 53 BT i AR DL AIRGE.

PRI W, A SCAE 43 1 A 98 XK SC i 5T 25 A1 1) 5 il
e SR AN TR XS T OKRE L 2R G as K AR 2
(Piper £ I8 B 1 L 1) R %0 A0 G 0 B M 2 o0 58
T CR 20 B VR M) J7 8k 20 A R ZK K A~ 4
fIE s BRI AS [R] DK S5 52 o PR 28 8 52 Wl 58 B8 O S T
KA IR BE 22 WA Bl T 4R 5T G il S TS G
LRV HE— 2B T AER A R s 1 Tl A Bl £k
XiF U T K ST L A BT RS b T K BT R
RN AT RS R R S E WOK R A BT RS R R
PR

1 BFFEIX A

T T S 3ok b Ak Ly b 4 b % R L A T
(R 38 He s, M A e e U AR, B R Ay 1) I 2 10 ) B AR} A
T SR BRAR VG 43 0 LA A X B 7K 1 2R 3 7 2 L
S0 5 AR B A AR L T 3 — MR A K g, b
WARKR—TBEOABRERMARR. _&ERZER
M2 PGB O L, B ALY 1500 km?® (] 1),

U5 B L T v B N B b S B L A R B
S, 2 4F SR 14,3 °C L ZAE Y B K &
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B 7 AIK BT Ak s HoR KRR £ 5 T 28K A e pH
HHR 7.7~8.5, 25508 ME; TDS Wy 7K i 7 In] 22 30 i
FhE W B B GoT A, H o4 Kk BE TDS <
1000 mg/L; SO,> . NO, #& K 1 4 % N
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Table 1 Results of the hydrochemical analysis of karst water

in Jinan

S8 AL M/ME R B bRMEE ER R
T C 10.3 17.0 16.6 1.22 0.07
pH / 7.7 8.5 8.1 0.17 0.02
K™ +Na® mg/L 3.0 170.6 18.9 24.15 1.28
Ca®" mg/L 66.3 197.0  105.4  26.54 0.25
Mg?*  mg/L 104  36.6 20.5 5.8 0.27
Cl mg/L 7.6 247.7 35.7 38.12 1.07
SO.4? mg/L 30.6 287.5 91.2  43.42 0.48
HCO; ~ mg/L 144.3 348.3  251.6 41.51 0.17
NO; ~ mg/L 5.6 100.3 37.8 22.92 0.61
F mg/L 0.1 0.4 0.2 0.07 0.35
TDS mg/L  270.3 1125 449.9 134.67 0.30
e g mg/L. 228.4 607.4  347.7 75.57 0.22
COD mg/L 0.2 1.8 0.6 0.33 0.54

AR S RO 4.
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Fig.2 Piper diagram of karst groundwater in Jinan

© HCO:-Ca
© HCO:-Ca - Mg

® HCOs - S0+-Ca

® HCO:- SOuCa - Mg

A Cl- HCO:-Ca - Na

% CI- 8Os+ HCOs.Ca - Na

B3 B A A T KoK AL A 4 T
Fig.3 The spatial distribution of hydrochemical types of

karst groundwater in Jinan
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Relationships between the ratios of the selected ions
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Table 2 Correlation coefficient of hydrochemical composition of karst groundwater

WH  Kt+Na® Ca?t  Mg?" Cl= SO, HCO;~ NO; F- pH TDS BEME  COD
K™+ Nat 1.00  0.55°  0.28° 0.94" 0.68° 0.31* —0.11 0.14 —0.37° 0.82° 0.57"° 0.55°
Ca’t 1.00 0.27*  0.65"  0.69*  0.70*  0.47" 0.11  —0.62* 0.91*  0.96* 0.10
Mg?* 1.00 0.26  0.44* 051" 0.11 0.06  —0.23 0.46*  0.54° 0.05
Cl- 1,00 0.61*  0.35*  —0.01  0.14 —0.46* 0.84*  0.65*  0.46"
SO,2 .00 0.30* —0.01 0.06 —0.29* 0.82* 0.74*  0.40*
HCO; ~ 1.00  0.40*  —0.01 —0.68* 0.63* 0.77* —0.16
NO; ~ .00 0.35*  —0.21 0.31*  0.44* —0.25
F- 1.00 0.10 0.18 0.12 0.11
pH 1.00 —0.55* —0.61* 0.03
TDS .00 0.93*  0.31"
S 1.00 0.10
COD 1.00

e #oRil L «=0.05 BFVERKLE.

EYL K +Na' [Cl™,SO,* 5 COD (4 56
(r=0.4) F WX 3 Bl B 1 19 2k U8 5 4R 245 16 I8 1 £
FH A 3 B A 5 7K A HE R A T b 38 K Tl R 57
L/ E P

K"+ Na" fl ClI & EL ML (r=0.94),
Ca”" K" +Na" il SO,*" BYH KM (r=~0.7),
Ui BB T NS S Y s e, R K e O Bh A
A RERAE T A3 A T AR T

Mg*" Fl SO, *~ MIFH X% Gr = 0.44) R I TE MG
F 2 A ARVE L B T A B AT oA 38 B N, 4k 252 45 i Al
K Ca® ' VR BE #E— 2B B, OF 7 A SO B
s Mg 6 Ca® B4 7= 28 5 fift A UTUE » K2
i = A k.

NO,” 5 HCO, ™ .F~ 4 — & WA XM >
0.3), H 577 ff A1 5 A1 1R R 48 £ (Sle, SID A7 75 A
KKAR(r=0.29,0.42,#3F « =0.05 BEFEHEKL .
¢ A TR 8 15 Y BB 05 1 0F ik 198 5k A 110 7 ik S LI 3R

P, 2015).
3.4 EFHH

K F 43 M (factor analysis) 2 FI| FH B 2 Y B AR,
8 — 26 HA R 25 0 2 0 RN AL 5 H S5 8 D EULA 25
AT Z etk (n Rk S, 2005) R AE 05T
X GG H A Ry F 58 A8 5 (B8] OC R Y R B
3 A AT SEAE 8] G R 1 Q B IR 43 At AR /K S
BRA A ST L R B R 40 B F T 4 BBORH 06 2 5 LA
ffR M K K Ak 25 AR AR 1Y 32 5 e PR 2R R e R
(Giiler et al.,2012;Zhang et al.,2012).

FIH] SPSS 4 W WFFEIX 55 2H 5 WK AE Y
12 WKL 2= bR T R B 720 M AR 4 B3y 22
DRI 4 DT 7, R STik A3k 85.3%0 .

NN RE A B W R Ik BN 0 AR A B D il A5 A 3t
PR 174 B AR A 3R A S TN 28 4, B T i R L S B
S, R O 25 fie R i v XoF 0 L B R AT e . e DR
G BCHE TH AT B A OC FR B B Y T 22 ST L R
5 25 TRk 6 N E e A - 4847 A R L 3% 3.

%1 EWT F, Ll Ca®t \HCO, ,pH,TDS A
SE R 32, O 22 TUHRR A 33,106 H1 B LU B R
B R BT KR Ca® 't VHCO, ~ £ %
KT v g, W) F 32 2 sl IR s A K A
1 FH DA K T8 B Y6 1 X6 5 15 7K 7K Ak 2% 41 43 1 5 T

%2 FWFF, LK +Na' .Cl” .S0,* . TDS
M COD b, Hy Z5TokFh 28.4%0. 5 20 4
60.80 AFRAH L, ER KA T EEZEWH B K LS

5o OB

H
pamy

/

BRI E 2 BN 2R 3 i 5

®3 EEETFHREER

M) ( F R i

Table 3 Matrix of rotated factor loadings

IR AL 248 B Fy F; Fy F,

K* +Na* 0.313 0.885* 0.103 —0.007
Ca?" 0.844 0.385 0.116 0.217
Mg?* 0.201 0.111 0.941" 0.021
Cl- 0.438 0.824* 0.030 0.031
SO, 2 0.337 0.688* 0.409 0.017
HCO; ~ 0.832" —0.033 0.367 0.029
NO; ~ 0.510 —0.292 0.008 0.691"

F —0.120 0.174 0.031 0.885*
pH™ 0.831* —0.128 0.027 0.180
TDS 0.677* 0.642" 0.283 0.191

S 0.800 " 0.371 0.382 0.197
COD —0.238  0.798* —0.029 0.009
DR FE (260D 33.067 28.440 12.007 11.820
BAHTTHER(Y%)  33.067 61.507 73.514 85.334

T TR B 1 R T A
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25,2003 5 % L A0 2 AL 20075 X F L 20105 F JK AR
,2013; 4T 2 45, 2016).

Wit N 3 2l Jin iR s R K R R R . KRR
BEK LK SR 2 N K J W T AB 5 AHBK
BA, A BKZ B AR R EMTG Hh, K
Na ™ EZRIE F AW TG K, Cl EERE FATEG
IR A 36 B 8 CF B8 %545, 2009 3 X1 FT . 20105 T K
4 ,2015) 53S0, " FERIFE T RAREKF Tk % K
(B AL 2007 5 X0 5@k A1 E B =, 20125 #y 22 4F 4%,
2012) ;COD FIET 1z , 2 A A K 7K F A 1 15 7K
SIS Y. I Ah L 3.3 TR 6 A T L K B
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LA HT (cluster analysis) 2 Ff FF o 5 AR 18 3%
FRB AT PR T 0 S B AH DR B HE AT 43 S0 T ik
(B PH%,2013; Huang et al.,2013). 2% 3C R 1y J&
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SR AR X S, X 5T KK RE R AT Q BLIR 24
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Fig.6 Cluster dendrogram of groundwater hydrochemical

samples in the study area
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Table 4 Average contents of hydrochemical parameters in the clusters determined from HCA

Cluster n K'+Nat Ca’" Mg?™ Cl™ SO.2 HCO3 NO3 F- pH TDS &g COD
1 16 10.9 86.6 18.9 21.4 65.8 239.3 24.9 0.2 8.1 361.0 294.3 0.4
2 11 14.6 84.9 17.3 22.5 87.6 200.2 23.3 0.3 8.3 366.0 283.2 0.9
3 18 15.4 114.3 20.2 31.7 85.2 268.8 53.0 0.2 8.1 468.8 368.6 0.5
4 9 28.4 135.9 27.1 61.6 130.9 293.5 50.7 0.2 8.0 597.8 451.0 0.6
5 1 170.6 197.0 28.0 247.7 287.5 326.3 12.5 0.2 7.7 1125 607.4 1.8

T on R PTE T BRE LB, 258 4R (BR pHD B3 me/ L.

@ Cluster 1

O Cluster 2
0 @ Cluster 3
O Cluster 4
—_ A Cluster 5

B 7 KAGZERE G R GRS A o i
Fig.7 Spatial distribution of the hydrochemical sample

clusters from HCA
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Cluster 3 BEM B NO;~ & & W 8B & T HAbJL
41,00 C1 SO, & S Cluster 2 M. %K #
VSR EZ AN T B AEAR AN 4 DX 0 B bl S A b R
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F o ARBOM5 G AR 16 5 9 A7 T HEE X 4 ASK
B CU A, 22 IR A 16 15 e 1) 52 i)

Cluster 4 #£ & 32 2250 A T 3 X B 3 K3 &8 T2
W5 A3 KB IX L, IS R Tl X kR &
AL S HRK CL LSO, SR s TR 3
HHEFEEFWEEN F, Tolk A 36 75 G 19 52 0.

MTHEZERRAA X EKIH 3 KA CL
SO FEEE.NO, FEEM, FEZ RN AR
15 YL 5 .

Cluster 5 1 GO7 [ i — 28 3% AL T 5w A il
T T B, 32 Tl 75 Y 19 52 i i 24, B Mg |
NO; FF b, HAR KB & X e T4 4,
H SO,”" . TDS. &6 B ¥ 1 b T K i i 1 2845
#E,CU B i 3T bR K T 2.

4 g

AR LF A ds K A2 T 22 50 58 1 O TR 6 5 R R
BCE B KA BB AT 3 BT R SR A SRR L R R
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FEEE K S Bl A4 R AR M USRI -, E 2 AR
1 201 1) 52 )
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KEAEF S0, TR 12,0 %05 F, KRB il
AW 15 Y 152, TR 11.8%.
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