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Table 1  Statistics of hydrochemical parameters of Baotu Spring

FRIEE K Na' Ca™* Mg cr No/a HCO3 NO3y SRR TDS pH
e/ ME 0.50 1.66 43.28 8.63 7.55 2.35 122.23 0.10 151.48 88.89  7.01
ISP N(E 3.08 5803 13126 2321 7320  240.02  292.00  50.50  418.15 55937  8.40
FHME 118 17.09 88.81 1677 3473 6025  243.06  28.12 29270 37322 7.0
PR 054 1047 23.59 3.61 16.54 41.00 33.10  13.05 69.11 11577 0.28
TREE 046 0.61 0.27 0.22 0.48 0.68 0.14 0.46 0.24 031  0.04

TE: S Ame L, pHOW T RHN, A8 53 RACH Je i 20, S L) CaCO; 1t

Note: Unit is mg-L"; pH is dimensionless; variation coefficient is dimensionless; total hardness is calculated by CaCO,
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55937 mg-L ', FH{E N 373.22 mg-L ', &5 Tk
FLEYME 100 mg- L, 26 B 9 28 5 3 oy 2L AT 505 114 7K
wVEM.
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Fig. 1

Piper diagram of Baotu Spring



1064

AR

2023 4E

3k KT 80%, Ry ML A A R K . B SR KAk
SRR AE AE I ] B b B B B R AL A A
1950s Z 2020s, SO +CI . Na'+K ' 17 43 H 5 &
AR 3, COT+HCO; | Ca’ & 4 FL B i AR,
AR AR X MR A E RS

MG EF R KR, 455 Piper £ 8], Y58 LK
2525 ) 8 HCO,-Ca B, (5 SRR SR L 1)
91.4%. RSO, . Na'frardfin, 2015 4F LIk, Ak
] B HCO,-SO,-Ca I, (5 Fb 4.3%; 2019 =LK, H
K H B HCO,-SO,-Ca-Na Y, (17 1t 4.3%.,

322 Gibbs £

Gibbs 15 7 BE 1% 1 4 b 2 7R bR 7K o 45 Fh s
RSN L 7K AR T B 7% 2 e 48 580 17 258 R ML
AR LI R B AR, IZAR AR KR K A4 453 1
Pl R 2oy ok =2 BRI A | AR B RIZE &
WA

R4 Gibbs AL ([&] 2), %8 KB R & 7E
AKEVE R X, TDS & 74 1 7E 100~1 000 mg-L ™,
CI'/(CI'+HCO;) fi . Na'/ (Na'+Ca™) /N T 0.5, 3
B 2 SRR AL Aoy BB Z T ACAMEAEN . 3
A B R KA M 7K R 9 28 SR K 0 T BRI, H 2 7
TR T B R A KA, B8
W R 25, 5 R A R K 0 14 9 SR K Ak 27 14 11 5%

100 000 -

AR /N, H 19505—2022 4F, )28 K S 3 i 42
i) A ()i A% T AL 32, SR WA BE & IX I 28 55 0 Bl R i
A AN AR ARG 3h H 25 2 4%, 1% KAk 24 4%
HE & A T B SR AR Ak, (B K AV R AR OOR 2 2 i

323 BTk

BT LR VR 38 R R 20 B b R K AL RREAE,
W K Ak o T it B, H N T L R K K SC
HERTE A5 0 . SR A . BB 722 7 M = U
HCO;/Na'tj Ca’/Na’, Mg”’/Na'5 Ca*/Na )& %, 1]
E R ) AS TR A KU AR T iR 7K Ak 2 A3 1 5
M2 B %€ R HCO;/Na'5 Ca®/Na', Mg”'/Na'5
Ca™'/Na'f1) 3¢ F 240 A 76 ik BR £h 5 A IR £h 5 2
] DX 3 (1] 3a, 5] 3b), Ui B ) 58 S0 F BEAZ iR R h
FIRE R £ 25 0 ) AR v i i L R PE D, [, A
1950s—2022 4F- S A< 52 0 p i 2 6 2 1) e T 6 5 XL
TR m B ka3 B T I 28 R SR AN IX A7 7E K
1 R B KOBCA a0 A X, X — R 5 R T4 A X
Xif B4 58 SR R AN A FH TR 120 M1 5

Na'/Cl 22500 FAEH T /K o Na' & £/ D, K
SREMER, bR 7K Na™iy =R IE R KK L 2%
RERF A EERR SR 0™ W s i, NZRTE shn T4l
A AT KA BER AR WS EY, HR
P \\ +1950s-1960s

| © 19705-1980s
1 0 1990s

100 000 -
e %
2% \
|
!
10 000 1 N
/
7, 1000 T T
4
2 w o V2
= 0% o KEMEH P @A
N
= tvo4 N & 2
100 +_ W,
~ - _ _ - il ™ N
ST \
)(\’§< g \
10 | V;ﬂ&%\ ~ \
/z\%\ ~ \
= ~ 1
= ~ |
I b
0 0.2 0.4 06 08 1.0
Na*/Na™+Ca?*

10 000 -

1 000

100 |

10 1

-

-

\<,’
/ff\
Z\ ~
@ ~

~

/
, ©2000s
/" £2010s-2020s

0 0.2

04 06
CI/CI+HCO,-

2 BUZRERIKALE Gibbs [
Fig. 2 Gibbs diagram of Baotu Spring



a2k Bl MG SR A . FRE TS W0 Ay % i 0840 2 SR 7K S BR b 2 AL AR 5T 1065
100.00 - a 100.00 1},
10.00 10.00 -
= 5
g g
£ ool £ oo %@%ﬁzg
< <
S —
T +1950s-1960s +1950s-1960s
0.10 1 +1970s-1980s 0.10 4 +1970s-1980s
S g then m1990s R ®1990s
Q ©2000s /) ©2000s
42010s-2022 42010s-2022
0.01 . . . . 001 B . . . .
0.01 0.10 1.00 10.00  100.00 0.01 0.10 1.00 10.00  100.00
Ca*/Na'meq L™ Ca*/Na'meq-L™!
¢ 74d
2.84 +1950s-1960s QA
* 1970s-1980s
m 19905 - 61  y=1.63x-2.05 R
241 92000s R?=0.56 ‘
42010s-2022 A 5 i
; 2.0 3 as?
g - & 1=0.796x-0.036 o 41 A .
v A o7 R=0.66 £ o
° > / +
Z 121 Al &3 o A
JrM A “ % * | |
08 AL 24 HE +1950s-1960s
+yq ‘* ,' * 1970s-1980s
‘ ® 1990s
0.4 % 1 20005
42010s-2022
0 ——— 0 . — . — .
0 04 08 12 1.6 20 24 238 o 1 2 3 4 5 6 7
Cl'/meq-L"! Cl'/meq-L"
9.0 e 4.0f -
1950s-1960s - (AL
8.0 #1970s-1980s ay 3.5 1=1.036x+0.098 AL
= 19905 Iy R?=0.89 Y
A - . ,
7.0{ ®©2000s Z T, 3.0 LA
, 420105-2022 » gy e "
—~ 6.0 - g~ e
o ~ ‘
-~ 2.0 >,
£ 501 S "
4 ; = 1.5 L
s 4.0 o - +| m,
h L 4 1.0
‘s 3.0 . = i
o 37 i 054 + 1950s-1960s
2.0 N »=1.071x+0.0085 S - * 1970s-1980s
N R>=0.88 01 = 1990s
1.0 4 —0.54 N ] ® 2000s
' 2 2010s-2022
0 -1.0

0 1.0 2.0 3.0 40 5.0 6.0 7.0 8.0 9.0
SO,>+HCO; /meq-L™!

“1.0-05 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
SO, —Na™+Cl/meq-L™!

B3 HNREFTEBFXRE
Fig. 3 Relationships of selected ions in Baotu Spring
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Fig. 4 Chlor-alkali indexes and hydrochemical relationships of Baotu Spring
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Hydrogeochemical evolution characteristics of Baotu
Spring in Jinan City, based on long-term monitoring

LIU Haoran'?, ZHANG Wengiang'?, LIU Wen"’, MA Xueying?, GUAN Qin"’, ZHANG Hailin"’
(1. 801 Institute of Hydrogeology and Engineering Geology, Shandong Provincial Bureau of Geology & Mineral Resources, Jinan, Shandong 250014,
China; 2. Key Laboratory of Groundwater Resources and Environment, Shandong Provincial Bureau of Geology &

Mineral Resources, Jinan, Shandong 250014, China )

Abstract  Baotu Spring in Jinan City is of great significance in the fields of ecological regulation, history and
culture, tourism economy, etc.; therefore, it is urgent to study its hydrogeochemical evolution characteristics and
genesis mechanism, so as to provide a scientific basis for the high-quality protection of Baotu Spring. Based on the
long-term hydrogeochemical monitoring data of Baotu Spring, its water chemical dynamic characteristics as well as its
hydrogeochemical evolution over past 60 years have been analyzed in this study.

The results show that the chemical composition of Baotu Spring presented a significant regularity from 1958 to
2022. The average contents of main ions in Baotu spring were HCO;, Ca™, SOZ', Cl, NO;, Na', Mg2+ and K" in a
descending order, among which HCO; and Ca’" were the dominant ions of anion and cation in spring water. The
variation coefficients of SO,  and Na' contents were relatively large, indicating the varieties of groundwater
environment in different periods. The variation coefficients of HCO;, Ca’ and Mg contents were relatively small,
showing that the source of related ions was stable. The specific gravity of SO;”, Cl', and Na'+K" gradually increased,
and the hydrochemical type evolved from HCO;-Ca to HCO;-SO,-Ca. In recent years, the hydrochemical type has
shown the HCO;-SO,-Ca-Na type in several periods, indicating that the water chemical components of Baotu Spring
are increasingly complex and diversified. The water chemical components of Baotu Spring in the Gibbs chart showed a
trend of upward shift to the right, indicating that this spring was mainly controlled by water-rock interaction, and was

increasingly influenced by other factors such as human activities. The ion ratio method indicates that the mineral
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weathering dissolution of Baotu Spring shifts from carbonate rock to silicate rock, and the ratio of (K'+Na')/Cl is
generally below and gradually away from the line of 1 : 1, indicating that there are other sources of Cl different from
those of Na', and the sources have increased year by year. The contents of Ca’* and HCO; ions in Baotu Spring show a
gradual increasing trend, which indicates that the dissolution of carbonate rock has increased gradually. In addition, the
Chlor-alkali index (CAI) shows that the water-rock interaction in Baotu Spring is dominated by the dissolution of
carbonate rock, while the dissolution of gypsum and silicate rock plays a secondary role, but has gradually increased,
indicating that the spring recharge area in the southern part of the gypsum and silicate rock stratum has a stronger
recharge effect on groundwater runoff in Baotu Spring. The cation exchange in Baotu Spring is weak on the whole, but
it has gradually increased over the years, and the cation exchange is stronger in the dry season than the wet season. The
mineral saturation index of Baotu Spring is in a supersaturation state as a whole, and its dispersion becomes larger with
the passage of time. Over the years, the mineral saturation index of Baotu Spring during the wet season has been
generally higher than that during the dry season and normal season, but the performance is various in different periods.
From 1950s to 1980s, the mineral saturation index of Baotu Spring during the wet season was lower than that during
the dry season, and the mineral saturation index of Baotu Spring during the wet season was higher than that during the
dry season after 1990s, indicating that with the increase of human activities in different historical periods, the source of
groundwater and the water-rock interaction changed in dry and wet seasons. The contents of NO;/CI and Cl increased
first and then decreased under the influence of agricultural activities and domestic sewage discharge. In 1950s—1960s,
the contents were greatly influenced by agricultural activities. Since 2000s, with the continuous improvement of spring
protection and ecological environment, agricultural activities have gradually weakened the effect, while the influence
caused by emission of domestic sewage and other human activities have been strengthened by degrees. Due to the
influence of other human activities other than gypsum dissolution, the contents of SO;™ have increased gradually since
2010s.

In summary, in the quasi-natural state from 1950s to 1960s, the contents of chemical components of Baotu Spring
were relatively low. From 1970s to 1980s, the contents were increasingly influenced by agricultural activities,
industrial and mining activities and domestic sewage discharge. From 1990s to 2000s, the contents of NO;, CI and
SO; gradually increased under the comprehensive influence of human activities such as agricultural pollution in the
recharge area, industrial and mining activities, domestic waste landfill, etc. Since 2010, the pollution of industrial and
mining enterprises and domestic life has alleviated, and the protection measures of Baotu Spring such as ecological
groundwater recharge have become normal. The contents of Ca’ and Mg™" in non-carbonate karst hydrolysis increased
gradually, and the contents of Cl and SO; affected by human activities increased significantly. The research shows
that the water chemical components of Baotu Spring have mainly come from the water-rock interaction since 1958, and
the influence of human activities has been increasing continuously. In different historical periods, different human
activities (agricultural activities, industrial and mining activities, groundwater recharge, etc.) have different effects on

the hydrogeochemical evolution of Baotu Spring.

Key words Baotu Spring, hydrogeochemistry, evolution characteristics, mineral saturation index
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