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The driving mechanism of groundwater chemical evolution in the
process of rapid urbanization: Taking Shijiazhuang City as an example

WANG Long'? ZHANG Qiangian"* ™

(1. Institute of Hydrogeology and Environmental Geology, Chinese Academy of Geological Sciences, Shijiazhuang, 050061,
China; 2. Key Laboratory of Groundwater Contamination and Remediation, China Geological Survey (CGS) & Hebei Province,
Shijiazhuang, 050061, China)

Abstract With the rapid development of urbanization, the hydrochemical evolution of groundwater
was significantly affected by human activities. However, the driving mechanisms of groundwater
chemical evolution at different stages of urbanization are still unclear, which seriously affects the

implementation of groundwater protection work. In this study, Shijiazhuang, a rapidly urbanizing
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area, was chosen as the research subject. The long-time series data of 19 groundwater monitoring
wells from 1985 to 2015 were collected, and hydrogeochemical methods, such as Piper trilinear
diagram, Gibbs diagram, ion ratio end-member diagram, and ion ratio analysis, were applied to study
the characteristics and driving factors of groundwater chemical evolution. The results showed that
with the acceleration of urbanization, the concentration of each chemical component in groundwater
gradually increased. Especially at the advanced stage of urbanization, the excessive rates of TH and
NO3-are as high as 23.7% and 71.0%, respectively, indicating that the groundwater chemistry has
been significantly influenced by human activities with the development of urbanization. The main
water chemistry type changed from HCO;-SO4-Ca-Mg type in the early stage of urbanization to
SO,-HCO;-Ca-Mg type in the advanced stage. During the three stages of urbanization, the main
source of groundwater chemical composition was carbonate dissolution. The hydrochemical process
was dominated by dissolution in the early stage of urbanization, and has transformed into dissolution
and human activities in the advanced stage. The impact of Human activities on groundwater
chemistry mainly came from industrial activities in the primary urbanization stage and agricultural
activities in advanced stages. Based on these conclusions, it is recommended that future groundwater
management should control the amount of agricultural fertilization, apply scientific fertilization and
prohibit unqualified discharge of various types of sewage. Meanwhile, the supervision of
groundwater exploitation should be strengthened to reduce the impact of urbanization development
on the process of groundwater chemical evolution.

Keywords urbanization, groundwater chemistry, water-rock interaction, drivingmechanisms.
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1 MBLE ) (Materials and methods)

1.1 5T IXHEAL

VE T ot AR B A G B ar T b TR b 48 R AT L AR RE A Ll R R b A T AR 29 1500 km?
(1), W78 KRR T2 520 5, HEHBIRIARZY 60.0 T3 2B, X Py U243 B, Jm 2020 | 2 kB 2 XL
S, BRI 2 AR B 2 550 mm, B[] B A AN, FEERTE4—9H, H2FEEKREW
70%—80%, 4E7E KB AE 1600—2100 mm Z[A], ZAE S0 K 13.0°C06 17,
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1.2 HJs 5K SCH T 251

WFFE X )2 R B DU R DU &, M2 A R B+ Wb+ SR A+ MO FR AR
IR | BRAFAD Z AL AR, b /K FZEMRAE T LB 5 (Qy) - FHEBG(Q) b Erh, Sk Z Ak %
FIECERAT . SRRHLAED . ThRPEE, KA HRVRALE 12—240 m Z 4], S/KZEELE 20—140 m Z[H], Sk P
FVE AR PE A 1R )2 R K R B Z KRR AN BRNG | M AR AN . bR A B R 45 Ak
WK ARG For KRR A BN R E A4 7 5K HEM LN TR 32, Ml AR ik s IR )2 LR
KRBT 1) R VAL ) AR B, B 1) AR A AR 4, HE T T o 3 R AR G HE RN TR, K
TR BRI X AR D e R ) R v T <1, T s 52 ) 25 b 7K Ak 2 4.
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Fig.1 Geographical location map of the study area

1.3 BERPRIE S5 ik
1.3.1  BERbRIE

AT 5T H R K K AR 2R B R SR B T UEEAY 19 AR 7K F B0 I A5 1985—2015 4F Ay W &5 ds
KAL2EFEPRALHE pHL K'\ Na*, Ca®, Mg*, CI', SO,*, HCO; . NO;~, TDS Flf# & (TH); 3k it (£ fb 28 |
N 5% B K ARNE it H i 850 >k BT (R RIEGE TR 4 )1,
132 Wik

ARSCRPEHFFE X 1985—2015 4F A3k T A% (B H (5 SN B Y B ERD) R 5 DX T Ak i 2 )
O30 3 A B B — B BOM SR T A 2 B BE (1985—1995 4F, fiFRWI B BO) , 3T LR/ T 30%; 55
B BA T Akt G B B (1986—2005 48, AR Hh 2B B ), A6 T 30%—50%; 55 =B B A kit
= gL Br (2006—2015 4F, fRi PR S B, IR T AR A T 50%—75% Z [0). 78 3CH Hret X i i b &
JEAN ] B B e b KAk 2= 3 AL AL TR A 53 4T

WG E T Piper — 4k [, fift B T /K K A2 2 AU K H AR AR RRAE s B Gibbs B B 7 HefE v o B
FINES T L 7 A UK Ak 2 A8 Ak 1) = 220K 31 R 2R . 550808 1) 43 B A AR 38R A SPSS 21, Origin 2022 il Are
GIS 10.2 B #E17.

2 25 545718 (Results and discussion)

2.1 MR ARARZEL S (s ] AR AL AR

X 9 DX 45 3T AL B Bt R KK A2 RO, %o 45 /K T HE b A BB YE Rl . B R bR b AT 400t
(1) Bk B, BTk s R Be& /K AL # 46 b5 (BR pH A1) 1 ve B 22 18 35 5 T 2 B, R WY Bt o It
FEHERR R, T K Ak 24 52 N 2815 sl 5% i 1) A % T 1 A AF 9T IX 45 3k T Ak B B b R K pH A F
7.10—8.25 Z[a], ¥HME K 7.56, 2 =508, WAL T — M ZKARHE( pH 7E 6.50—8.50)1". 3 il
AR BE PN 4% Wi s 55, pH EME 43591 7.56., 7.52 F1 7.50, G B 25 F. b T ok v B ES A Mk BEAE 3 K
T BE R /NHEIF 35 R Ca®* > Na™+K™> Mg™, 1M [ 85 ¥R BEAE 3 A4 i AL By B i R /INHE )T /& HC O, >
SO, >CI™> NO;y , 45 B 1 ¥ B B 3k 117 T 2 i 450 522 3 v R 4, 384046 A 19 2 5008 8 T K A vfie ).
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H1, Na™+KF1 NOs & 3 M3kii A B Be 34 3R 0 I 25 2% S 1k R PR o3 di i 92 TH, 3 /30T Ak B B A
FArR 19.0%., 25.3% Fl 71.0%, & BIWF5E X R AR B 52 T i da 34, HOHE @ b BE A ok o 2 b 3%
T RTINS BY B, X AR 1 5 NI Bl i A T R R KA R DA & B0, K R b R K
AR T HoK S S, B2 R PH B TR AR K SRR TH AW T2 2R3 A i i
BEK AR 2421 4 B AR I DL Ry 8, B FR 4143 €046 CL, SO,> . NO5 . TDS il TH, # 5 F 53 51M 5.26%.
2.63%. 23.7%. 7.90% F1 71.0%, HHr, NO; 91 4 ¥ BE i 41 B BE 1% 15.6 mg- L' FH 28 & B B 1)
65.1 mg-L', KU U N /K52 B AZEIE 3l % o 252 =),

1 AW TALB BOKFEFE #5013 Tablel Statistical of water sample index in each urbanization stage

T/ (mg- L) WME/(mg-L™) HFRE%
E2 Range Mean Over standard rate E PR 2
Parameters WIFB:  HRMB  mEBE WISHB PRBB S WIRBE PEBEB mBE Standard
(PSU) (ISU) (ASU) (PSU) (ISU) (ASU) (PSU) (ISU) (ASU)
pH 7.10—8.20 7.10—8.00 7.18—8.25 7.56" 7.52* 7.50" 0 0 0 6.50—8.50
K'+Na" 14.0—28.8 22.1—63.7 20.0—56.0 26.1* 33.3" 38.8° 0 0 0 200
Ca™ 64.0—152 69.0—260 59.0—269 103° 114° 128" — — — —
Mg* 11.0—50.0 19.8—39.0 19.4—105 27.3* 28.7* 38.1° — — — —
Cl 18.4—88.0 22.0—116 32.6—574 38.1° 46.4" 81.4° 0 0 5.26 250
S0,* 63.0—173 77.0—584 56.1—268 112° 151° 173" 0 7.01 2.63 250
HCO;™ 176—440 90.3—342 168—363 291° 256" 261° — — — —
NOs~ 0.80—65.1 11.2—90.0 35.4—134 15.6" 38.0" 65.1° 0 1.76 23.7 88.6
TDS 406—886 465—1176 522—1121 614° 668" 760° 0 1.76 7.90 1000
TH 228—562 279—842 274—1101 393 410* 485" 19.0 25.3 71.0 450

TE: * N T /K BT E(GB/T 14848—2017) H M 287K bxif; 457K BiS A S BRpHIC it 495k, HAxH ymg L' AR FRER R 4K
PR PR AEA RIS AL B £ 5 PERY 2257 ( P>0. 05); “— R Jo{i; PSUFRZRIMTT f A 22 B B, ISUFRER I T 16 Hh i B,
ASUREIR T L g Bt

Note: * represents the Class III water standard in the Groundwater Quality Standards (GB/T 14848-2017); the units for all water quality
parameters are mg-L ™' except for pH, which is dimensionless; the same letter indicates no significant difference (P > 0.05) in various water
chemistry indicators in different urbanization stages; "—" indicates no value; PSU: the primary stage of urbanization, ISU : the intermediate
stage of urbanization, ASU: the advanced stage of urbanization.

2.2 KA KRB

FIHH Piper = £ &, XFAfF 5% X b T /K A2 2R RUBEAT 20 #r, 45 53R I, R DX b T /K 7Kk fb 2 2 7 32
ZLH HCO5-S04-Ca-Mg RUK (8] 2). B2 3k i AL EFR B b, T 7KK Ak 2228 b % A — e AR 4k, B
LIy WA 2 o Bk Ak 24 25 8 = Bl HCO,-SO,-Ca-Mg &l 8 HCO,-Ca-Mg &K, (5 H ik 98.3%,
A 1.70% /KEE R SO, - HCO5-Ca HIK ; 13 17 Ak Hh 42 B Be ) HCO5-S04-Ca-Mg Al 5f, HCO5-Ca-Mg UK (5
TKAE BB 86.0%, [A] EABrBeAH L, o He W@ s, R 14.0% KA SO, HCOs-Ca-Mg #UEY SO,-
Ca BUK; fEI Tk = 20 B, HCO;-SO,-Ca-Mg 5 HCO,-Ca-Mg AI/K Y 5 i/ & 73.7%, SO,-HCO;-
Ca-Mg 8K (5 H ol 15.8%, [AIIEHE T 10.5% A9 CI-HCO5-SO,-Ca-Mg UK. fa itk Al WL, ZES Ak A [A) &
JE K- 3R 7K K A 24 28 B B S R A kR 2. X A AR fb ka3 = 20 i T e ST A ) G B B, R ST IX
TKRZ NG SR AN, KA 2E 2R 32 B 37 1 T 2 A4 A I e ST AL B o B, #h S Bk
R R, TARMY K S, iz b K JR Gk =, 15T 51 A b T K 7 R SR P, i =2 A T R Tl s
TKEASIEARHERL, B0 T oK i 28 R B T, iR IS R K A2 SR () AR 23 AT D, i o Tl
PR Tl A et % e, N 2830 sl Xt i T 7K K Ak 24 i 5 i 26 26 3 i, 80T K A4 288 2 80 i £ otk
R 22l .
2.3 T AR R AR Ak 2 AR Y SR S L
2.3.1 FET Gibbs AT R b7

A AL BEIKRZE AR 9 i 2 R SR K Ak 2 i 43 1 28 Ak A B 5X R FH Gibbs B4 BT T A 52 IX.
3T AR B Bk A A i) B sl 2R S 8] 3 AT LA, 3 AR T AR B BE KRR A R E A A
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A A, WA KACAE R AT 5T DOK A2 1 3 2 0 R, XS5 R AR a5 R IR —27 (1
J2:, Gibbs I HEE VE 11 WA P i i T /KA (8 B SR 3R, SRk IX 70 N9 sl Hd i 52 I
2.2 WKW, IAEK, BEFR AL 2 A TR R L R, NI S E &5 AT I XOK A2 T A B, Heh
20 R A 2 B 3 1l DR 3R T R I, A I SR 3 AT IR A AT

/ e
N O Sl R B
/ The primary stage of urbanization
O e &1 Bt
The intermediate stage of urbanization
A SRR R B
The advanced stage of urbanization
I HCO;-Ca-MgHlzk
I SO4-Cl-Na#ik
I HCOs-Na#lsk
IV SO,-Cl-Ca-MgZ&i7k

Jx
\ ‘)““}0 Q‘J\
\
/ :\\
ol \ / \ 0
100% 50% 0 0 50% 100%
Ca?t cr
B2 £3ThR Bt Piper =2k
Fig.2 Piper triplex for each urbanization stage
O 3HALRI B B The primary stage of urbanization
O W L HH BEThe intermediate stage of urbanization
A T4 E B B The advanced stage of urbanization
100000 100000
10000 - e Jﬁﬁ%{ﬁﬁﬂ;ﬁa y 10000 F ’ %%Zi%{éﬁﬁiﬂi .
. Evaporation precipitation™ ‘Evaporation precipitation .-
T: 1000 T: 1000
‘ A WA ‘| A RAEHE R
= 100 f-...Rock dominance ) = 100 f-.Rock dominance
~——— KPR RAFEARAER
10 Precipitation dominance 10 ““Precipitation dominance |
14 1 1 1 N 1 1 1 1 —
0 02 04 0.6 0.8 1.0 0 0.2 04 0.6 0.8 1.0
CI/[CI+HCO3] Na*/[Na*+Ca’ ]

B3 ik By Gibbs [
Fig.3 Gibbs chart of each urbanization stage

232 K-FMEAEH

AMFST L Ca®*/Na'™5 Mg /Na i EE IR L Z [ 56 2R, ifE— 251850 T /K A2 21 00 19 25 A0 XA 2R Al
(BRPRER . Fe R R N 2% ) PO IR da FT LA HH, 3 /N3 TiT A0 B BE B4 7K A 32 B2 43 A 7 B T R ek i £
AP 1 DX P, S BH AR 5 DX 7K R g B 85 R B B R AR 25 1 T2 0 U T B R 3k AV ek Rk XU Ak T A 1 .

i A K H Na F1 CURY Hu ], F— 25 2 222K A 2ad B2 R0 222 58 1 0 R . A 4b i LUR
H BIFSE DX T AR B BEKARE ) Nat i CUE IEAH G C 2R, BB NaFl C1 ] 8 HLAT 3 6] i) ofe s (Can & 46
i) . 3 B B B 56.0%. 70.0% 1 68.0% Y /K FE AT TE y=x ZE LA I, U6 B L T /K ) Na AN 3Ok
VR 58 7 g, oL ) Na' AT RE A YR ik 12 8 R ek IR 3k 24 1 XU 17 A o S 5 - 5 4827,

HF [Ca¥+Mg*] 5 [HCO; +SO2 ] Y =& v 24 8 HUABL I X 43 T i i 5 R R 12 56 X /K A 22 41 43 T2
s (8] 4c) . BF9E XA T A B B 1) K B 2 3876 A y=x 2 B 07, b ool 2978 70%. 79% Fil 94%,
FEAORIR R I KA A AE 3 IR T AR B B /K A48 b o 32 Sz, I L3R 3= 5 b 57 A5 I 25 3ok Tl
AR ST B4 4R v T 338 5 AR A% D DR ] R S Bt o sF () X 4 RS, X |l 7K A R s B SRS A, SR T
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M KB IO, BN T M A B AR G 4 N T FIER £, S 22 A B R AR AT A A B R K, [
I3 2l 7 2R 5 75 G ) e AT 7K o 23 e e 1 8 Y 8 A . BT Ca™ M1 SO,7 Y L (ELIF (& 4d) ] L
A, BRI Al e 2B B B IS KA S AE y=x 20T A, HAUKAE RUTE y=x 2R b, B TR AR A T AL
Br B R S (HUE Ca R SO/ M SCREE H A i, RIA ZF I AL 2RI i Ca¥BR T RIET A
FRARAE, R R 32 20 IR A0 R R ER KA1 i LA e S 1) BH 5 5 S e A T 52

101 (@ 30 ()
L VAR &
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I 220
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- =3

[K*+Na*~Cl7]/(meq-L ")
4 (a)(Ca”/Na")-(Mg"/Na"); (b) CI'-Na'; (¢) [Ca*+Mg"] - [HCO; +S0,”]; (d) SO -Ca™; (&) [Na™+K"-Cl]-
[Ca*+Mg>-HCO; -SO, ]
Fig.4 (a) [Ca*/Na‘]vs. [Mg*/Na']; (b) Cl'vs. Na*; (¢)[Ca*+Mg>] vs. [HCO;+S0,>]; (d) SO, vs.Ca™;
(e)[Na+K'-CI ] vs. [Ca*+Mg*-HCO; -SO,* |

LTk, FHE 7 22 3 E R T B X9 XK AL 2 1 0 7= A T R Z2 . S T Uk B PH R T A e 1 &
He, RS R [Na™+K'-Cl] 55 [Ca*+Mg* ]-[HCO5 +SO,> | Z A i L Z SR Ui . &5 — B B AM L R
FLARPRIET-1, W5 B P 7 32 30 T T K A2 i Ao A o i — A~ S ZE AL o] 22,

WK 4e W] LAE H, EIRTTALHY 3 BB A 44.0%. 30.0% 1 31.0% HIKEE S IEAESRE T RER, %
B 3k de il AR R K g Nat 5 8 £ b i Ca?f0 Mgz [l & 4B T ) [H &+ 32 #eAE s o0 il 496
24.0%. 28.0% Fil 14.0% (7K AF s 75 7 55 IV 52 BR X 38, 2 BH 33 350 43 s 7K i G Ca2 fl Mg? 525 + A 1)
Na &4 T IE [ FHES F 383 E . Ak, 3 B 294 31.0%. 42.0% F1 55.0% KEESIEEE T 14
FIR X 45, % B B 132 e /E I A R P sE R /K Ca?', Mg Na' (g ME—VEFT. i DL g5 SR o Frml A,
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FEIRTT AR 2 B B R 9 B B, BH S 7 38 4/ FH P R0 A F 5 IX K Ak 24V FE %) J B2 ML, 178 3k i Ak s
BB, KA R VR RS TTANEE IV G BR DBy o Fe o/ B H 7 R 0 RE 38 (k= —0.722) 35K, KW BH &+
SN FHAE IR T Ab B BT b 7K T8 Ak (4 5 MRk /N . 3 S o st (] 25 £ 1) Ji DR 45 R 10 g b /K AR B 45
RERAE, MR KB T B 222, O BH B ae R TR RIS A O MRl A S TR R, A Y HE
FKFREEHE B RIR, B T < 0 R B T MR KB R B, SO R AR 4 R, (R
TR [m] 7K A 2 X 7K Ak 22 A FH T ol 2 52 e 21,
24 NGB m

- R R 2SR R AT S B RN, 5 b T AR A2 AR AR 8 DD AR OGO BE 2 I Ak AR e, BF
8 XA b R AR Bl & AR T B AR Ak, e Sy S Y R U M o L 2 2R el T AR G B
19.1% MG B 1 = 9 By 32.8%, A 1K %5 A fy I AR W 9 B B 1 230 Ak SN2 TS B Be i
671 A km % {H 2, 157K AL BEAR B 28 t 3R T AL T B BE 1Y 32.0% 352 T = 2B B 19 96.0%, 156 BH 7€
39T b v G B VTS ek b T AR A2 5 e S S D A, TS AL R |l A e 2D (H 3 R
9% B B 19 68.2% 1 /b B 15 S i B 1) 53.5% ), AFL R0 AE (%) ol FH 2t 400 S 38 438 o (e 3k vl A 400 R B B 1
0.324 t-hm > B0 2] = 209 BE Y 0.940 thm ), i — 20 R WIZE I T Ak =5 LB B 92 IX M T 7K Ak 2 32 40l
T VR 75 G 11 5 ] R TR K

HET, ASCHFH NO; /Na ™5 SO /Na LU 9 OC R, BFFE T 3k i Ak AS [R] B Be A 23 glxt b T 7K fh 2
Horryszma. i S AL, BFSE X3 A3 AR B BE Y, NOy /Na' i FAE 43 01l 24 0.140 2 1.32, 0.160 &
1.33. 0.320 & 1.26, SO, /Na'fi¥J FL{E 50 ) 1.13 2 5.00, 0.670 % 2.37, 0.850 & 4.11, 454 Kk S AE R
AR AR PR EE AT, O AR R R R R ik B H LT a7 ) F s ) R R AN AH AL
W AR B, W5 X b T 7K A2 A2 3 Tl i sl s 9o BORn S e b B, 9 IX b T 7K A2
T T B A M T Bl [R5 ) (R e DX ), HLAE 30T A e G B o A2 AR Ml T 3975 T B b 3 FC D P
F BRI AN T A& A, Tl e ey B, REE R B RN A2, Tolk =2 A RO 7K
b2 1 T — o AR S MR B T G, Al & TR AR R G248, Al it AE 5 (-1 0.324 thm ),
Al 3 B % T KK A2 s A B, PR, T3 Sl b T 2K K Ak 18 5 i BT ARl T Bl BT
b B Be A I B, BT BOM W LA ST R R s, XF Tolk ¥ e 803 S b R A-HE ik, —
FERREE LA T Mk Ts Gt R KoK Ak 22 i, (] Es Al & Jr 3 ke e Uk Jre T, ok o A Ak A i FH (OF
Wit I 5243 5104 0.742 t-hm ™ 1 0.940 t-hm ) U, ff AR AP 1y W W) P 1 BN 3 ok A FH SRR BT 2R 3
K, B S K NOs & =G I, eI R R 7K i NOy & s B 3 = T SO, 5tk b 2
BOM L, R B BE i NO,y & £ LR, (HF 43 /KA B SO, & it e, Pl R 5 Ml R /KB R B R 7K
& H AR (U B i) 3 A e,
6 AR B
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Fig.5 Changes of [NO;/Na'] vs.[SO,*/Na']in each urbanization stage
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3 4518 (Conclusion)

(1) Bt T AL RN, b 7K 25 /K Ak 28 21 50 Vi i S B i T v 1 A 3, e B2 TH R NOs, i
JE S Y ., A 3 T A e R B, B B BR A830 E3A 23.7% 1 71.0%, BT kAL 2 A Z BN
ESEETLETES AT

(2) PRI T A B 285 R b R 7KK Ak 2 2 80 % A AR, e 3t AR B Be, 1t N /K K A2 26 A0 L)
HCO;-S0,-Ca-Mg Bk 3, i 7E3k i £k s G By B, T 7K K AL 2428525 R i A SO,-HCO5-Ca-Mg i
KA E.

(3)3 A3k T A B B N 1) b T K AR 4 53 2Bk [ F B R 5R 1 e, T /K Ak 2 4 FH h 3uk i Ak 4 5
B s ug e TR 5, AR SR I T ke e G B B i) v AR TR N2 B A ) 3

(4) N0 Bl W25 e 1 4t 7K K Ak 2% 20 23T Ak, 7308 T A R B Bt 7K Ak 27 11 S 85 e R 3R
DAY 3% 3028 =, AR A s G B, Al 37 2l A 2 il T 7K Ak 2 i R 2R R
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